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The microstructure and magnetic-structure development in magnetron-sputtered Co-22at%Cr thin films deposited on 
amorphous substrates has been examined systematically and in detail. It has been found that the initial deposit is amorphous 
up to a thickness of ~ 5 nm. By 10 nm thickness, a polycrystalline highly hcp c-axis textured (out of the film plane) 
microstructure is observed. At 50 nm thickness, a distinct columnar morphology has developed. A distinct subgrain structure 
was also observed in the thinner films (10-50 nm). The magnetization is initially in-plane and retains in-plane components 
up to a thickness of ~ 50 nm, after which it is predominantly out-of-plane. The effects of in-plane film stress are reflected in 
the effective anisotropy field and are most evident in the thinner films, where the stress is highest. The thinnest (10 nm) 
films display in-plane 180 ° domain walls while thicker (50 nm) films exhibit out-of-plane "dot"-type domain structures. The 
"dot" domains were observed even in films that had not yet developed a columnar morphology. Intermediate-thickness films 
show a "feather-like" contrast, indicating that both in- and out-of-plane magnetization components are present. Intrinsic 
film stress was found to play a major role in determining the preferred magnetization direction and, thus, the resulting 
magnetic domain configurations. 

1. Introduction 

CoCr thin films have been  considered  for a 
n u m b e r  of years as the leading candida te  for 
pe rpend icu la r  recording media  [1,2]. There  have 
been  a n u m b e r  of reviews [3-9] of the film mi- 
cros t ructure  and magnet ic  propert ies .  General ly ,  
these studies have concluded that  the develop- 
men t  of a co lumnar  micros t ruc ture  with a s trong 
hcp c-axis texture pe rpend icu la r  to the film p lane  
occurs concurrent ly  with the observat ion of a 
large positive magnetocrys ta l l ine  anisotropy fa- 
voring magne t iza t ion  normal  to the film plane.  In  
this investigation,  the deve lopment  of the mi- 
cros t ructure  in C o - 2 2 a t % C r  films sput ter-de-  
posited on amorphous  substrates  has been  exam- 
ined in considerably  more  detail  than  has b e e n  
repor ted  to date. We have also measured  the 
sa tura t ion  magne t iza t ion  and  anisotropy field as 
well as the as-deposi ted in -p lane  film stress for 
films in the thickness range 10-500 n m  to deter-  

mine  their  con t r ibu t ion  to the overall film 
anisotropy. Finally, the evolut ion of the magnet ic  
domain  s tructures  in films of known microstruc- 
ture  were examined by Lorentz  t ransmiss ion elec- 
t ron microscopy. Observat ions  were re la ted to 
the measured  stress values to i l lustrate the effects 
of the la t ter  on the ne t  magne t iza t ion  and,  thus, 
the resul t ing magnet ic  domain  s tructures  in these 
films. 

2. Experimental details 

Films were sput te red  from a 12.5 cm d iameter  
C o - 2 2 a t % C r  alloy target  using a Var ian  DC 

ma gne t r on  ("S" gun) sput ter ing  system. Sputter-  
ing condi t ions  inc luded an argon pressure of one 
mTorr ,  u n h e a t e d  substrates  ( T <  50°C) and a 
sput ter ing  rate of 0.25 n m / s .  Thin-f i lm ( <  50 
nm)  plan-view T E M  specimens were p repared  by 
deposi t ing directly on to  carbon-coated  3 mm cop- 

0304-3991/92/$05.00 © 1992 - Elsevier Science Publishers B.V. All rights reserved 



426 B.G. Demczyk / Microstructure and magnetic properties in CoCr 

per grids, permitting direct TEM observation. 
Thicker films were deposited onto glass (Corning 
7059) substrates which were mechanically thinned 
to about 40 p.m, after which they were ion(Al+) - 
beam-milled to electron transparency. The simi- 
larity of microstructures for thick ( >  50 nm) films 
deposited on amorphous carbon and glass sub- 
strates has been reported previously [8]. Section 
samples (deposited on glass) were fabricated by 
bonding two films face-to-face, mechanical thin- 
ning, and ion-beam milling. Conventional TEM 
(bright-field imaging and selected-area diffrac- 
tion) as well as electron microdiffraction were 
performed on a J E O L  2000FX transmission elec- 
tron microscope operating at 200 kV. For high- 
resolution work, a J E O L  4000EX H R E M  operat-  
ing at 400 kV was employed. X-ray rocking (A050) 
curves were taken utilizing Cu K a  radiation on a 
Rigaku Geigerflex diffractometer.  In-plane stress 

measurements  were made using a cantilever 
beam-deflection method [10] in which the sub- 
strate (glass) curvature due to film stress is meas- 
ured. For this work, samples were cut into 6.35 
mm × 25.4 mm strips and scanned with a laser 
beam over their entire length, after which the 
metal  film was removed via etching in aqua regia 
and the glass substrate alone scanned again. In 
this way, the effects of inherent substrate curva- 
ture could be removed from the measurement.  
Vibrating-sample magnetometry (VSM) was per- 
formed on 49 mm 2 samples with a Princeton 
Applied Research Model 155 magnetometer ,  us- 
ing a saturation field of 15 kOe. Ferromagnetic 
resonance (FMR) curves were taken on 1 mm 2 
samples using a 33 GHz resonant cavity system 
[11] for which the maximum field was 19 kOe. 
Magnetic domains were imaged in the Fresnel 
Lorentz TEM mode [12]. In this mode of opera- 

Fig. 1. (a) TEM micrograph of a 5 nm thick CoCr film. Note the presence of occasional small crystallites within the amorphous 
matrix. Arrow indicates one such crystallite. (b) H R E M  image showing a single crystallite. Inset depicts the corresponding optical 

diffraction pattern. 
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tion, the field applied by the microscope objective 
lens at the back focal plane was less than 5 0 e .  

3. Results 

3.1. Microstructural details 

Fig. 1 shows a plan-view high-resolution micro- 
graph taken from a 5 nm thick CoCr film. As 
shown, the greater  part  of the area is "amor-  
phous",  even at the approximately 0.18 nm point- 
to-point resolution of the microscope. The ring 
pat tern taken from this area (fig. la  inset), al- 
though sharp, displays no discrete diffraction 

maxima and is consistent with an amorphous 
structure. Small ( ~  2 nm) crystallites are occa- 
sionally observed within the amorphous matrix 
(arrowed in fig. la). Fig. lb shows a high-resolu- 
tion image of a single crystallite. The optical 
diffraction pattern (Fourier transform of image) 
taken from a similar region (fig. lb  inset) shows 
evidence of crystallinity as indicated by the pres- 
ence of discrete diffraction spots. These results 
represent the first actual observation of the initial 
crystaIlitc nucleation layer in CoCr thin films. 

Figs. 2a -2d  show typical plan views of the 
microstructure for films of thickness 10-500 nm. 
From fig. 2a, it can be seen that by 10 nm, grain 
structure is starting to develop. In thicker films, 

Fig. 2. TEM micrographs (plan view) of (a) 10 nm, (b) 50 nm, (c) 100 nm, (d) 500 nm thick CoCr films. Note the presence of 
intragranular defects in (c) and (d). 
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these  gra ins  b e c o m e  more  p r o n o u n c e d  (figs. 2 b -  
2d). In  addi t ion ,  defec ts  a re  obse rved  within indi-  
v idual  grains.  These  have been  shown to be stack- 
ing faults ,  lying on the  (0001) p lanes  [13]. Since 
s imilar  faul ts  have been  found  in C o N i C r  films 
tha t  do not  display c-axis tex ture  normal  to t h e  
film p lane ,  as well [13], they are  not  fo rmed  as a 
resul t  of  a mis-s tacking of  c p lanes .  The re fo re ,  it 
is thought  tha t  these  faul ts  form to rel ieve the  
large in -p lane  film stress  d e v e l o p e d  in film growth.  
F r o m  table  1, we see tha t  the  average  grain 
d i a m e t e r  is near ly  cons tan t  with increas ing  film 
thickness ,  ind ica t ing  tha t  the  final grain size is 
r e a c h e d  ear ly  on (by 50 -100  nm thickness) .  This  
resul t  differs  f rom tha t  r e p o r t e d  in refs. [9,14-17],  
in which the grain size inc reased  with increas ing  
film th ickness  over  a cons ide rab le  f i lm-thickness  
range,  bu t  is s imilar  to the  resul ts  p r e s e n t e d  in 

Table 1 
Film ~') orientation parameters 

t (nm) d g  (nm) d c (nm) A050 (deg) o~avg (deg) 

10 19 - 10.l 
5(1 19 24 9.6 12.3 

100 20 16 -55 9.5 13.5 
500 21 19.5-31 6.7 13.4 

~'~ All films deposited on glass substrates. 
Key: t = film thickness, 

dg --  average grain diameter, 
d~, = column diameter, 
A050 = X-ray rocking curve half width, 
a,,vg = average grain-to-grain misorientation. 

refs. [18,19]. Figs. 3 a - 3 d  show the  co r r e spond ing  
s e l ec t ed -a r ea  d i f f rac t ion  pa t t e rn s  t aken  from 
these  films. No te  that  in all of  the  pa t te rns ,  only 
r ings of  the  form {hkiO} are  present ,  which indi- 

Fig. 3. SAD ring patterns taken from (a) 10 nm, (b) 50 nm, (c) 100 nm, (d) 51)0 nm thick CoCr films. Note that all patterns are 
similar. 
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Fig. 4. TEM micrographs (section views) of (a) 10 nm, (b) 50 nm, (c) 100 nm, (d) 500 nm thick CoCr films. Note the lack of column 
development in (a) and the presence of intragranular defects in (b-d).  

V l | | | |  

Fig. 5. Micrograph showing a single grain in a 10 nm thick CoCr film. Note the distinct boundaries within the grain. Insets 
represent electron microdiffraction patterns (10 nm probe size), taken across both low angle and grain boundaries. 



430 B.G. Demczyk / Microstructure and magnetic properties in CoCr 

cates c-axis (0002) texturing normal to the film 
plane. This is also reflected in the observed X-ray 
rocking (about the (0002) peak) curve half widths 
(A05o),  also listed in table 1, which are 10 ° or less 
for all films for which an appreciable signal could 
be obtained. 

In fig. 4, cross-section views are shown for 
these same films. At 10 nm film thickness (fig. 
4a), a continuous film is observed, with no distin- 
guishable grain structure evident. This is consis- 
tent with the plan-view microstructure for films 
of this thickness, in which the grains are barely 
distinguishable (fig. 2a). It is significant to note 
that these films are very strongly textured (c-axis 
normal to the film plane), even though a colum- 
nar microstructure has not yet developed. By 50 
nm (fig. 4b), a well defined column structure has 
formed. These columns are seen to extend 
through the film thickness, even in the thicker 
films (figs. 4c and 4d). From table 1, we see that 
the range of measured column diameters is simi- 
lar to the average grain diameter  encountered 
earlier. Thus it appears  that each column is com- 
prised of a single grain, as can be inferred from 
the work of Hong et al. [18] for magnetron- 
sputtered CoCr films on fused quartz. Note also 
that the surface roughness increases as the film 
thickness increases (figs. 4c and 4d). This has 
been confirmed by recent atomic force mi- 
croscopy results as well. The aforementioned in- 
tragranular defects are also clearly visible in films 
of thickness 50 nm and greater  (figs. 4b-4d).  At a 
film thickness of 500 nm (fig. 4d), the stacking 
fault density becomes quite high. 

Close examination of the film microstructure 
in 10 nm films (fig. 5) reveals the presence of 
boundaries within the grains themselves. Electron 
microdiffraction (10 nm probe size) patterns taken 
across such boundaries (fig. 5 upper  inset) reveal 
a small ( <  10 °) rotational misorientation, looking 
down the (0002) zone axis. This is to be con- 
trasted with microdiffraction pat terns  taken 
across the grain boundaries themselves (fig. 5 
lower inset), which display larger misorientations. 
It should be noted that the rotational misorienta- 
tion may include both a-axis and components  of 
c-axis misorientation in the film plane. The pres- 
ence of these boundaries is also independently 

suggested from electrical resisivity measurements  
that display anomalously high values in the 
thinnest films [20]. The frequency of occurrence 
of these small-angle boundaries decreases with 
increasing film thickness. 

3.2. Fi lm stress 

To qualitatively assess the contribution of the 
film stress to the anisotropy field, the in-plane 
film stress was measured. The following equation 
relating the stress to the measured curvature val- 
ues was utilized [21]. 

Est2s Kf 

~r 6(1 - us) t  , ' (1) 

where E S and v S are Young's  modulus and the 
Poisson ratio of the substrate, ts and tf are the 
substrate and film thickness, respectively, and K is 
the curvature of the film. 

It was found that the (tensile) stress in the 50 
nm thick films was larger in magnitude than that 
in thicker films and, furthermore,  that the stress 
was compressive in the 10 nm films. Results of 
in-plane film stress measurements  are shown in 
fig. 6. It should be noted that the error in meas- 
urement  for films >_ 50 nm in thickness is esti- 
mated at no more than 10%. From this figure it is 
seen that there exists a large in-plane tensile 
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Fig. 6. In-plane film stress as a function of film thickness. 
Note that the 10 nm thick film stress computation was made 
using an average substrate curvature. The error bars indicate 

the error introduced by this method. See text for details. 
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Fig. 7. Typical (a) out-of-plane and (b) in-plane VSM traces 
for a 500 nm thick CoCr film. 

stress in all films > 50 nm in thickness. This is in 
agreement  with the results of Mitchell et al. [22] 
that showed a high tensile stress in 500 nm thick 
DC magnetron-sput tered CoCr films of the same 
composition. In the present case, we have ob- 
served an increase in tensile film stress at the 50 
nm film thickness level. In the case of the 10 nm 
thick films alone, the film could not be dissolved 
away completely in aqua regia. Therefore,  the 
film stress was bracketed by using both the maxi- 
mum and minimum substrate curvature values 
measured for the other samples. We see that 
both stress values, computed for the 10 nm thick 
film, are clearly larger in magnitude and opposite 
in sign compared to the values for the other film 
thicknesses. 

3.3. M - H  loops 

Figs. 7a and 7b show typical out-of-plane and 
in-plane hysteresis loops as measured by the VSM 
for a 500 nm thick film deposited on glass. The 
curve shapes indicate that the easy direction is 

out-of-plane and the hard direction, in-plane. A 
sheared easy axis loop (fig. 7a) could arise if the 
film was considered to be a multi-particle 
medium, in which individual columns or groups 
of columns comprise single domains [2]. Magneti- 
zation reversal in this case would involve the 
switching of a single column or clusters of 
columns. A sheared loop could also arise if the 
film reversed by domain wall motion. However, 
Wuori [23] has reported that calculations of the 
film coercivity based upon a domain-wall mo- 
tion-reversal mechanism are not in agreement  
with measured out-of-plane coercivity values in 
CoCr films. This would suggest that the single (or 
groups of) column(s) switching mechanism is op- 
erative for fields applied perpendicular  to the 
film plane (parallel to the easy axis). It is reason- 
able that the column boundaries would act to 
isolate magnetic domains, both from the stand- 
point of Cr segregation at the column boundaries, 
as has been reported by Chapman et al. [24], and 
from structural considerations. We believe that 
the columns are separated by high-angle ( >  10 °) 
boundaries (i.e. boundaries separating regions 
wherein the a-axes are misoriented by an angle 
greater  than 10 °) and it is there that domain walls 
can reside, as described below. The hard axis 
loop (fig. 7b) is seen to consist of a large linear 
region that distinctly kinks over at higher fields. 
This seems to indicate a mixed mode of magneti- 
zation reversal in which both wall motion and 
rotation are involved. These curve shapes were 
typical of all films > 50 nm in thickness. In the 
thinnest (10 nm) films, the out-of-plane loop (fig. 
8a) is the hard axis loop, while the in-plane loop 
(fig. 8b) is the easy axis one, indicating an in-plane 
magnetization, most likely arising from domain 
wall motion. The M - H  loops are also consistent 
with FMR results [25]. Table 2 shows in-plane 
and out-of-plane values of the magnetic moment,  
M s, measured as a function of film thickness. The 
error bars were established via consideration of 
the error involved in manually extrapolating M~ 
values from the experimental M versus H curves. 
In addition, inaccuracies in the determination of 
the film thickness would also affect the calculated 
M s. M~ values are seen to be approximately con- 
stant (296 + 18 e m u / c m  3) with film thickness, as 
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has been reported in RF-sputtered CoCr films 
[24]. 

3.4. Domain configurations 

Figs. 9a-9d illustrate the magnetic domain 
structures of the as-deposited, demagnetized 
specimens. At 10 nm thickness (fig. 9b), one 
observes well defined 180°-type domain walls 
bounding in-plane domains which are quite large 
(>  500 rim) with respect to the microstructural 
features of the film, as noted above. These results 
are similar to those reported by Lee et al. [27] in 
"amorphous" CoCr films. In the present case, 
however, the film is polycrystalline and highly 
textured with the c-axes normal to the film plane. 
Thus, it is the shape anisotropy field (4~-M~) 
that gives rise to the predominant ly  in- 
plane anisotropy, since the magnetocrystalline 
anisotropy (2Ku/M~), directed along the hcp c- 
axis, would favor magnetization out of the film 
plane. Here, K u represents the uniaxial aniso- 
tropy constant. In the 50 nm thick films, a "dot- 
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Fig. 8. Typical (a) out-of-plane and (b) in-plane VSM traces 
for a 10 nm thick CoCr film. 

like" domain structure is observed (fig. 9d). 
Ohkashi et al. [28] propose that this type of 
contrast can arise from a region of primarily 
out-of-plane magnetization surrounded by re- 
gions with in-plane components (for flux closure 
across the boundary). These in-plane components 
are thought to give rise to the observed wall 
contrast. The size of the dot-like regions varies 
from region to region for a given defocus value of 
the objective lens of the microscope, indicating 
that the in-plane magnetization components vary 
in magnitude locally [12]. Films of intermediate 
thickness (~  10-20 nm) show a "feather-like" 
domain structure (fig. 9c, and, faintly, fig. 9b). 
According to Chen [29], this structure results 
from local variations of the in-plane magnetiza- 
tion. Close inspection of fig. lc reveals that a 
"dot"  contrast is present as well. Thus positive 
anisotropy magnetic constituents are also present 
in films of this thickness (20 nm) deposited on 
carbon, even though such a component could not 
be resolved in FMR traces of 10 nm films de- 
posited on glass [25,30]. The electron beam, pass- 
ing through the sample, sees a "volume-averaged" 
anisotropy distribution. Furthermore, the elec- 
tron beam is deflected differently in the positive 
and the negative anisotropy regions, resulting in 
domain structure contrast representing a compos- 
ite of the in-plane configuration of fig. 9b and the 
"dot"  structure of fig. 9d. In the case of the 50 
nm thick film, the greater part of the film volume 
consists of positive anisotropy material, and the 
observed domain structure is largely of the "dot"  
configuration. As discussed above, films of this 
thickness are comprised of very highly textured 
(c-axis normal to the film plane) grains, even 
though structural columns have not yet devel- 
oped. This is an important point, since so much 
of the previous work had paid particular atten- 
tion to the connection of "dot"  domain structures 
with structural columns. The thinnest films (_< 5 
nm), which are practically amorphous, appear to 
have a perpendicular anisotropy component as 
well (fig. 9a), as has been predicted theoretically 
[32]. In particular, we observed a "cellular" struc- 
ture of the order of several micrometers in di- 
mension, the cell walls appearing as a well de- 
fined magnetization ripple structure. Interior re- 
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gions are seen to be comprised of a mixture of 
perpendicular "dot"  and in-plane ripple domain 
contrast. This represents the first reporting of 
perpendicular magnetic domain contrast in very 

thin CoCr layers. Earlier work had reported in- 
plane walls with occasional magnetization ripples 
in amorphous films [27]. 

We have also computed an arbitrary "domain 

Fig. 9. Lorentz transmission electron micrographs of (a) 5, (b) 10. (c) 20 and (d) 50 nm thick CoCr thin films. 
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Table 2 
Saturation magnetization values 

t (nm) M~ (emu/cm 2) 

In-plane Out-of-plane 

10 283 283 
50 270 272 

lOO 310 301 
205 326 321.5 
500 303 295 
Average 296.5 ± 18.5 

Table 3 
Magnetic domain parameters (t = film thickness, /= domain 
wall thickness, d = domain width) 

t (nm) / (nm) d (nm) 

5 10+ 100+ 
10 2.6 27.5 
50 5.6 50 

size" for samples displaying out-of-plane magne- 
tization by subtracting twice the measured do- 
main wall width from that of the total region 
encompassing the "dot"  domain plus its sur- 
rounding domain walls. These values are shown 
in table 3 and are seen to be of the order of a few 
times the average grain size. Thus it appears that 
the film is composed of domains, comprising, at 
most, a few columns. This is consistent with ob- 
served easy axis hysteresis loops, which support 
an incoherent rotation mechanism. In-plane do- 
main-wall widths (figs. 9b and 9c) are 10 nm or 
more. The spacing between domain walls for the 
in-plane magnetization films was found to be 
much larger ( >  100 nm) than for the out-of-plane 
domains and is many times the observed grain 
size. 

4. Discussion 

The total measured anisotropy field can be 
expressed in the form: 

2 K  u 2o'A s 
Hkeff : 4~-M s, (2) 

M s M~ 

where the terms represent the magnetocrys- 
talline, the stress (i.e. inverse magnetostriction 
effect) and the shape anisotropy fields, respec- 

tively. The Hkerr value is different for each mag- 
netically distinct region within the film. Since K u 
is positive for this material [26], the magnetocrys- 
talline anisotropy field term favors out-of-plane 
magnetization. From the stress anisotropy field 
term, we see that if A s is taken as negative, a 
positive value of o- (tensile stress) will add to the 
positive anisotropy field, while a negative value of 
¢r (compressive stress) will add to the negative 
anisotropy field. The demagnetizing (shape 
anisotropy) field alone favors in-plane magnetiza- 
tion. 

Insight into the origin of the domain structures 
can be gained through reexamination of eq. (2). 
As shown, it is the combination of the magne- 
tocrystalline (3Ku/M~) ,  the shape (4~-M~) and 
the magnetoelastic (3¢rAs/M s) anisotropy terms 
that determine the preferred magnetization di- 
rection. Therefore, a significant magnetoelastic 
anisotropy term can swing the balance one way or 
the other. From above, the stresses in 50 nm 
thick films are seen to be tensile (or > 0), while 
those in 10 nm thick films are compressive (or < 0). 
For A s < 0 [26], a tensile stress will favor out-of- 
plane magnetization and a compressive stress, 
in-plane. In the case of the 50 nm thick film, the 
magnetization in the as-deposited state is found 
to be out of the film plane, due to both the 
magnetocrystalline and magnetoelastic anisotropy 
terms in eq. (2), and we observe the characteristic 
"dot"  domain contrast. Therefore it is primarily 
the stress anisotropy that gives rise to the perpen- 
dicular anisotropy in these films. In the case of 
the 10 nm thick film, the intrinsic stress is com- 
pressive and the rnagnetoelastic anisotropy favors 
in-plane magnetization. Thus we observe an in- 
plane domain structure. At intermediate thick- 
ness values, both in and out-of-plane magnetiza- 
tion components are present and we observe 
magnetization ripple. The mechanism responsible 
for the "dot"  contrast in the 5 nm thick films is 
not clear at this time and remains a topic for 
future investigation. 

5. Summary 

Experimental results on magnetron-sputtered 
CoCr thin films deposited on amorphous sub- 
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strates reveal that the initial film deposit is pre- 
dominantly amorphous, with occasional small 
crystallites forming by the time the film has 
reached 5 nm thickness. These films appear to 
have a perpendicular anisotropy component in 
addition to the primarily in-plane one. At 10 nm, 
the film is entirely polycrystalline and already 
highly c-axis textured normal to the film plane. 
The magnetization lies primarily in-plane, and 
well defined in-plane 180 ° domain walls are ob- 
served. By 50 nm, well developed columns are 
seen in which one observes intragranular defects. 
An out-of-plane magnetization component arises 
in films 50 nm thick and by ~ 100 nm, most of 
the entire film consists of positive anisotropy 
(favoring M out of the film plane) material. Fur- 
ther growth occurs essentially in the vertical (nor- 
mal to the film plane) direction. The 50 nm thick 
films display a "dot"-type domain configuration 
characteristic of a perpendicular magnetization. 
The domain size was found to be of the order of 
a few structural columns in diameter. Films of 
intermediate thickness show a "feather-like" 
structure, indicating that both in-plane and out- 
of-plane magnetization components are present. 
The anisotropy field due to the as-deposited film 
stress is largest for the 10 and 50 nm films and 
reaches a constant value in thicker films. This 
intrinsic film stress was seen to play a major role 
in promoting perpendicular anisotropy in these 
films and, consequently, in determining the re- 
suiting magnetic domain structures. 
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