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Perpendicular  Stand-Still Recording in Co-Cr Films 

T. WIELINGA, J. H. J .  FLUITMAN, AND J.  C. LODDER 

Abstract-Some features of perpendicular  recording were investigated 
by means of stand-still  recording  experiments. For  this  purpose several 
radio  frequency (RF)-sputtered Co-Cr layers of two different composi- 
tions were used as media while a Permalloy single pole (SP) head  was 
used as a write transducer. A magnetoresistive  transducer (MRT) was 
utilized to read the recorded pattern.  Further,  an analytical  model was 
developed  enabling the magnetization  induced by the head field in the 
recording  medium to be calculated. Both calculations and  experimental 
results  show  a  sharpening of the transition, due to the demagnetizing 
field. For a good  approximation i t  is sufficient to consider only  the 
vertical head field component  and vertical  magnetization in the record- 
ing  medium. This is a  consequence of the  welldeveloped perpendicular 
anisotropy  and negligible in-plane remanence of the Co-Cr layers. In 
addition  the  read-out signal is completely determined  by  the magnetic 
surface charges. The remanent magnetization in the recording  medium 
and  therefore  the read-out amplitude is limited by demagnetization and 
consequently determined  by  the coercivity of the Co-Cr  layer. The 
medium  noise  of  a dcerased medium indicates magnetic structures of 
much larger dimensions than  the size of the individual  crystallites.  This 
noise  appears to be  dependent  on the saturation magnetization of the 
Co-Cr medium.  Activation of  the single pole head by a homogeneous 
field results in a  nonlinear  behavior,  caused by head saturation effects. 
This is supported by simple onedimensional calculations of  the head 
field. 
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The  authors are with  Twente University of Technology, Department 

of Electrical Engineering, P.O. Box 217,  7500 AE Enschede, The 
Netherlands. 

S 
I. INTRODUCTION 

TAND-STILL  recording,  where the recording head is not 
moved  during activation,  offers  the advantage of an ana- 

lytical description of the recording  process as shown in the 
case of  longitudinal magnetic  recording [ 1 ] . This concept is 
worked out  for  a recording  medium with strong  perpendicular 
anisotropy  and  the resulting  model is used to  predict  the  ex- 
perimental  results. 

For these experiments  sputtered Co-Cr layers are  used  as a 
recording medium,  a Permalloy single pole (SP) head is used 
for writing and  a magnetoresistive transducer (MRT) for 
reading. 

A Permalloy  back  layer between  the  substrate  and  the Co-Cr 
medium has been proposed  [2] . This layer greatly  improves 
the efficiency of  the  head  and recording  characteristics [2] ,  
[3].  In  our  experiments however, this  back layer has been 
omitted in order  to reduce the  number  of  experimental  and 
theoretical problems.  Our main  purpose is to investigate the 
physical  principles of perpendicular  magnetic recording, 

A .  The Co-Cr Recovding Medium 
The Co-Cr films were prepared by means of radio frequency 

(RF)-sputtering  [4]  from  two  different  targets  on silicon sub- 
strates, yielding the  compositions  17  and 19 at% Cr. These 
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films have a very high degree of  c-axis  orientation of the  hex- 
agonal close-packed  (hcp) structure  perpendicular to  the film 
surface and  the  halfwidth angle A.BS0 of  the  002-rocking curve 
is only  about 1 S o  [ 5 ] .  As a consequence  the films possess a 
strong positive crystal anisotropy [6] . Electron  microscopy 
reveals a  polycrystalline morphology  and  crystallites  with a 
diameter  of  about 0.1 pm,  depending  on  the film thickness, 
are present  in the  normal  direction [ 5 ] .  

The  hysteretic behavior of  the Co-Cr medium is measured 
by means  of a  vibrating  sample magnetometer (VSM). Fig. 
l(a) shows the perpendicular  hysteresis loop, i.e., in the  pre- 
ferred  direction  of  the  magnetization. This  hysteresis loop can 
be seen as the easy  axis loop, sheared by  the demagnetizing 
field. In  the case of a thin magnetic film the demagnetiz- 
ing factor in the perpendicular direction equals one (in this 
paper SI units will be used). It is assumed here  that  the 
size of  the magnetic  domains is small compared  with  the 
film thickness. The  magnetization M ,  as  measured by means 
of a VSM, is averaged over all domains  and if a  statistical orien- 
tation  of  their  magnetization is assumed, M may be  considered 
as uniform  on a scale of 1 pm  or larger. The  total magnetic 
field Htot is given by the sum of  the  uniform VSM field H ,  
and the demagnetizing field H d  = -M in the perpendicular 
direction: 

Htot = H ,  - M .  (1) 

The  saturation  magnetization M,, calculated from  the  satura- 
tion field of  the  perpendicular hysteresis loop according to (1) 
is 620 kA/m  and  is  in reasonable  agreement with  the value of 
670 kA/m as determined  from  the  calibrated VSM voltage. 

In Fig. l(a) some minor  loops  are also shown.  In  approxima- 
tion  their  horizontal  trajectories are taken as  lines of  constant 
magnetization. This means  that  the  magnetization  is  consid- 
ered to be constant as  long as the  absolute value of  the  total 
field applied does  not  exceed  the coercive field strength H c :  

IHtotI IH, +Hdl G H c .   ( 2 )  

This  rule will be  applied to  the case of stand-still  recording. 
However, Fig. l(a) shows that M does  not remain constant  for 
the  entire switch of Htot from -H, to tH,. This  deviation  be- 
comes manifest  in the  maximum  remanent  magnetization, as 
will be  shown  in Section V-C. 

Fig. l(b) shows the in-plane  hysteresis loop, Le., in  the  non- 
preferred  plane of  magnetization.  It is marked  by a small re- 
manence  of  about 4 percent  and  rotational behavior of  the 
magnetization.  From  the  saturation field an  approximate 
value for  the  anisotropy field HA is found  of  about 560 kA/m, 
corresponding very well with  the value found  by  torque  mea- 
surements [ 6 ] .  

B. The Basic Principles of the Proposed  Model 
The  next  approximations  and  assumptions will be  used in 

the  model, as  described by  the  theory in the  Section 111. 
1) Only  vertical components  of  the  head field and  the mag- 

netization in the  recording  medium  are  considered. This is  jus- 
tified by  the relatively large anisotropy field, compared  with 

/ [kA/m] 

- 500 

cb) 
Fig. 1. Hysteresis loops of 17 at% Cr alloyed Co-Cr film. (a) Perpen- 

dicular with some minor loops. (b) In-plane. 

the  horizontal  components  of  the  head field and  the demag- 
netizing  fields, and  the small in-plane remanence. 

2)  M is constant  in  the  z-direction,  or 

m / d z  = 0 (3) 

for -h/2 <z  < h /2 ,  where h is the film thickness while the 
origin of  the z-axis is in  the  middle  of  the film (see Fig. 2). 
This is justified by the  fact  that  the  magnetization is indepen- 
dent  of  the film thickness [ 6 ] .  Furthermore  the  anisotropy 
field is relatively strong  compared  with  the  horizontal  compo- 
nents  of demagnetizing fields. Therefore  only  magnetic  sur- 
face  charges  are  considered in  the  calculations  of  the  magnetic 
fields. 

3) The  magnetization M will be considered  as  a continuous 
function  of x. The  diameter  of  the  domains is much smaller 
than  the  dimensions  of  the  heads  used, resulting  in an averaged 
contribution  of all domains along the  track  width. 

4) The transversal direction y will be considered infinite, so 
the  model is in fact  two-dimensional. 

5 )  The  unsheared  or intrinsic hysteretic behavior is consid- 
ered to be valid locally. In a  recording  process the local values 
of Htot are usually different  from  those  in  the case of  uniform 
fields and  magnetization as  described by (1). As usual the  de- 
magnetizing  fields complicate  the  solution  of  the  problem. 

6 )  'The influence  of  the magnetized  recording medium  on 
the  head field will not be  considered here,  or  in  other  words 
the magnetic  charge image of  the  medium  in  the  head  is ne- 
glected. In  addition  there is no  experimental evidence of  this 
kind  of  interaction. 

7 )  It is assumed that  after switching off  the  head field the 
magnetization  does  not change in  the recording layer. As 
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Fig. 2. Configuration for stand-still  recording and  coordinates used; 
y-axis is perpendicular t o  plane of drawing and dimensions  along this 
axis are considered to be infinite; H O  is homogeneous  field  activating 
the SP  head  of width W at separation I from Co-Cr medium. 

stated  before [(2) with H =  01 this is only true if lHdl GH,. 
This condition can  be easily checked, because Hd is known. 
In  practice  demagnetization  occurs  for high values of  the head 
field (see Section V). 

11.  EXPERIMENTAL  PROCEDURE 

In  the recording  process the resulting magnetization  when 
applying  a head  field, is also determined  by  the initial state  of 
magnetization. This will be made clear in  the case of VSM 
measurements, where  a perpendicular  homogeneous field is ap- 
plied (see Fig. l(a)). After  saturation  of  the sample  by  a posi- 
tive field, the  remanent  magnetization M y  at  zero field follows 
from (2): M ,  = H,. Reversing and increasing the field re- 
sults in a  linear dependence  of M on  the field: M = (H, + 
H,) where H, < 0. If however the field is not reversed but 
again increased, M will not change as  long as 0 < H ,  G 2 H ,  
but will increase  linearly if H ,  Z 2H,  according to M = (H, - 
H,). From  these  considerations  it follows that  the result- 
ing magnetic remanence will always  be independent of the ini- 
tial  state  of  magnetization, if the applied  field H ,  has been 
larger than 2H,. In  the recording  process, the  situation is 
much  more  complicated because of  the  nonuniformity  of  the 
head  field and  the demagnetizing field,  but  the initial state  of 
magnetization remains important.  To avoid this  ambiguity in 
the  experiments,  the  medium is saturated first  in  a strong 
(about 800 kA/M)  perpendicular  field  whereby the magnetiza- 
tion  comes  into  one  of  the  remanent  states  at H = 0 as shown 
in Fig. l(a).  The SP head is now placed on  the  medium.  The 
head to medium  distance I is measured  by means  of  an  optical 
interference  method  and  the  head is activated by a homoge- 
neous field H ,  (see Fig. 2). This activating  field, and  therefore 
also the head field itself, is taken as antiparallel to  the initial 
state  of  magnetization. 

In  this way the  problem is linearized and  an analytical  solu- 
tion is possible (see next section). For  the  read-out of the  in- 
duced  head print, a  magnetoresistive transducer (MRT) is ap- 
plied (see Fig. 3 ) .  (The same MRT was also used  extensively 
for analysing  recording  head  fields and  offers  the advantage of 
static reading [7]). The MRT to  medium  distance s and  its 
position along the  x-axis are both measured by  means of opti- 
cal interference  methods, giving a resolution of 0.05 and 0.1 
p m ,  respectively. The  length,  width,  and  thickness  of  the 
MRT are 50, 2, and 0.05 pm, respectively. The  MRT is only 

TABLE I 
PHYSICAL PROPERTIES OF Co-Cr FILMS USED 

__~__.__ - 

FILM A B 
.. .. ~ ~- 

a t b  Cr 17.0 

tic (kA,’m) 7 6  46 

Ms (<Aim) 675  450 

HA (kA/m) 560 240 

-.______ 

i 9 . 0  

s / /  C.04 0.05 

n (urn1 1 .oo 1.07 

d (1.m) 0.11 0.1c 

M 5 , ,  ( O )  1 . 5  2 . 0  
__ 

SII is the in-plane remanence, h the film thickness, d the surface diame- 
ter of the crystallites,  and A0 the half width angle of the (002) rock- 
ing curve. 

sensitive for  its in-plane  fields components because of  the large 
demagnetization in the  direction perpendicular to  the film 
plane of  the transducer. Because the  MRT is a quadratic  trans- 
ducer  by  the very nature  of  the magnetoresistive effect, a bias 
field Hbias is applied to  control  its sensitivity. The  MRT  out- 
put  and displacement  are registered on an XY-recorder. For 
the stand-still  recording experiments  two Co-Cr compositions 
were used.  Their properties are  listed in Table I. 

The following features were examined: 

e the congruence between calculated and measured MRT 

e the  performance  of  the SP head, 
e the  MRT read signal amplitude as  a function of the  head 

0 the  medium noise, as could  be detected  by  the MRT. 

Because the MRT is able to detect  static fields, medium 
noise is distinguished quite easily from  other noise sources.  A 
comparison was made  between  the  medium noise of the  two 
different  compositions  after dc-erasure. 

output, 

activation  field H o ,  and 

111. THEORY 
When a head field is applied to the recording medium, rela- 

tion (2 )  can be written, as long as the recording  medium is not 
saturated, as 

IHtotI = IHo -t HSP(X, z) +H&, 211 G H c .  ( 4 4  
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HSP is the vertical field component  of  the SP head,  and Ho its 
activating field.  The presence of  an activating  field Ho is quite 
essential for  this  type  of  head, in contrast  with flux-closed 
heads, like the  ordinary ring-type head  and  the head proposed 
for magnetic printing [8] : This field, H o ,  can  be generated  by 
means  of  an auxiliary pole  [9] , but  for  experimental ease we 
used a large coil surrounding  the  complete  head  and Co-Cr 
medium. When recording, H ,  should  be kept as small as possi- 
ble with respect to HSP (see further).  In general the Hsp/Ho- 
ratio (= pme)  will depend  on  the  structure  of  the  head.  In  this 
specific experiment, however, we are primarily interested in 
the  nature  of  the reversals, induced  by  this  type  of  head  and 
not in its  efficiency.  For  our  type of heads pme is about 20 
(for details see Section  IV  and V-B). 

In  this  section Hsp will be considered  as known.  In  practice 
the measured  head  field is used (see Section IV). In general 
the fields Hsp and Hd are not  uniform  and will exhibit x- and 
z-components. However,  as stated  before,  only  the vertical 
components of the fields will be  considered and  therefore su- 
perscripts  denoting  the  components are omitted. 

According to the  experimental  procedure (see Section 11) the 
medium is premagnetized negatively by a uniform  saturation 
field and  the SP head is activated  by a positive field.  Thus  the 
resulting magnetization is given by  the linear equation  of  the 
major  hysteresis loop: 

Htot = Ho + Hsp(x, 2 )  t H&, 2 )  = H,. (4b) 

In  this way nonlinearity  due to  the coercivity is avoided, 
greatly  simplifying the  problem. 

In fact  the value of z must  be specified, because in general 
the fields Hsp and Hd have a different  z-dependence. (See 
further.) 

The  initial condition of the’ medium is therefore  the negative 
remanent  state as shown in Fig. l(a)  for H = 0, and  the  medium 
is magnetized by a  positive  head field yielding  a local magnetiza- 
tion M ,  which is also determined by the local  demagnetizing 
field H d .  Because of the  latter,M is not longer just  proportional 
to H S P .  When Hsp becomes large enough,  Mwill change its sign. 
When the  head field is switched off, M will not  change, as  long 
as condition (4a) is satisfied, which then reduces to lHdl GH,. 

The final magnetization  and  therefore Hd too, is determined 
by Hsp as well as H o .  The  MRT signal, however, is determined 
only  by  the  nonuniform  magnetization  pattern,  induced  by 
Hsp (see further),  and  its  transition  amplitude.  For  this rea- 
son it  is  important  to  obtain a ratio  of  the  amplitude  ofHsp  to 
Ho that is as  high  as possible. This  ratio  depends,  of  course, 
on  the  head design and  performance.  For  the  type  of SP head 
used it will be shown that  the erasing effect  of H ,  becomes 
quite appreciable for large values of Ho (see Section V). 

The general  expression for the magnetic field,  generated by 
divergence of  the  magnetization,  reads 

The field 2, at a point 1 can  be  obtained  by  integration over 
the  entire volume V containing  the  magnetic “charge” density 
- (V  . M).  The subscript 2 denotes  the  integration variable. 

If only surface  charge is assumed,  the vertical  field component 
H(x,  z) is derived  as 

The first and second  integrals are the  contributions  from  the 
upper  and  lower film surface,  respectively. The field outside 
the  medium (lzl> h / 2 )  is called the fringing field H f  and  in- 
side the  medium (lzl < h / 2 )  the demagnetizing field H d .  It is 
easy to show  that if M is  constant, H f  equals  zero, as should be 
expected  for a uniform magnetized thin  layer.  Therefore  the 
uniform change of M ,  caused by  the  uniform field H o ,  will not 
contribute  to  the  read-out signal. Inserting (6) into (4b)  yields 
an integral equation  of  the  first  kind,  that  has  to be solved for 
M .  In  fact  the integrals in (6) are convolution integrals by  the 
very nature of the  kernel  functions, i.e., the  multiplicands  of 
M in the  integrand.  The  Fourier  transform  of a function f ( x )  
is denoted  by 

F [f(x>l = b ) .  (7) 

The  Fourier  transform  of a convolution integral is given by 
P O I  

In this k(x) is the  kernel  function.  Application of this  proposi- 
tion to (6)  yields [ 113 

for IzI < - (sa) 
h 
2 

and 

n 

A 

Hf(w;  2 )  = -- - M ( 0 )  ew(z - h / 2 )  
2 (e-hw - l), for z > h/2. 

(9b) 

Equation  (sa) gives the  Fourier  transform  of  the demagnetiz- 
ing field Hd and (9b) of the fringing  field H f  above the film 
plane z > h/2.  Because HSP is symmetrical  in x, M and Hd be- 
have likewise and  the  Fourier  transform  reduces to a  cosine 
transform. Before solving (4b) we first  separate  the  constant 
fields H o  and H ,  from  the head  field H S p  which  can  be done 
by  splitting M into  two  parts: 

M = M I  + M 2 .  

M ,  will be assigned to  the  uniform activating field: 

M ,  = H ,  - H,. 

The same can be done  for  the  nonuniform fields. 
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Fig. 4. Computed normalized  magnetization M ,  induced by SP head field H s p ,  also normalized. M is normalized with re- 

spect to M(0)  and M(-) .  

the  Fourier  domain,  it follows from (4b) that  the demagnetiz- 
ing field from M 2  is given by 

h 

H d ( 0 ;  Z )  = - f f ~ p ( W ;  Z )  
A 

(1 2) 

where the z-value denotes  the  point  where,  mathematically 
spoken,  the switching takes place. It is noted  here  that M z  is 
the  nonuniform  part of the  magnetization which generates  the 
read-out signal. 

Next a  choice has  to be made  for  the value of z .  As a  first 
approximation  the  middle of the medium z = 0 could be 
taken;  then according to (sa) and (12) the cosine transform of 
M ,  is given by 

lG2(W) = ehw/2 .ijjSp(0; 0). ( 1 3 4  

A  second approach is to take  the fields, averaged over the film 
thickness. The average is obtained  by  integration of (sa) over 
the film thickness  with respect to z and dividing by h :  

kz (0) = hofi ,p(o)/(  1 - e-hw). (13b) 

Here Hsp is averaged over the film thickness  before calculating 
the cosine transform.  The  transformations are done  numeri- 
cally (see Appendix A). 

Fig. 4 gives two  examples  of a calculation according to (13a). 
Hsp and M are both  normalized,  the  first  with respect to x = 0 
and the  latter  to  both x = 0 and x = 00, but because of  the  sym- 
metry  only half of  the  pattern is displayed. Clearly the mag- 
netization increases strongly at  the  transition showing  a peak 
(see Fig. 4(a)). This  increase is  enhanced if the head field itself 
shows  a pronounced  maximum  at  its edge (see Fig. 4(b)). The 
calculation  according to (13b) gives only a slightly different re- 
sult, as  might  be expected  for  the relative large width (4.5 pm) 
of  the SP  head compared  with  the  medium thickness (1 pm): 
the  head field HSP,  averaged over the film thickness, does  not 
differ much  from  the head  field  in the middle of  the film. 

The  pronounced peak  in the  magnetization  at  the  transition 
is not  the result of some  peak  in the  head field (see Fig. 4(a)) 
but is only  enhanced by  such  a  peak (Fig. 4(b)). This  advan- 

tageous feature  must  therefore be  a result of the demagnetiz- 
ing field. According to 4(b), the relative demagnetizing 
and head  fields  are similar. This means  that Hd also decreases 
at the  transition as HSp does, resulting  in the sharpening of M .  
This  can  be demonstrated  more clearly in a  schematical way, 
as shown  by Suzuki  and Iwasaki [ 12 J . At  a  symmetrical single 
transition  the vertical  demagnetizing field goes through  zero 
and  this leads to  the same type of sharpening  as shown here  by 
a more  elaborate calculation. In practice transitions will not 
be symmetrical because of  the asymmetrical nature of the 
head-field gradient. 

IV. THE SINGLE POLE HEAD FIELD 
For  the  calculation of $((w) the  head field must be known 

(13). In  the  experiments a single pole  head has been used,  be- 
cause its vertical  field component is suited better  for  perpen- 
dicular  recording than  that  of  traditional ring type  heads [9] . 

A .  Manufacturing o f  the SP Heads 
The SP heads were manufactured  by  means  of RF  sputtering 

from a  Permalloy target  with a bias voltage of - 100 V to sup- 
press perpendicular  anisotropy [ 131 . The easy axis H ,  is 
about 100 A/m,  the intrinsic anisotropy field Hi about  400 
A/m,  and  the  saturation magnetization 800 kA/m.  The easy 
axis is oriented along the  y-axis and induced by means of a 
magnetic field of about 3 kA/m during sputtering. 

B. Head Field Measurements 
The head  field Hsp in (13) is obtained by MRT measure- 

ments. For  this  purpose a SP head of relatively large thickness 
(6.7 pm) was used. Its vertical head field component was mea- 
sured with  an  MRT  of 2 y m  width, which is relatively small 
compared  with  the  head thickness. Therefore  the head  field 
gradients  across the MRT will be small. As a consequence  the 
head field may be assumed to be constant across the  MRT  in 
a  first order  approximation. This greatly facilitates the  inter- 
pretation  of  the MRT  responses  as the  MRT voltage can  be 
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Fig. 5. Normalized head field measured on SP head 6.7-pm wide. 

transformed  directly  into  the magnetic  field from  the  MRT 
calibration curve. The SP head field was measured at  several 
separations  between  the  MRT  and  the  head. 

In  this way  a  two-dimensional  rectangular grid of field values 
is obtained in the  xz-plane. Now the  MRT response can also 
be simulated  on  the basis of  this measured  field distribution. 
The 2-pm  MRT strip was thought  to  be divided into  ten sub- 
strips  of 0.2-pm  each to  obtain a  higher resolution  and  for 
each substrip  the local  head field was calculated by  means  of 
interpolation in the grid at  the same xz-coordinates  as in the 
measurements. Next  the MRT  response was calculated [ 141 
and  compared  with  the measured  response  which permits a 
refinement  of  the original field grid. In Fig. 5 the final  result 
of the normalized head field is shown. 

For small values of z the  head field exhibits a maximum  at 
the edge of  the  head profile.  At these  xz-coordinates  the field 
gradients are therefore large and especially here a refinement 
of  the initial field grid is needed. Finally the agreement  be- 
tween  the simulated and measured MRT response is better 
than 2 percent. 

The scaled head field of Fig. 5 was used for  the field  calcula- 
tion  of  the head actually used (having a thickness  of 4,s pm). 
The  planar  dimensions  are  about  15  mm  square. Fig. 6 shows 
the measured and simulated MRT responses to  be  in excellent 
agreement. 

C. The Head  Field Amplitude 
In principle the head  field amplitude,  defined as the field 

strength (as a function  of z )  at x = 0, can also be obtained  by 
means  of MRT  measurements as a function  of  the activating 
field Ho. The field range of the  MRT, however, is limited  by 
its  saturation, which is determined  by  its effective anisotropy 
field. For  the MRT used,  this field  was about  12  kA/m.  The 
amplitude  in  the recording experiments however far exceeds 
this  limit. 

Therefore  the  amplitude is determined by iteration,  in  the 
manner  shown in Fig. 7 (this iteration  is  not included  in the 
computer program). The  amplitude is fitted  to  the measured 
MRT  read-out signal. Of course  this is only valid if no demag- 
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Fig. 6. Measured and simulated MRT response of 4.5 pm SP head 
field. Simulation is based on normalized field of Fig. 5. 
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Fig. 7. Arithmetic,procedure  for calculation of MRI responses. Head 
field amplitude is determined  by equalizing measured and calculated 
MRT output amplitude. 

netization  occurs  when  the  head field is switched off. This 
point will be discussed later (see Section V). 

D. Head  Field Permeability  and Head Saturation 
Another  complication might  be the  saturation  of  the  head  at 

larger activation  fields, which is to  be  expected especially at 
the edges. This would  result  in  a difference  between  the 
low  field structure  of Fig. 5 and  the  actual large field structure 
during recording. However no  experimental evidence of satu- 
ration  effects  at  the edges is found.  Saturation  of  the  head  oc- 
curs mainly in  the  middle  of  the  head because of  the smaller 
local  demagnetizing  field. To clarify this  point  the  head field 
permeability pme,  defined as the  ratio  of  the  head field  ampli- 
tude  at 1 pm  distance, to  the activating field Ho [ 9 ] ,  was 
determined. 

This was done  directly  from  the  MRT head field measure- 
ments  for small amplitudes  of  the  head field and  indirectly  for 
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Fig. 9. Head field  amplitude and its  permeability pme as a function of activating  field Ho, defined at  a  distance of 1 pm 
from  the head at x = 0. 

larger amplitudes according to  the  computational scheme of 
Fig. 7. The results  are compared  with  the  ratio, calculated  by 
means  of a simple one-dimensional model (see Appendix B). 
The results will be discussed in  the  next  section. 

v. RESULTS AND DISCUSSION 
A .  Cornpanson between Calculated  and 
Measured MR T-Ou tpu t 

Fig. 8 shows two measured  MRT signals together with the 
signals calculated  by  means of  the  procedure  of Fig. 7 taking 
the averaged fields  according to (13b).  The signals are  mea- 
sured at  two  different distances between  the MRT and  the 
Co-Cr medium.  The agreement is satisfactory. However there 
is a  reproducible horizontal shift of about 0.5 Fm  between  the 
simulated and measured  MRT signals. The origin of this shift 
is not clear yet. 

Although the MRT  measurement of the head field did not 
exhibit a maximum in this case (see Fig. 6 )  the MRT signal of 
the induced transition  does,  demonstrating  the  expected influ- 
ence of  the demagnetizing field on  the  transition (see Fig. 4). 
A further  confirmation of the  model is found  in Fig. 9. The 
indirect determination  of  the head field amplitude by means 

of the schema of Fig. 7 yields the same values as  measured 
directly  by  means of  the MRT  in the low field range of H o .  
For higher values of H o  the head field amplitude can only be 
determined indirectly. To avoid ambiguity,  this  determination 
has been  restricted to values of lHdl smaller than H J 2 .  

The main  conclusions therefore are as follows. 

1) The demagnetizing field has a  favorable  influence on the 
transitions in  perpendicular  stand-still  recording. 

2 )  The assumption that  it is sufficient to consider  only ver- 
tical components  of  the head field and the magnetization 
proved to  be valid, due  to  the  strong  anisotropy field and 
the sharp  perpendicular orientation  of  the c-axis. 

3) The divergence of  the magnetization  may be considered 
to be restricted to  the film surfaces.  This is predomi- 
nantly  correct  for  the  upper surface because it is closer 
to the MRT  during reading. 

Furthermore  it  may  be  concluded  from Fig. 9 that  there is 
no evidence of head-medium interactions, as  might  be ex- 
pected [9]. However this  point  has  not  yet been investigated 
systematically and,  therefore,  this conclusion is restricted to 
the dimensions used in the  experiment. 
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B. The SP Head  Field 
Iwasaki and Nakamura [9] found  a linear behavior of the SP 

head, if it is magnetized  by an auxiliary  pole placed opposite 
to  the main pole. In this case the main pole ismagnetized  from 
its tip by the auxiliary pole field. If the intrinsic  permeability 
of the head  material is relatively large, the head field is deter- 
mined by the local demagnetizing factor N at the main pole 
tip  only, resulting  in a linear  behavior. Because only the head 
tip is magnetized, it can be expected  that  the planar dimen- 
sions of the head  are not relevant for the head performance. 

Fig. 9 does not show a linear behavior of the  type of SP head 
as used here. This is explained by the  different  manner  of 
head activation;  the head  being  activated by a  homogeneous 
field and as a result it  saturates  for fields larger than the effec- 
tive anisotropy field H k ,  starting  at  the middle of the head (see 
Appendix B,  Figs. 13 and 14). 

The  head  performance is determined by the  entire head vol- 
ume. Fig. 9 shows a sharp decrease of pme at H ,  = 440  A/m, 
indicating saturation of the  head.  The value of H k  at  the 
middle of the head was measured  directly  by  means of the 
magneto-optical Kerr effect. This  yielded a value for H k  of 
545  A/m, which is somewhat larger then  the  former value. 
For the calculation of  the head field permeability pme, as out- 
lined in Appendix B, H k  was taken  as  440 A/m (pme is in- 
versely proportional  to H k ) .  The result is depicted by the 
dashed line in Fig. 9. As long  as no  saturation  occurs  the cal- 
culated  and  measure pme are in good  agreement. In the region 
of saturation however, the calculated pme appears to be quite 
optimistic. The nonsaturation value ,ume = 25 is much lower 
than  the value of 150  found by Iwasaki and  Nakamura [9] for 
a head of about  the same pole thickness.  This is probably 
caused by  their more favorable method of head activation, i.e., 
pole tip  activation. 

C. Signal Output  Amplitude 
The MRT output voltage V,,, at x = 0 is given in Fig. 10 

as a  function  of  the head  activation field H o .  This was mea- 
sured for the  two different compositions  used, 17 and 19 at% 
Cr with H ,  76 and 46 kA/m, respectively (see Table I). For 
the range N o  < 8 kA/m  there is no significant difference  be- 
tween  the MRT output voltages. For  a larger H , ,  however, the 
MRT output of medium B  saturates  at  a smaller value of H o  
than  that of medium A. This is explained by the different 
coercivities of the media. Because the demagnetizing field is 
larger than  the coercitive field in  this  range,  demagnetizing 
takes place after switching off the head  field. The maximum 
remanent magnetization or transition amplitude is then  ap- 
proximately  determined by lHdl = H,. This equation  how- 
ever does  not  hold  for  the  complete switch of Htot from -H, 
to f H ,  as can be seen in Fig. l(a) of the perpendicular hystere- 
sis loop. 

Calculations  show that in the case of demagnetization the 
corresponding H d  equals about half the coercive field. The 
ratio of the maximum Hd of  the  two  compositions is about 
0.5, in the same order  of  magnitude as the  ratio of their coer- 
citive fields (= 0.6). An important conclusion is, therefore, 
that  the maximum remanent magnetization is proportional  to 
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Fig. 10. MRT output as function of SP head activating field Ho for two 

different Co-Cr compositions used, i.e., 17 and 19 at% Cr. 

H ,  and not related to M,. This  conclusion was already quite 
obvious from general considerations, concerning the  perpen- 
dicular  hysteresis loop (see Section 11). 

In the whole range of H o ,  no significant change in the  form 
of the MRT output signal is observed, not even in the case 
of demagnetization.  This is an attendant advantage,  because 
it  means  that  the applicability of the  proposed  model is 
enhanced. 

The MRT voltage amplitude as a  function  of H ,  shows a 
faint maximum for  both  compositions. This is caused by the 
fact that in this range the MRT output is limited by demag- 
netization  of  the Co-Cr recording medium. Because the head 
field  permeability pme also  strongly decreases in this range of 
Ho (see Fig. 9), the erasing effect of H o  becomes quite  appre- 
ciable and  the  MRT  output voltage, determined by the SP 
head field H S p  only, decreases for increasing H o .  

D. The  Remanent  Magnetization 
Of course the  experimental dimensions used, particularly the 

relative large pole thickness of 4.5 pm  compared  with  the film 
thickness of  1  pm, are not very favorable for reducing the de- 
magnetization as might  be expected  for high-density  recording. 
It is expected, however, that  the demagnetization decreases for 
increasing bit density or decreasing main pole thickness.  This 
is demonstrated by the following example.  The  remanent 
magnetization M ,  at x = 0 was calculated for several values of 
the main pole thickness W.  To facilitate the calculations a 
Gaussian head field is assumed: 

H ~ ~ ( X )  = A  . e-(Zx’/W). (14) 

The amplitude A was kept  constant in the calculations.  It can 
be concluded  from Fig. 1 1,  that  a considerable increase of  the 
remanent magnetization is to be expected  only if the  bit dis- 
tance is in the  order of the film thickness or smaller. 

E. Medium  Noise 
The noise from dc-erased films of both Co-Cr compositions 

was also detected by means of the MRT. An example of this 
noise (from  medium A)  is shown in Fig. 12,  together  with  a 
head print signal. Reversal of the direction in which the MRT 
was moved over the  medium  has  no influence on  the  output as 
a  function of position.  Therefore  the noise must be attrib- 
uted to  the  medium. It  should be noted  that  this noise is de- 
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Fig. 11. Computed  dependence of remanent magnetization 11.4, a t  x = 
0 on  width W of  writing  field. For  computational ease a Gaussian 
head fieid is assumed (see text). 

Fig. 12. Medium noise  as detected  by MRT from  the 17 at % Cr layer, 
together  with stand-stiU recorded signal. 

tected  by a transducer  that  has a strong averaging character 
due  to  its  length (i.e., trackwidth)  of 50 pm. This means  that 
a magnetic  structure  must be present which far  exceeds  the 
crystallyte dimensions in size. The Co-Cr medium noise has 
not  been investigated  systematically up  until  now,  but  it is 
shown [ 161 that noise may  depend  on  the  method of erasure. 
Nevertheless it was found  that  the  ratio of the noise ampli- 
tudes  of  the  different  compositions is about  equal  to  the  ratio 
of  their  saturation magnetizations. 

APPENDIX  A 
For simplification we assume that  the  head field H s p  equals 

zero  outside a certain region: 

HSp(x)=O, for 1x1 >x,. (1 5) 

The  Fourier  transform is determined by  a  Fourier-series 
method [ lo ]  . HSp is expanded as 

The  coefficients afl are given by 

Because of  the  symmetry  of HSp the  problem reduces to a 
cosine transformation: 

with 

a, = - H ~ p ( x )  . cos (nuox) . dx. (1 9) 
x ,  J c x m  

The  problem is to determine  the  number N ,  at which series 
(18) can be truncated. This will depend  on Hsp. We have de- 
termined N ,  empirically. The cosine transform ,of H S p  is now 
given by [ 101 

Nm sin ( a x ,  - nn) sin ( o x ,  t nn) 
+ 2Xrnan [ 

f l = 1  wx,  - nn wx, t nn 1 -  
(20) 

If the cosine transform  of  the kernel  in (8) is denoted by k(o) 
then  it follows with (1 2): 

As an  example  the case of z = 0 is treated: 
A 

ii(u> = ehw/' . H ~ ~ ( O ) .  (22) 

Here the  problem  of  stability appears. In general (22) must 
obey 

lim i i(w)=O. 
W ' W  

A practical approach is just  to calculate the limit of f i(w).  
For  the  head fields  used  (23) was always  satisfied. 

From (20) it is deduced 

fi(w> = 0 ,  for 101 > a,, w, = ~ N , / X ~ .  (24) 

Now the  magnetization M can  be determined following the 
same procedure  and  the fringing field also applying  (9b). 

APPENDIX B 
In  the calculation of a  MRT  response on a certain magnetic 

field, the  magnetization of the  strip is determined first and 
then  the  output voltage [7],  [ 141, [ 171.  The same one- 
dimensional model  for calculating the magnetization is applied 
to  the case of an SP-head [3].  Most calculations  are  numerical 
[3],   [7],   [I41  but under  certain  conditions  an analytical ex- 
pression is possible [ 171 , greatly  facilitating the  calculation  of 
the  corresponding  head field. The  track-width of the SP head 
is assumed to  be  infinite.  The easy axis of  magnetization lies 
parallel to this  infinite axis  and is determined  by demagne- 
tization as well as  intrinsic anisotropy (see Fig. 13). For  the 
case that  the intrinsic anisotropy field Hi = 0 and in the  one- 
dimensional approximation  it is derived by  Tjaden [ 171 : 

Herein is Ho the  uniform field,  activating the SP head  and Hk 
the demagnetizing  field, given by MsW/L. W is the  width  and 
L the  length  of  the  head.  The  point z = 0 is at  middle  of  the 
head. Numerically obtained results agree very well with  this 
analytical  expression (see Fig. 14(a)). Although  (25) is derived 
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Fig. 13. Structure of SP head as used in one-dimensional  calculation. 
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Fig. 14.  Magnetization  of SP head, activated by  uniform field Ho. Head saturates first at middle. (a) Intrinsic  anisot- 
ropy field Hi = 0. (b) Hi = 400 A/m. 

for Hi = 0, good agreement is also obtained  for Hi  > 0 if Hk is 
replaced by Hk = Hi +MsW/L (see Fig. 14(b)). Furthermore if 
the  head  is  saturating  for H o  >Hk,  the agreement between  the 
numerical and  analytical  obtained  magnetization is reasonable 
in  the  nonsaturated  part of the  head (see Fig. 14). For  the 
case Ho >> H k ,  it is derived [ 171 : 

for 

with 

After calculating the  magnetization,  the  corresponding  head 
field can  be  calculated.  The  head field HSp(z) at x = 0 is given 
by 

The derivative can  be  expelled by partial  integration: 

This  integral is evaluated  numerically. 
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NiFeCo-An Alternative to Permalloy  for 
Bubble  Domain  Detection? 

IAN L. SANDERS 

Abstract-The characteristics of bubble  domain sensors fabricated 
from  ternary NiFeCo films have been studied  and  compared  with 
Permalloy film sensors. In 350 A thick films, the ternary alloy ex- 
hibits a  magnetoresistance ratio of 3.5 percent in contrast  to 2.8 per- 
cent for Permalloy films prepared  under similar conditions.  Sensor 
sensitivity in functional bubble  chips is correspondingly  greater, while 
the sensor noise level is equal to-or lower than-that  obtained with the 
Permalloy  detector. Low coercivity and dispersion in NiFeCo films 
aid in producing  an overall improvement in signal-to-noise  ratio. The 
performance of NiFeCo sensors  operating in  1-urn bubble ion-implanted 
contiguous-disk devices is described. 

M 
INTRODUCTION 

AGNETORESISTIVE  sensors for magnetic bubble de- 
vice applications are routinely  fabricated  from  binary 

NiFe alloys close the  the nonmagnetostrictive 80 : 20 “Permal- 
loy”  composition.  In  the case of thick film detectors,  the 
sensor  material is governed  primarily  by the  requirements of 
the  bubble propagation structure,  and there is little  freedom 
to  optimize  the sensor composition for detection purposes. 
However the increasing use of thin film detectors,  both in con- 
ventional  Permalloy-bar [ 11 and  ion-implanted contiguous- 
disk [2] devices has removed  this constraint  on  the choice of 
sensor material. 

In an early attempt  to improve the signal sensitivity in thin 
film detectors, Asama et al. [3] investigated the use of binary 
alloys  in the NiCo system. These materials are of  interest be- 
cause they can exhibit magnetoresistance ratios of up  to 4 
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percent,  compared  with  the typical  2-3 percent observed for 
Permalloy. Unfortunately  the NiCo alloys have a relatively 
high  coercivity (- 15 Oe in  a 300 a film  in contrast  to -1.5 
Oe for Permalloy) and are strongly  magnetostrictive. These 
factors give rise to considerable  noise  in the sensor output 
signal and  restrict  the practical  usefulness of the material. 
It is important  to  remember  that coercive force increases 
rapidly as the  width of the sensor is reduced [4]  and  that 
small variations  in sheet film coercivities are often ampli- 
fied,  rather  than masked by  the geometrical effect [5]. 
For  example,  although a sheet film may have a coercive 
force of 1-2 Oe, a 3-pm wide  sensor etched  from  the same 
film can exhibit a  coercivity of perhaps 20-30 Oe.  If the 
coercive force in the sensor becomes  comparable  in magni- 
tude  with  the applied drive field H x y ,  then  erratic switching 
(i.e., noise) results. This is illustrated in Fig. 1, which shows 
the  output  from a 3-pm sensor with a coercive force of 60 Oe 
operating in  a 45-0e  rotating drive field. Here the  amplitude 
of the switching noise is roughly  half the  amplitude  of  the 
bubble signal and is present over much of the  rotating field 
cycle. The  peak of the noise occurs as the  rotating field 
sweeps past the long  axis of the sensor  where one  expects 
incoherent domain-wall motion  to take place. 

Another  requirement,  not usually mentioned  in  the litera- 
ture, is that  the alloy should have a  low  dispersion of the 
easy-axis. If the dispersion  in the film is low, the magnetiza- 
tion  rotates  coherently, while large dispersion on  the  other 
hand, leads to a nonretraceable magnetoresistance  character- 
istic, and this in  turn is another cause of  poor  detector signals. 
The effect  of a dispersed easy-axis on the  anisotropic  magneto- 
resistance curve is illustrated in Fig. 2, comparing 300 a thick 
strips of N i o ~ 9 0 F e o ~ l o  and Nio,s2Fe,,ls strips. Both films 
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