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ABSTRACT 

The addition of organic compounds containing a - -CHO or --COOH group such as formamide, formaldehyde, gly- 
oxal or formic acid to a chromium electroplating bath results in a chromium deposit which has greatly improved proper- 
ties compared to conventional chromium deposits. These layers have fewer defects, and the as-deposited, amorphous 
layers have a Vicker's hardness of about 1000, which is comparable to that of conventional chromium plating deposits. 
With annealing in air, the hardness goes through a maximum of about 1700 at 500~176 while the hardness of a conven- 
tional plating decreases monotonically from 1000 to 400, with annealing from 200 ~ to 800~ X-ray diffraction and differ- 
ential thermal analysis show that annealing up to about 600~ causes formation and growth of chromium crystallites and 
that chromium carbides form above this temperature. These layers are also more resistive to corrosion by hydrochloric 
acid than conventional chromium layers. 

Chromium plating has been widely used in the manu- 
facture of machines and instruments in the automobile 
and other industries. Due to the hardness of chrome 
plates (Hv > 800), the wear resistance of machine parts is 
greatly increased by chromium plating. Chromic acid so- 
lutions containing a sulfate catalyst for chromium plating 
have been developed and described by Sargent (1) and 
Fink (2). However, the chromium plate layers formed in 
these baths have many defects which may be described 
as pinhole and crack defects. Moreover, the hardness of 
the deposits decreases with increasing temperature over 
the range of 20 ~ to 400~ 

Recently, a trivalent chromium bath (3) has been devel- 
oped for commercial  applications, but it is used only for 
decorative chromium plating because thick chromium 
layers cannot be formed in this type of bath. According to 
x-ray diffraction measurements (4), these chromium de- 
posits show an amorphous structure. Amorphous chro- 
mium deposits have been discussed by Furuya, Misaki, 
and Tanabe (5) and Morikawa and Eguchi (6). They ob- 
tained amorphous chromium deposits from chromic acid 
solutions containing trivalent chromium ions and large 
quantities of organic compounds, but they also found it 
difficult to deposit  thick chromium layers in these baths. 
Kasaaian and Dash (7) have reported that the addition of 
methanol or formic acid increases the current efficiency 
of chromium deposition from sulfate-catalyzed chromic 
acid baths, but they did not characterize the structure or 
properties of these deposits. 

In previous investigations of chromium deposition, 
Hoshino (4) found that the addition of certain organic 
compounds to the chromic acid solution greatly in- 
fluences the properties of chromium deposits. A trial- 
and-error search for effective organic additives for chro- 
mium deposition has shown that organic compounds 
having a - -CHO or - -COOH group, such as formamide, 
formaldehyde, glyoxal, or formic acid are most effective 
in modifying the properties of the deposit. Using these 
additives, it is possible to prepare electrodeposited 
amorphous chromium which has a bright surface and no 
pinhole or crack defects. This paper describes a method 
for the deposition of thick amorphous chromium layers 
and the p.roperties of these layers before and after heat- 
treatment. Although formic acid has been added to simi- 
lar baths in previous studies, the method described in this 
paper is new in that it produces chromium films which 
are amorphous and bright and have desirable mechanical 

properties. In this paper, it is referred to as the amor- 
phous bright chromium deposition (ABCD) method. 

Experimental 
The electrolytes used for the electrodeposition of chro- 

mium were prepared with reagent grade chromic acid, 
sulfuric acid, and formic acid as the additive. Conven- 
tional chromium layers were electrodeposited from a so- 
lution containing 250 g/1 of chromic acid and 2.5 g/1 of sul- 
furic acid at a temperature of 50~ and a current density 
of 40 A/din'-' for 30 rain. In the ABCD method, the chro- 
mium was electrodeposited from a solution containing 
100 g/1 of chromic acid, 5 g/1 of sulfuric acid, and 20 ml/1 of 
an 85% solution of formic acid at a temperature of 30~ 
and a current density of 40 A/dm-' for 30 rain. The chro- 
mium layers were electrodeposited on foils of mild steel 
which were 0.2 mm thick. A PVC jig was used to hold a 
sample and restrict deposition to a 20 • 10 mm region on 
the foil. These conditions gave films which were typi- 
cally 20 ~m thick. 

Several techniques were used to characterize the prop- 
erties of the chromium layers. Electron microscopy, elec- 
tron diffraction, and x-ray diffraction were used for 
structural determination. Differential thermal analysis 
was performed using a heating rate of 10~ and a 
chromium deposit which had been heated to 900~ as a 
counter material. The hardnesses of the surfaces of the 
layers were determined using a conventional micro- 
Vickers hardness tester employing a standard load of 
100 gf. Some of the samples were polished with diamond 
paste after the heat-treatment but before measurement of 
the hardness. The carbon contents of the chromium de- 
posits were measured using an analytical system con- 
structed by Leco Corporation. This technique is based on 
measuring the amount  of COs produced after heating a 
sample in oxygen at 1200~ in a high frequency induction 
furnace. For the differential thermal analysis and electron 
diffraction experiments,  unsupported chromium layers 
were required. These were prepared by depositing the 
chromium on copper foils which were 50 ~m thick. The 
copper was then removed by soaking in a 30% ammo- 
nium persulfate solution at room temperature. 

Results and Discussion 
Electrodeposition of amorphous chromium.--Figure 1 

shows typical electron micrographs of cross sections of 
electrodeposited chromium obtained by the conventional 
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Fig. 3. Current efficiency of chromium deposition as a function of tem- 
perature, sulfuric acid concentration, chromic acid concentration, and 
current density. Each point represents an average of two experimental 
values. 

Fig. 1. Electron mlcrographs of the cross sections of amorphous chro- 
mium deposits formed using the (a) ABCD method and (b) conventional 
methods. 

m e t h o d  a n d  t he  A B C D  m e t h o d  d e s c r i b e d  in  th i s  paper .  I t  
is c lear  f rom th i s  f igure t h a t  the  fi lm m a d e  w i t h  the  
A B C D  m e t h o d  does  no t  con t a in  the  p i n h o l e  and  c rack  de- 
fects  w h i c h  are  seen  in the  fi lm m a d e  by  the  conven-  
t iona l  me thod .  A n  e lec t ron  d i f f rac t ion  p a t t e r n  of a chro-  
m i u m  depos i t  p r e p a r e d  u s i n g  t he  A B C D  m e t h o d  is 
s h o w n  in Fig. 2~ The  b road  a n d  d i f fuse  p a t t e r n  ind ica tes  
t h a t  the  s t r u c t u r e  is a m o r p h o u s .  

C h r o m i u m  depos i t s  p r o d u c e d  by  t he  n e w  m e t h o d  have  
a mi r ror - l ike  surface.  It  is i n t e r e s t i n g  t ha t  u n i f o r m l y  
b r i g h t  su r faces  are o b t a i n e d  on ly  w h e n  the  Weight  ra t io  of 
c h r o m i c  acid to su l fur ic  acid is b e t w e e n  5:1 and  40:1. This  
is qu i t e  d i f f e ren t  f rom the  o p e r a t i o n  of  c o m m e r c i a l  
S a r g e n t  p l a t i ng  ba ths ,  w h i c h  uti l ize a rat io  of  c h r o m i c  
acid to su l fur ic  acid w i t h i n  the  r a n g e  of  50:1 to 200:1. The  
A B C D  m e t h o d  uses  a sul fur ic  acid c o n c e n t r a t i o n  w h i c h  is 
typ ica l ly  twice  as h i g h  as t h a t  for a c o n v e n t i o n a l  ba th .  

F i g u r e  3 shows  the  va r i a t ion  of  the  c u r r e n t  ef f ic iency 
as a f u n c t i o n  of  t e m p e r a t u r e ,  su l fur ic  acid concen t r a t i o n ,  
c h r o m i u m  c o n c e n t r a t i o n ,  a n d  c u r r e n t  dens i ty .  I t  was  de- 
t e r m i n e d  by  m e a s u r i n g  the  to ta l  cha rge  p a s s e d  in t h e  
p la t ing  p roce s s  a n d  the  w e i g h t  of  t he  d e p o s i t e d  chro-  
mium.  C u r r e n t  ef f ic iency dec reases  w i th  i nc rea s ing  con-  

Fig. 2. An electron diffraction pattern of an unsupported chromium de- 
posit produced by the ABCD method. The unannealed sample shows an 
amorphous structure. 

c e n t r a t i o n s  of  b o t h  c h r o m i c  ac id  a n d  su l fur ic  acid a n d  
t e m p e r a t u r e ,  b u t  inc reases  w i t h  c u r r e n t  dens i ty  up  to 
a b o u t  80 A / d m t  Th i s  b e h a v i o r  is s imi la r  to t h a t  of  a con-  
v e n t i o n a l  p l a t i ng  ba th .  

B r i g h t  depos i t s  are o b t a i n e d  u s i n g  t h e  c o n v e n t i o n a l  
m e t h o d  over  a re la t ive ly  n a r r o w  r ange  of  c u r r e n t  dens i -  
ties, a n d  th i s  r a n g e  dec reases  d r ama t i ca l l y  w i t h  t e m p e r a -  
tu res  be low 50~ However ,  t he  A B C D  m e t h o d  y ie lds  
b r i g h t  depos i t s  ove r  a b r o a d  r ange  of  c u r r e n t  dens i t i e s  
e v e n  at 30~ E v e n  t h o u g h  t h e  c u r r e n t  ef f ic iency de- 
c reases  w i t h  i n c r e a s i n g  t e m p e r a t u r e ,  t he  depos i t s  were  
p r e p a r e d  at 30~ w h e r e a s  the  c o n v e n t i o n a l  depos i t s  were  
p r e p a r e d  at  50~ 

The  a d d i t i o n  of  fo rmic  ac id  to the  p l a t i ng  so lu t ion  
causes  a d e c o m p o s i t i o n  r eac t ion  w h i c h  p r o d u c e s  t r i va l en t  
c h r o m i u m  ions  b y  r e d u c t i o n  of t h e  c h r o m i c  a d d .  I t  can  

b e  r e p r e s e n t e d  by  

2H~Cr:~O~ + 9HCOOH + 18H* ~ 6Cz ~" + 9CO.~ + 20 H~O 
[1] 

Figure  4 s h o w s  t h e  c o n c e n t r a t i o n  of t r i v a l e n t  c h r o m i u m  
ions in t h e  b a t h  d u e  to r eac t ion  [1] as a f u n c t i o n  of  t i m e  
for v a r y i n g  c h r o m i c  acid c o n c e n t r a t i o n ,  su l fur ic  ac id  con-  
cen t ra t ion ,  a n d  t e m p e r a t u r e .  A d o u b l e - b e a m  U V  spee t ro-  
p h o t o m e t e r  m a n u f a c t u r e d  by  Hi t ach i  C o m p a n y ,  L imi t ed ,  
was  u s e d  to m e a s u r e  t h e  CrO:~ c o n c e n t r a t i o n  by  i ts  ab-  
so rp t ion  at  350 n m.  F r o m  this,  t h e  Cr *:~ c o n c e n t r a t i o n  was  
ca lcula ted .  T h e  p r e s e n c e  of o t h e r  ions  was f o u n d  to h a v e  
no  effect  on  th i s  m e a s u r e m e n t .  

D u r i n g  e lec t rop la t ing ,  fo rmic  acid in t h e  b a t h  is oxi- 
d ized  chemica l ly  by  c h r o m i c  acid a n d  anod ica l ly  on  the  
P b  anode .  However ,  sma l l  a m o u n t s  of fo rmic  acid are in- 
c o r p o r a t e d  in to  the  film, as d i s c u s s e d  in a sur face  s t u d y  
(8) of  fi lms p r e p a r e d  by  the  A B C D  me t h o d .  The  oxida-  
t ion  of fo rmic  ac id  inc reases  the  c o n c e n t r a t i o n  of  Cr :~ a n d  
dec reases  t h e  fo rmic  acid co n cen t r a t i o n .  Therefore ,  the  
c h r o m i u m  depos i t s  d e s c r i b e d  in th i s  s t u d y  were  p r e p a r e d  
w i t h i n  90 mi n  a f te r  a d d i n g  fo rmic  ac id  to t h e  c h r o m i c  
ac id  so lu t ion  w h i c h  c o n t a i n e d  5 g/1 of  su l fu r ic  acid. In  or- 
de r  to p r e p a r e  s m o o t h  a n d  a m o r p h o u s  depos i t s  w h i c h  are  
b r igh t ,  it is n e c e s s a r y  t h a t  t h e  c o n c e n t r a t i o n  of  Cr ''~ re- 
m a i n  be low 7% of  the  c h r o m i c  acid concen t r a t i on .  A 
lower  c o n c e n t r a t i o n  of Cr -:~ cou ld  be  m a i n t a i n e d  b y  em- 
p loy ing  a m e m b r a n e - d e v i s e d  cell for t h e  ox ida t ion  of  C r : t  
Ne i the r  th i s  n o r  the  l ong - t e rm  s tab i l i ty  of  th is  type  of  
b a t h  h a s  b e e n  c o n s i d e r e d  in detai l  t h u s  far. 

Effect of  heat- treatment  on the chromium d e p o s i t s . -  
H ea t i n g  s amp l e s  p r e p a r e d  by  t h e  A B C D  m e t h o d  in vac- 
u u m  or air  h a s  a d r a m a t i c  effect  on  t h e  h a r d n e s s e s  of t he  
films. Th i s  is i l l u s t r a t ed  in Fig. 5 for  s a m p l e s  a n n e a l e d  at  
10 -:~ to r r  for lh .  T h e  h a r d n e s s e s  of  c h r o m i u m  fi lms pre-  
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pared in the conventional manner are also shown as a 
function of annealing temperature. As stated above, the 
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Fig. 5. Yickers hardness of chromium deposits formed by the conven- 
t ional method and A B C D  method as a function of an neal ing temperature .  

hardnesses of the conventional samples monotonically 
decrease with annealing temperature. Also, the hard- 
nesses decrease much more rapidly with heating at tem- 
peratures above 400~ However, the chromium layers 
prepared by the ABCD method show a very different be- 
havior. Their hardnesses nearly double by heating up to 
600~ and then decrease almost to their initial value with 
heating at 800~ Varying the trivalent Cr ion concentra- 
tion up to 15 g/1 has essentially no influence on the tem- 
perature dependence of the hardness. This same general 
type of behavior for amorphous chromium was also ob- 
served by Morikawa and Eguehi et al. (6). 

Many processes occur during annealing, such as segre- 
gation of carbon and sulfur to the surface region, segrega- 
tion of oxygen away from the surface region, and the for- 
mation of carbides and various chromium oxides (8, 9). 
Although the chemical compositions and elemental distri- 
butions of the films differ between films heated in air 
and films heated in vacuum, it is interesting that the 
hardness is only a function of the annealing temperature. 
Annealing the deposits for periods longer than lh  does 
not cause further changes in the hardness, but the time 
dependence of annealing on the hardness remains to be 
investigated. 

In order to investigate the hardness behavior shown in 
Fig. 5, x-ray diffraction was used to examine chromium 
deposits which were annealed at different temperatures. 
The results are shown in Fig. 6. A deposit with no anneal- 
ing shows a broad feature which corresponds to an 
amorphous structure. This is consistent with the interpre- 
tation of the electron diffraction pattern shown in Fig. 2. 
Annealing at 300~ causes the formation of a peak charac- 
teristic of metallic chromium. Three metallic chromium 
peaks dominate the spectra in the 400~176 range, and 
the broad feature, due to the amorphous structure, is 
gone. Formation of the metallic chromium structure from 
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an amorphous  s t ruc ture  in the 300~176 t empera tu re  
range cor responds  to an increase in the  Vickers  hardness  
va lue  f rom about  1100 to 1700. The  hardness  value  in- 
creases great ly in the  300~176 range,  whi le  relat ively 
small  changes  occur  in the 400~176 range. This is also 
consis tent  wi th  the  x-ray diffract ion s tudies  in which  a 
dramat ic  change  is observed  be tween  300 ~ and 400~ bu t  
little change  is obse rved  be tween  400 o and 600~ Fur the r  
s t ructural  changes  occur  in the  600~176 and the  
700~176 ranges,  which  cor respond  to decreases  in hard- 
ness f rom about  1700 to about  1100. Annea l ing  at 700~ 
causes the  appearance  of diffract ion peaks  due to CrTC:~ 
and ChO:,. This step results  in a decrease  of 300 in the  
hardness.  X-ray diffract ion shows that  anneal ing  at 800~ 
conver ts  the  CrTC:~ into Cr_,:~C,. Also, the  peak  due  to Cr,,O:~ 
is no longer  present .  These  changes  cor respond  to a fur- 
ther  reduc t ion  in hardness  of  about  300. 

The carbon con ten t  of  the depos i t  as a funct ion  of for- 
mic acid concent ra t ion ,  t empera ture ,  and current  dens i ty  
is shown in Fig. 7. It  general ly lies be tween  2 and 4 weight  
pe rcen t  (w/o). The  codepos i t ion  of  organic  c o m p o u n d s  
and metals  has been  used in o ther  applicat ions.  For  ex- 
ample,  sacchar in  is often codepos i ted  with  nickel  as a 
br ightener .  General ly ,  the  role of  the  organic  addi t ive  is to 
l imit  the  g rowth  of  metal  crystal l i tes dur ing  the  electro- 
deposit ion.  The  addi t ive  adsorbs on the surfaces of  the 
small  crystall i tes,  thus  inhibi t ing g rowth  and resul t ing  in 
a near ly  a m o r p h o u s  layer. It  is be l ieved  that  some of the  
formic acid behaves  in this manne r  in this applicat ion.  

Differential  t he rma l  analysis p rov ides  ano ther  means  of  
s tudying  the  t ransformat ions  caused by annealing.  The  
sample  t empera tu re  was increased  at a rate of 10~ to 
a m a x i m u m  of 900~ and its we igh t  r ema ined  cons tant  
be tween  300 ~ and 750~ The resul t ing  D T A  spec t rum is 
shown in Fig. 8. Two dis t inct  peaks  are seen in this spec- 
t rum wi th  m a x i m a  at 400 ~ and 590~ One  possible  inter- 
pre ta t ion  of this spec t rum is that  the low t empera tu re  
peak  is due to the growth  of  crystall i tes wi th  the s t ructure  
of  bulk  c h r o m i u m  metal.  This gives the peak  its 
broad s t ructure  over  the  400 ~ to 600~ t empera tu re  range. 
This is also the same range over  wh ich  a t r emendous  in- 
crease in hardness  is observed.  The second peak is qui te  
sharp and could  be due  to a chemica l  react ion such as the  
format ion  of  c h r o m i u m  carbide. This t empera tu re  marks  
the onset  of  the  decrease  in hardness  and the  appearance  
of c h r o m i u m  carbides  in the 700 ~ and 800~ x-ray diffrac- 
t ion patterns.  The carbide  most  l ikely does not  appear  in 
the  600~ x-ray diffract ion pat tern  because  it has not  ag- 
g lomera ted  suff icient ly for de tec t ion  by x-ray diffraction. 
At about  800~ another  rather  s t ructure less  feature is 
seen which  may  cor respond  to the  format ion  of Cr~:~C~ by 
the react ions  

23Cr7C:~ ~ 7Cr._,:~C,~ + 27C [2] 

6C + 23Cr -~ Cr~:~C,~ [3] 

The behav ior  and chemica l  na ture  of  the  carbon in these  
layers have  been  examined  us ing Auger  e lectron spec- 
t roscopy (AES), e lec t ron spec t roscopy  for chemica l  analy- 
sis (ESCA), and o ther  surface t echn iques  (8, 9). 
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Fig. 9. A comparison of the corrosion rates in an HCI (1:1 ) solution of 
chromium deposits prepared by the conventional method and by the 
ABCD method (annealed at various temperatures). 

Corrosion resistance of chromium deposits . - - I t  is gener-  
ally be l ieved  that  amorphous  metals  have  bet ter  corro- 
sion res is tance than  polycrysta l l ine  metals.  However ,  due 
to the format ion  of  a pass ivat ion film, conven t iona l  chro- 
m i u m  deposi ts  show excel len t  corros ion resistance,  ex- 
cept  toward  hydrochlor ic  acid. F igure  9 shows the  disso- 
lut ion rates of  c h r o m i u m  deposi ts  wi th  exposure  to an 
HC1 (1:1) solut ion at 30~ The deposi ts  made  by the 
A B C D  me thod  were  annealed  at the  var ious  t empera tu res  
shown. A m o r p h o u s  chromium,  which  has not  been  an- 
nealed, exhib i t s  a corros ion rate wh ich  is 1/3 that  of  con- 
vent ional  c h r o m i u m  deposits .  With anneal ing,  the corro- 
sion rate decreases  in t empera tu res  up to 300~ and 
increase in t empera tu re s  f rom 300 ~ to 700~ Even  wi th  
anneal ing  at 700~ the  corrosion rate is lower  than that  of  
convent iona l  c h r o m i u m  deposits .  

The good corrosion res is tance of  the  unannea led  de- 
posi t  is most  l ikely due  to its amorphous  structure.  It  is 
possible  that  anneal ing  up to 300~ oxidizes  the  surface, 
causes carbon  segregat ion  in the grain boundar ies ,  or  
causes the  format ion  of  c h r o m i u m  carbide  which  inhibi ts  
corros ion further.  However ,  the  g rowth  of  c h r o m i u m  
metal  crystals or poss ib ly  c h r o m i u m  carbide  crystals at 
h igher  t empera tu res  is respons ib le  for an increase in the  
corrosion rate. Af ter  the  corrosion test, a black paste- l ike 
subs tance  was observed  on the c h r o m i u m  deposits .  This 
suggests  that  corros ion of  annealed  deposi ts  p roceeds  at 
metal l ic  regions  leaving a carbon  or carb ide  depos i t  at the  
surface, but  the  compos i t ion  of  this pas te  has  not  been  
de te rmined  yet. No such depos i t  is obse rved  on conven-  
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t ional  deposits .  Ano the r  poin t  of  in teres t  is that  chro- 
m i u m  deposi ts  p repared  by the  A B C D  m e t h o d  dissolve 
wi th  a potent ia l  of  about  -0 .45V vs. S C E  in a HC1 (1:1) so- 
lu t ion whereas  conven t iona l  Cr depos i t s  dissolve wi th  a 
potent ia l  of  about  -0 .75V vs. SCE (4). This  suggests  that  
c h r o m i u m  depos i t s  p repared  by the  A B C D  m e t h o d  form 
s t ronger  pass ivat ion films on the  surface  than  conven-  
t ional  c h r o m i u m  deposits .  

Conclusion 
A me thod  is desc r ibed  for the  e lec t rodepos i t ion  of  

amorphous  c h r o m i u m  layers f rom a plat ing ba th  con- 
taining ch romic  acid, sulfuric acid, and formic  acid as an 
addit ive.  These  layers have  a ve ry  low defect  concentra-  
t ion c o m p a r e d  to conven t iona l  c h r o m i u m  deposits .  They  
are qui te  hard,  exh ib i t ing  hardness  values  of  about  950 as- 
depos i t ed  and about  1700 after anneal ing  at 600~ An- 
neal ing above  600~ causes  a decrease  in hardness  to 
about  1000. These  deposi ts  incorpora te  approx ima te ly  2-4 
w/o carbon.  I t  is clear  f rom the x-ray diffract ion studies 
that  c h r o m i u m  carb ides  appear  above  600~ but  the be- 
havior  and na ture  of the  carbon  in these  layers are still 
unde r  invest igat ion.  These  deposi ts  also exhib i t  m u c h  
bet ter  cor ros ion  res is tance  toward  hydroch lor ic  acid solu- 
t ions than  conven t iona l  c h r o m i u m  deposits .  
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ABSTRACT 

Two types  of  e lect roless  Co alloy films, Co,o.rNi**.2-Re,~..-P,.7 and Co2:~.,~-Ni~s.:,-Re.~.:~-Mno.2-P,~.,, were  p repared  for per- 
pend icu la r  magne t ic  record ing  media.  The  correlat ion b e t w e e n  thei r  s t ruc ture  and magnet ic  proper t ies  was inves t iga ted  
and d iscussed  as a funct ion  of  film thickness .  The magne t ic  proper t ies  of  these  two types  of  films showed  different  pat- 
terns  of  d e p e n d e n c e  wi th  respec t  to the  film thickness .  The  Co-Ni-Re-P alloy ~lm gave a h igher  H,.(~_) (perpendicular  
coercivi ty)  in regions  where  it was very  thin;  on the  o ther  hand,  the  Co-Ni-Re-Mn-P alloy film displayed a lower  H,.(~-) at 
the  initial film thickness .  The  compos i t ion  was observed  wi th  A E S  m e a s u r e m e n t s  to be near ly  i n d e p e n d e n t  of  film 
thickness .  The  clear  co lumnar  s t ruc ture  of  both  types  of  films was conf i rmed by scanning  e lec t ron mic roscopy  (SEM) 
and especia l ly  by t ransmiss ion  e lec t ron  microscopy  (TEM) observat ions.  Only the  ref lect ion high energy  electron dif- 
fract ion (RHEED)  pat terns  for both  types  of  film clearly showed  different  d e p e n d e n c e  pat terns  wi th  respec t  to the  film 
thickness .  The  Co-Ni-Re-P film disp layed a ve ry  h ighly  c-axis or iented s t ruc ture  even  at the initial th in  film stage. On 
the  o ther  hand,  the  Co-Ni-Re-Mn-P film showed  a d e p e n d e n c e  of  the degree  of  c-axis or ientat ion on the  film thickness ,  
wh ich  increased  wi th  film thickness .  The  dif ferences  in magne t ic  proper t ies  as a func t ion  of  th ickness  were  a s sumed  to 
be due  to the  degrees  of  c-axis or ienta t ion and change  in magne t ic  doma in  structure.  

In  longi tudina l  recording,  the record ing  m e d i u m  thick- 
ness  is a ve ry  impor t an t  factor in the  de te rmina t ion  of  re- 
cord ing  dens i ty  (1). It  is imposs ib le  to avoid  decreases  in 
the  m e d i u m  th ickness  if  the  record ing  dens i ty  is to be in- 
creased.  In  pe rpend icu la r  recording,  a reduc t ion  in me- 
d i u m  th ickness  may  theore t ica l ly  not  be  needed  to im- 
prove  record ing  dens i ty  (2). Pract ical ly,  however ,  in the  
case of  s ingle pole  head  wi th  a compos i t e  anisot ropy me- 
d i u m  (3), it is necessary  to r educe  m e d i u m  th ickness  be- 
cause  a s t rong in terac t ion  mus t  occur  be tween  the  single 
pole  head  and the  back layer of  the  compos i t e  anisotropy 
film to al low ideal pe rpend icu la r  magnet ic  record ing  
condi t ions  (4). 
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The authors  earl ier  repor ted  e lect roless  cobal t  al loy 
films for pe rpend icu la r  magnet ic  record ing  media  and 
also d i scussed  thei r  read/wri te  character is t ics  (5-10). In  
these  research  works,  it was found that  there  were  two 
kinds  of  e lect roless  magnet ic  films whose  magnet ic  
proper t ies  d isp layed qui te  di f ferent  degrees  of  th ickness  
dependence  (8, 10). Typical  data of  pe rpend icu la r  
coercivi ty,  H,.(• a l ready d iscussed  in the  previous  paper  
(10), are shown in Fig. 1 as a func t ion  of  the  film thick- 
ness. In the  above  paper  (10), the  th ickness  dependence  of  
magnet ic  proper t ies  was d iscussed  f rom the  v i ewpo in t  of  
pe rpend icu la r  magnet ic  record ing  m e d i u m  applicat ions.  
The  present  paper  descr ibes  fur ther  inves t iga t ions  of  the  
corre la t ion be tween  magnet ic  proper t ies  and crystal  
s t ruc ture  as a func t ion  of  film th ickness  and discusses  
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