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The  need for recording heads to write on high- 
coercivity media at high frequencies has 
created new requirements for the write-head 
material that cannot be met by Ni,,Fe,,, the 
nickel-iron alloy traditionally used in the 
fabrication of the device. Electroplating 
through a mask, the method of choice for 
depositing nickel-iron alloys,  makes it possible 
to pattern and orient the magnetic film more 
readily than by other methods. We review here 
research performed mostly in the United 
States and in Japan to develop electroplated 
magnetic materials that can meet the new 
challenges  of data storage technology. High- 
iron nickel-iron alloys (Ni,Fe,,) have higher 
magnetic moment and resistivity than their 
low-iron counterparts and  are increasingly 
being used in head fabrication. The addition of 
impurities in a controlled manner has been 
shown to produce drastic improvement in the 
properties of electroplated materials. And 
technology has  been  developed to fabricate 
laminated materials by electroplating from a 
single plating solution. Despite these advances 

in the electrodeposition of magnetic alloys, 
more research is required for electroplating 
processes to meet all of the challenges of data 
storage technology. 

Introduction 
Electroplating  has  been a process of major significance 
in the fabrication of thin-film recording heads, which are 
important  components in magnetic recording  hardware. The 
development of electroplating processes for nickel-iron 
alloys, such as Ni,,,Fe,,, enabled thin-film recording  heads to 
become technologically viable [l, 21. With the introduction 
of thin-film inductive heads  and,  later, magnetoresistive 
(MR) heads, the disk-drive field has been  able to sustain 
rapid growth. Today, a disk drive available to  the individual 
consumer has  over 1 GB capacity compared  to 10 MB at 
the  introduction of personal  computers  just 15 years ago. 

In this paper we discuss the  impact  that  the  change 
from inductive to  MR technology will have on  write-head 
materials. We then  summarize results obtained by several 
investigators who have attempted  to  extend  electroplating 
technology to  meet  the new material  requirements. 
Finally, we describe  the  deposition  and  properties of 
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an  electroplated  CoFeCu alloy developed in IBM  to 
meet  some of these  requirements as an  example of the 
methodology followed in this  area of materials  research. 

Material requirements  and  directions  in 
technology  development 
Electroplating  offers  several  advantages  as a process  for 

672 magnetic-material  deposition: Films can  be  electroplated 

with  excellent magnetic  properties  and low stress  at 
high rates of deposition;  and plating  cells are relatively 
inexpensive with a large installed manufacturing  base. As 
a material  additive  process,  electroplating allows for  easier 
definition and  control of small features  such as  yokes 
and  pole tips  in recording  heads;  on  the  other  hand,  the 
application of subtractive  processes is seriously hampered 
by the lack of methods  for selective materials  etching. 
Reactive  ion  etching, a process of great  popularity in 
semiconductor  manufacturing,  has  not  been  found 
viable in thin-film head  fabrication  for  that  reason. 
One is left with ion milling, a process  that  requires 
thick photoresist  to  protect defined features,  thereby 
increasing the complexity of the  lithographic 
patterning.  Electroplating  through a  mask [3] 
offers  solutions  to  these  patterning  problems;  hence, 
it is universally accepted as  a thin-film head  fabrication 
process. 

linked  to a magnetic yoke structure of two halves, each 
composed of a  magnetically  soft material.  To  write on 
magnetic  media,  current  that flows through  the  copper coil 
generates a magnetic field, which is in turn  focused  on  the 
media by the yoke structure.  During  read-back,  the yoke 
structure collects magnetic flux from  the  media, 
generating  an  electric  current in the coil. This  process is 
schematically illustrated in Figure 1. Bit size  in advanced 
commercial  products with an  areal density of 1.0 Gb/in.' is 
3.5 pm by 0.18 pm.  The  material  in  the poles must  serve 
the  dual  purpose of effectively  writing bits  on  the  media 
as well as reading  this  information.  Plated  NiFe (of 80:20 
nominal  composition) is an excellent material  for  this 
application.'  Its  properties, as  shown  in Table 1, meet 
inductive-head  requirements.  It  has a  relatively  high 
saturation  magnetization [47rMF of about 10 kilogauss 
(kG)], low coercivity Hc to  prevent  formation of remanent 
states,  and low anisotropy field H ,  to  make high- 
permeability devices. The  magnetostriction coefficient h 
is close to  zero,  thereby  rendering device performance 
independent of stress.  The high Ni content provides 
excellent corrosion  resistance. 

In inductive read/write  head design,  a  flat copper coil is 

With  the  recent  introduction of MR heads,  the  read- 
back function of the  head is now performed by an  MR 
sensor.  MR  head technology has allowed areal  densities in 
disk  drives to  increase  at a rate of about 60% per year. 
The inductive portion of the  head is now used for only the 
write  portion of the  data-recording  operation.  This  change 
in the  function of the inductive portion of the  head, 
combined with an  increase in performance  parameters 
such as  areal density and  data  rate,  has  created a demand 

1 The actual  composition  uscd in devices may  deviate  slightly  from  the 80:20 
nominal  composition  depending on  factors  such as stress  susceptibihty  and  domain 
configuration [6, 71. 
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Table 1 Plated materials with high saturation magnetization 

Material Coercivity Anisotropy Magnetostriction Saturation 
H c  field H ,  coefficient magnetization 

(Oe)  (Oe) h relative to Nix0Fe,, 

NiFeCoB 
CoNiFeS 
CoFe 
CoFeB 
CoFeCr 
CoFeNiCr 
CoFeP 
CoFeSnP 
CoFeCu 
COB 
CoFeB (e-less) 

0.3 
0.4 
1 

0.6 
1 
3 
1 

0.3 
0.5 
1 

2.5 
9.5 

6-10 
14 
20 

7-14 

20 

15 

13-18 
40 
15 

-0+* 

-0+ 
+ 

-0+ 

+ 
-0+ 

-0+ 

1 
1.6 

0.8-2.4 
1.5 
1.7 
1.9 

1.7 
1.7 

1-1.5 

1.7-2.2 
1.2 
1.2 

* A can he negative, zero,  or positive depending on alloy composition; specifically for NiFe, A is negative below about 19 wt.% Fr and posmve above about 19 wt.% Fe 

for  materials with  improved properties with respect  to  the 
traditional Ni,,Fe,, system. 

Areal density is a combination of track density, or how 
close tracks  can  be  placed  to  each  other in the  radial 
direction of the disk, and  linear density, or how close 
bits can  be  placed  one  after  the  other.  Linear density 
is defined by a combination of the  properties of the 
recording  head  and  media,  the spacing between  head  and 
disk, and signal-processing electronics. A key property is 
the ability to  record a transition  (or  bit) in the  media  and 
maintain it at a stable  state.  In  the limit, the smallest  bit 
length a that  can  be  sustained in the given media [8] is 

a = Mrd/ 2 rrHc , 

where Mr is the  magnetization of the  media, d is the 
thickness of the  media,  and Hc refers  to  the coercivity of 
the  media.  One of the key methods of obtaining  shorter 
transitions is to  increase  the coercivity of the  media. 
Since Hc is a measure of the field required  to  reverse  the 
magnetization  direction of a  bit, the  recording  head must 
generate a higher  magnetic field to  write effectively on the 
high-coercivity media.  This  magnetic field is determined by 
parameters such as  head  geometry  and spacing between 
head  and disk, as well as by the  saturation  magnetization 
of the  magnetic  material in the  head poles. An  increase in 
media coercivity requires an increase in the  saturation 
magnetization of the  head  material beyond that of the 
conventional Ni,,Fe,, system. 

rates.  In  combination with the  increase in disk rotation 
speeds, a substantial  compound growth in data  rate 
has  been  obtained  during  the  past few years. The  top- 
performing disk  drives in the  market now have data  rates 
of the  order of 16 MB/s. The  increase in data  rates places 

A consequence of higher  areal  densities is higher  data 

further  requirements on the writing process by requiring 
faster switching of the  magnetic  material in the poles. 
Switching of the  magnetic field in the  pole  material  causes 
the  formation of eddy  currents, which produce a field 
opposing  the externally applied field. Eddy  current 
formation is one of the most  significant mechanisms by 
which the effective permeability of a material is affected 
by high-frequency device operation. Skin depth 6 is the 
thickness of the  outer  core of the  material  that  can  carry 
magnetic flux unimpeded by eddy  currents. Skin depth 
depends  on  the resistivity p (PO-cm),  frequency of 
excitation f (MHz),  and  permeability p of the  material 
according  to [9] 

S = 1.6(1000p/fp)”2. 

For a Ni,,Fe,,  film in a  disk  drive operating  at 40 MB/s 
(200 MHz), 6 is 0.27 pm.  This  indicates  that only 10% of 
the  material in  a 3-pm-thick  pole tip carries  magnetic flux 
successfully at 200 MHz. High-frequency  operation  can 
thus dramatically decrease  head  performance.  Increasing 
the resistivity of the  write-head  material or using  a 
multilayer material with  high-resistivity (magnetic or 
nonmagnetic)  interlayers  are  among  the  potential 
approaches  to  counterbalance  the effect of eddy  currents. 

The above examination of trends in magnetic  recording 
technology allows us to  conclude  that  advanced  materials 
for write heads  should possess the following properties: 
high saturation  magnetization  to  be  able  to  write  on high- 
coercivity media; low coercive force  to  prevent  remanent 
states;  optimal  anisotropy field for high permeability; close 
to  zero  magnetostriction  to  render device operation 
independent of stresses; high resistivity (or ability to 
be  deposited as  multilayers) to  suppress  eddy  current 
formation;  and excellent corrosion resistance. 673 
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These  magnetic  materials  requirements, especially  when 
combined with issues such as ease of manufacturing,  pose 
a  serious technological challenge.  Corrosion  resistance  and 
manufacturing complexity can  be  as  important as  magnetic 
properties.  Electrodeposition has provided satisfactory 
solutions  to  these  requirements;  electroplating  through  a 
mask has  enabled facile patterning of the  magnetic film 
combined with relative ease of manufacturing. Many 
researchers in the field have naturally  turned  toward 
electrodeposition  to satisfy the new data-recording 
requirements. 

Electroplated materials with high saturation 
magnetization 
It was  recently demonstrated  [lo]  that increasing the  Fe 
content of electroplated  NiFe alloys from  about 20% to 
about 55% causes  an  increase in both  the  moment  and  the 
resistivity of the alloy without significantly affecting other 
requirements such  as corrosion  resistance  or  ease of 
manufacturing.  Magnetic  properties  remain  about  the 
same as in the  case of Ni,,Fe,, (Table  1) with the 
exception of magnetostriction, which acquires  a 
relatively large positive value.  Although  a  large positive 
magnetostriction would  disqualify the  material  for use in 
read-write heads, causing  instabilities  in the  read  function, 
it does  not  prevent its use in write-only heads.  The high- 
Fe version of NiFe is thus gradually replacing Ni,,Fe,, in 
write-head  fabrication. 

One of the most widely studied  high-magnetic-moment 
materials is the  ternary  NiFeCo alloy. Investigations  with 
NiFeCo alloys have been  conducted  for  at  least  three 
decades [ l l ,  121, most recently in Japan.  Apart  from  the 
capability of increasing the  saturation  magnetization of the 
binary  NiFe system by Co  addition,  NiFeCo alloys are 
readily plated  from  electrolytes whose composition  differs 
from  that of a  NiFe plating bath only by the  addition of a 
Co2+  salt, usually a  sulfate  or  chloride. 

Anderson  and  Chesnutt [13] deposited alloys with high 
Co  content  and  examined  composition  ranges  at which 
zero  magnetostriction is obtained.  Thus they extended  the 
work of Tolman [12], who studied alloys having low 
Co content.  Anderson  and  Chesnutt  reported  that  a 
Co,,Ni,,Fe,, alloy (representative of the  compositions of 
interest  to  them) has a 4rMI value of 16  kG,  a coercivity 
of 1.5 Oe,  an  anisotropy field of 10 Oe, high permeability, 
and  near-zero  magnetostriction.  Later  Chesnutt [14] 
fabricated  integrated inductive-write magnetoresistive  read 
heads with a  pole thickness of  2.5 pm using CoNiFe as 
the  write-head  material  and  demonstrated  superior 
overwrite performance  compared  to  a  head  fabricated 
using conventional  NiFe with a  thicker  pole of 4  pm. 
Chesnutt  preferred  the  use of a  CoNiFeB alloy plated 
from  a  bath  containing dimethyl amine  borane  (DMAB) 

674 as  the  source of boron, B. As demonstrated  earlier  for 
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NiFeB [15], the  addition of B  to  CoNiFe  causes  a 
decrease in the coercivity from 1.5 Oe to 0.6 Oe, while the 
saturation  magnetization as well as the  anisotropy field 
remains  unaffected.  Chesnutt suggested that  B improves 
the  corrosion  resistance of CoNiFe,  but  did  not  present 
systematic data. 

Sano  et al. [16] were similarly concerned with the 
attainment of zero  magnetostriction in CoNiFe alloys. In 
order  to  decrease  the  anisotropy field, which was 3-5 Oe 
for plated  NiFe  but  had  increased  to  more  than 10 Oe  for 
plated  CoNiFe,  a  magnetic field was applied  parallel  to 
the  substrate  during plating and switched in orthogonal 
directions  at  a  predefined  frequency.  This was in contrast 
to  the  unidirectional field employed by most  investigators 
in this field to  induce uniaxial anisotropy in the  plated 
film. Sano  et al. were thus  able  to  decrease  the  CoNiFe 
anisotropy field to  6 Oe by appropriate  selection of 
switching frequency  and field strength.  The  resulting 
CoNiFe film had all the  advantageous  properties of the 
binary NiFe system (including low anisotropy  and  near- 
zero  magnetostriction), with the  added  advantage of 
higher saturation  magnetization. However, Chesnutt [14] 
found  that  the  photoresist baking steps  that follow the 
deposition of the  magnetic  material in head  fabrication 
cause  the  anisotropy field to  revert  to  the high value  that 
is obtained if a  unidirectional  magnetic field is applied 
during  the  deposition. H e  therefore  recommended  that  no 
orienting field be used during  the baking steps.  Sano  et al. 
also  discussed the  addition of fourth  elements  to  CoNiFe 
alloys: These  elements  included  B  to  decrease coercivity 
and  In, Sb, or Bi to raise the  “heat-resisting  property of 
the  CoNiFe alloy.” 

Omata  and  co-workers [17-201 prepared  FeNiCo films 
by both  rf-sputtering  and  electrodeposition  and  examined 
magnetic as well as structural  properties over a wide range 
of compositions.  Their  electroplated films were  Fe-rich 
(typical composition was Fe,,Co,,Ni,,), with film 
properties  that  were satisfactory  except for  a highly 
positive magnetostriction, which was viewed by these 
investigators  as  sufficient reason  to  prevent  the utilization 
of these  materials in the  fabrication of heads.  In  an 
attempt  to  decrease  the  magnetostriction, they introduced 
Cr as a  fourth  element; they determined  that small 
amounts of Cr (typically 5 at.%)  cause  a  substantial 
decrease in the  magnetostriction.  In  order  to  introduce  Cr 
in the  deposit, they had  to  plate  at high current  densities 
which in turn  roughened  the  deposit,  leading  to  the  need 
for pulse  plating. Total  elimination of Ni and  an  increase 
in the  Co  content (typically Co,,,Fe,Cr,) produced films 
with negative magnetostriction  and high saturation 
magnetization. 

Shinoura  et al. [21] studied  NiFeCo alloys with 
intermediate  Fe (25-35 wt.%)  and  Co (30-50 wt.%) 
content. Magnetically  soft films were  found in the  entire 
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range of compositions; however, magnetostriction 
remained positive. The  authors  conducted  detailed 
annealing  studies at 300°C and  higher  and  correlated 
changes in the  microstructure of the  deposit  to  changes in 
the  magnetic  properties. Most  notably, a  substantial 
decrease in coercivity observed  in  several cases was 
correlated  to a mixture of fcc and bcc  crystalline faces in 
the film. Impurity analysis revealed  the existence of S 
(560  pprn), C (850  pprn), and H (20 ppm). They were 
attributed  to  the electrolysis of a stress-relieving agent 
(saccharin)  and a surface-active agent (lauryl  sulfuric  acid) 
in the plating bath. Since these  agents  appear to be used 
universally,  similar impurities may exist in all of the 
electroplated films reported above. 

The  presence of impurities in electroplated  magnetic 
films was recently  explored by Takai  and co-workers [22, 
231. Electroplating  CoNiFe alloys from  plating  solutions 
containing  thiourea  resulted in the  addition of higher 
amounts of S than  those  obtained by the  use of saccharin. 
Alloys in the  composition  range  (Co,3Ni12Fe,5),l, ,,,S,,,,,- 
(Co,,NilzFe,,),~,,,,,S,,, were  found  to have  lower coercivity 
and  higher resistivity than  CoNiFe alloys with  lower 
amounts of S. These  properties were attributed by the 
authors to the  smaller grain  size that is obtained in the 
presence of S. The alloys exhibited thermal stability; their 
anisotropy could be decreased by annealing in the presence 
of a magnetic field; and high-frequency  permeability 
improved as a result of the  increased resistivity. This work 
has shown that systematic exploration of impurities in 
electrodeposited films, an  area  where  little  understanding 
exists, can lead to  improvements in material  properties. 

substantial  impetus  to  the  quest  for  high-magnetic-moment 
materials  and  generated new directions in magnetic-alloy 
electrodeposition.  Liao showed that  the binary CoFe 
alloy (representative  composition Co,,,Fe,,,) could  be 
electroplated  from  sulfate  baths with a coercive force of 
about  4  Oe, close to  zero  magnetostriction,  a  saturation 
magnetization of at least 19 kG,  and high permeability. 
This is in contrast to vacuum-deposited  CoFe, which has a 
coercivity of 18-20 Oe, much  lower permeability,  and 
higher magnetostriction. An additional  advantage was that 
the  Co:Fe  ratio in the  CoFe film closely resembled  the 
Co?+:Fe*+  concentration  ratio in the  bath, promising 
improved  process  control  potential;  the  corresponding 
ratios  for  NiFe plating  favor Fe  deposition,  thereby 
introducing  process complexities in NiFe plating. 

We studied  CoFe plating from  an  all-chloride 
electrolyte [26] and observed a  strong  dependence of 
coercivity on alloy composition.  A minimum of 3 Oe 
was obtained  at  about 11.5 wt.% Fe. An increase of Fe 
content by 1% on  either side of this composition  caused 
the coercivity to  double, with the  dependence being 
slightly stronger in the low Fe  composition.  Detailed 

The work of Liao and  Tolman [24, 251 provided 
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microstructural  and X-ray analysis  revealed that  the 
coercivity  minimum was associated with the coexistence of 
fcc and bcc phases; effects  such as grain  size contributed 
to  the  strong  compositional  dependence of the coercivity. 
It was recognized at the  time  that,  although  plated  CoFe 
showed  excellent promise,  there was still room  for 
improvement by lowering  coercivity and improving 
corrosion  resistance.  It  seemed  appropriate to explore 
third-element  additions  (other  than Ni, described  above) 
to accomplish the task [27-291. 

Liao [27] described  the  fabrication of readiwrite  heads 
using a CoFeB alloy with the  B  content varying between 
0.1 and  2  wt.%,  and  Fe  content varying between 7 and 
12  wt.%.  Plating was performed using a conventional  bath 
to which dimethyl amine  borane  (DMAB)  and sodium 
citrate were added; the  pH was held at 3.5. Boron  addition 
caused  a  decrease in  coercivity down to 1 Oe, while other 
properties  remained  the  same as the  properties of the 
binary CoFe alloys. In  order  to  decrease  the  anisotropy 
field (thereby increasing permeability),  Liao  applied  a 
magnetic field during plating in orthogonal  directions 
at  predefined  frequencies; by this  method,  the 
anisotropy  decreased by a factor of almost 2  and  the 
permeability increased  proportionately.  Another  third 
element,  Cr, was codeposited with CoFe [28]. The  ternary 
CoFeCr system (Cr  content of about 3 wt.%) was reported 
to  be  more  corrosion-resistant  than its binary counterpart; 
it also had lower  coercivity  (down to 0.3 Oe)  and  about 
three  times  the resistivity of conventional Ni,,Fe,,, making 
it attractive  for high-frequency applications,  where  the 
high resistivity prevents  formation of eddy  currents. Low 
coercivity was also reported by Shinoura  et al. [29], 
who plated  CoFe in the  presence of additives  (such as 
naphthalene-1,3,6-trisulfonic acid and 2-propynl-01) and 
attributed  the low coercivity to the  incorporation of 
unspecified amounts of S in the  CoFe  deposit. 

Hironaka  and  Uedaira [30] studied  CoFeP  and 
CoFeSnP alloys electroplated by pulse-plating  techniques. 
Although  incorporation of P  caused  a  drastic  decrease 
in the  saturation  magnetization of the alloys, Sn 
incorporation (of about 7 wt.%) improved their  corrosion 
resistance.  The alloys were magnetically  soft, while the 
magnetostriction coefficient depended  on  composition. 

Electroless plating has also been used for  depositing 
magnetically  soft (51 Oe) films (e.g., [31-351). Osaka 
et  al.  reported  on  electroless  deposition of COB  and 
CoFeB alloys in the  presence of an external  magnetic 
field; coercivities below 1 Oe  were  obtained,  but values 
for  the  anisotropy field were  quite high (e.g., 25 Oe  for  a 
Co,,,Fe,B, alloy),  causing a  decrease in  permeability. Also, 
the plating baths used for  these  depositions  were  operated 
at high pH  and high temperature;  thus,  their compatibility 
with masking materials used in head  fabrication  requires 
investigation. 
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Dependence of CoFeCu coercivity (left ordinate)  and Cu content 
(right ordinate)  on the Cu2+ concentration in  the plating solution. 
Numbers on  curves show the concentration of Fez+. The bath Co2+ 
content  was 0.2 M in all cases. All salts were sulfate salts. Other 
bath components included Na-acetate (0.07 M), boric acid (0.4 M), 
a stress-relieving agent,  and a surfactant. Plating was  done at a 
current density of 6 mA/cm2 in a paddle cell.  A horizontal line is 
drawn  at  an H, value of 1.5 Oe. All  films with a coercivity below 
1.5  Oe are magnetically acceptable. Given a value for  Fez+,  the 
intersection of the corresponding curve with the horizontal line 
defines  the Cu2+ bath  concentration  and  the .xcu film  content 
beyond  which  the  film  coercivity  remains  below  1.5  Oe.  For 
example, given a  bath with 20 mM Fez+,  the intersection with  the 
horizontal line  occurs  at about 4 mM Cu2+; by extrapolation to  the 
right ordinate,  the Cu content of the film is about 3.5 wt.%. All 
films with higher Cu content  have  a coercivity of 1.5 Oe. The Fe 
content of the  same  film  can be found  from  Figure 3. 

Table 2 Equilibrium potentials of selected 
electrochemical  reactions. 

Electrochemical 
reaction 

Equilibrium 
potential 

(VI 

c u 2 + / c u  
H+/H, 

co2+/co 
NiZ+/Ni 

Fe2+IFe 

0.34 
0 

-0.23 
-0.28 
-0.44 

We have recently  studied  the  addition of Cu to  the 
binary  CoFe system  with the  intention of improving  its 
magnetic  properties.  We have found  that  ternary  CoFeCu 
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and  have a high  saturation  magnetization;  moreover, 
they  can  be  fabricated  in  laminated  form  from a single 
plating  solution.  The  remainder of this  paper  describes 
the  electrochemistry  and  properties of the  CoFeCu 
system. 

Electroplated CoFeCu  alloys 
The  addition of Cu  to  CoFe  and  the  observation  that  this 
addition  leads  to a decrease in  coercivity  in the  ternary 
system resulted  from our attempt  to  create a laminated 
CoFe/Cu film, since laminated films generally  have  lower 
coercivity than  the  parent  magnetic film [36]. Because of 
the  electrochemistry of the system [37, 381, a laminated 
CoFeiCu film that was electroplated  from  the  same  bath is 
in  reality  a CoFeCu/Cu film; Le., the  plating  process  adds 
a  small amount of Cu  to  the  magnetic  CoFe layer. It was 
therefore  required  that,  prior  to  creating a laminated 
CoFeCu/Cu film, the magnetics of the  ternary  CoFeCu 
single-layer film be  understood; this  study led  to  the 
observation  that low coercivity  could be  attained in the 
ternary system without  lamination [39, 401. 

is necessary to examine the  equilibrium  potentials of the 
Cu2+,  Coz+,  and  Fez+  reduction  reactions (Table 2). The 
passage of current  through  an  electrolyte  containing 
these  ions in an  uncomplexed or weakly complexed 
state  causes  the  preferential  deposition of Cu, 
since the  potential of that  reaction is the most 
positive.  However, if the  concentration of Cu2+  ions 
in solution is low, the Cu deposition  reaction  becomes 
diffusion-controlled;  the  current in  excess of the diffusion- 
limited current  for  Cu  deposition  then  goes  to  the 
deposition of Co  and  Fe. A portion of the  current is also 
used for  Hz  evolution;  the  current efficiency of the 
deposition  processes is typically higher  than 0.7. 

plating have  several consequences:  The  Cu  content of 
the alloy is defined by the  concentration of Cu2+ in the 
bath  and by the level of agitation (or thickness of 
the diffusion  layer); inherent in the system is the 
capability of generating  laminated films, since pure  Cu 
can  be  plated  when  the  total  applied  current is lower than 
the diffusion-limited current  for  Cu  deposition; finally, 
dependence of film composition  on  agitation  translates  to 
the  need  for  uniform  agitation  both  over  the  surface of 
the  wafer  (macroscale)  and over the device topography 
(microscale). 

We  studied  the  dependence of magnetic  properties 
of CoFeCu films on  composition. Alloys of different 
composition  were  obtained by varying the  Cu2+  and Co2+ 
content of the  plating  solution.  The level of agitation was 
kept  constant  through  the  use of a paddle cell. Results  are 
shown  in Figures 2 and 3. It is evident  that  the  addition 
of Cu causes a decrease in the coercivity of the film. 

To  understand  the  electrochemistry of these systems, it 

The  electrochemical  mechanisms  that govern CoFeCu 
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Combining  results such  as those shown  in Figures 2 and 3 
suggests that,  for coercivity to  be less than a certain 
amount (say 1.5 Oe),  the  composition of the  CoFeCu alloy 
must be located in the  shaded region of Figure 4 139, 401. 
Typical easy-axis and hard-axis  hysteresis loops  for a 
CoFeCu film are shown in Figure 5, where they are 
compared with data  for a NiFe film  of equal thickness. 
Measurements of other  magnetic  properties over  this 
composition  range showed that  anisotropy  increases with 
increasing Cu content from  a  value of about 13 at 4  wt.% 
Cu  to  about 18 at 1.5 wt.%  Cu. Saturation  magnetization 
for  the Co,,Fe,,,Cu, was about 20 kG  and  decreased  to 
about 18 kG for  the Co,,Fe,,Cu,, alloy. Magnetostriction 
was near zero  as long as  the Fe  content was about 10 wt.%; 
it became positive at  higher  Fe  content  and negative 
at lower Fe content.  Microstructural investigation  revealed 
that  Cu  addition  causes a decrease in the  grain size of the 
film; this is probably the  reason  for  the  decrease in the 
coercivity [39]. The  same mixture of fcc and bcc phases, 
found necessary to achieve  a low-coercivity state  for  the 
binary CoFe alloy, was necessary for  the  ternary alloy 
as well; coercivity increased with alloys that  were 
predominantly fcc (and had very low Fe  content) or 
predominantly bcc (and  had very high Fe). 

Cu as the  nonmagnetic layer were  deposited by the use 
of pulse  plating (Figure 6 ) .  Because of the  preferential 
occurrence of the  Cu  deposition  reaction,  pure  Cu is 
plated when the  applied  current is less than  the diffusion- 
limited current  for  Cu  deposition.  The  current efficiency 
of this process is close to 1. When  the  applied  current is 
higher,  the  ternary alloy is plated with a current efficiency 
of about 0.75. The  number of laminations is obviously 
equal  to  the  number of applied pulses. The  method was 
first used in IBM by Romankiw and  Olsen 1381 for  the 
NiFeCu/Cu system and has been extensively used by 
others in systems such as NiCu/Cu and  CoCu/Cu [41]. 
A discussion of the effect of lamination  on  domain 
configuration and  micromagnetics  has  been  the  subject 
of extensive  investigations 1361. 

Recording  heads  were  fabricated in which Co,,Fe,,Cu, 
replaced  the Ni,,Fe,, second write  pole.  Both  poles  had a 
thickness of 4 pm, while the  gap  thickness was 0.2 pm. 
Identical  heads in which the  second  pole was 6-pm-thick 
Ni,,Fe,,, were fabricated in parallel  for  comparison. 
Measurements  performed  at low frequency using  a  disk 
with high coercivity (3800 Oe) showed that  overwrite with 
the  ternary alloy is clearly superior,  demonstrating  the 
advantage in  using high-moment  materials  to improve 
recording  performance.  Corrosion  and resistivity 
measurements showed no  improvement of the  ternary 
CoFeCu alloy over NiFe. More research is thus necessary 
for  this  material  to  be  able  to satisfy all requirements  for 
future  write  heads. 

Laminated films with CoFeCu as the  magnetic layer and 
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j coercivity  on  Cu2+  (see  Figure 2), only one  curve  is  drawn, 
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! value of 1.5 Oe. Baths with an  Fez+ concentration between about 12 

and 33 mM yield  films with lower coercivity that are magnetically 
acceptable. The  Fe content of these films can be read off the right 

1 ordinate. A combination of the  data shown in Figures 2 and 3 
I generates the diagram of Figure 4. 
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Summary 
Electroplating of magnetic  materials  has  found universal 
applicability  in the  fabrication of inductive  thin-film heads, 
since  it is an  additive  process  and allows facile patterning 
of NiFe  pole tips. The  introduction of magnetoresistive 677 
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Hysteresis loops of Ni80.sFe,9,5 (left) and Co,,Fe,oCu, (right) along the easy axis (top)  and along the hard axis (bottom); a magnetic field of 
about 1000 Oe was applied during plating; the  easy  axis is parallel to the applied field; the hard axis is perpendicular to the applied field. In 1 all loops, the abscissa is 5 Oe/division. The  ordinate is in arbitrary units. Both films had the same thickness (2 pm). 

technology for  reading,  and new requirements  introduced 
in the writing process (such as the ability to write on high- 
coercivity  disks at very high frequencies)  pose  a  serious 
challenge to electroplating. A large  amount of research is 
being  conducted primarily  in the  United  States  and in 
Japan  to  face  this  challenge;  results so far have  yielded a 
variety of materials whose superiority  to  NiFe  has  already 
been shown. High-Fe  NiFe alloys have higher  magnetic 
moment  and resistivity and  are increasingly being used in 
device fabrication.  Ternary  CoNiFe alloys have been 
shown to possess  similar properties. Significant advances 
have been  made in the  controlled  addition of impurities  to 
CoNiFe alloys by electroplating  methods.  This is a new 
area of electroplating  research  that  promises improved 

control of deposit  properties.  Electroplating of ternary  and 
quaternary alloys based  on  CoFe  has yielded a variety of 
new materials, including CoFeCu, which has the  additional 
advantage of allowing lamination with Cu from a single 
plating bath. However, the  simultaneous satisfaction of all 
functional  requirements, including corrosion stability  in 
adverse  environments  and  ease of manufacturing,  has yet 
to be  demonstrated. 
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