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Abstract. The magnetic properties 01 magnetron sputtered CO-22 at.% Cr films of 
various thickness deposited on glass have been examined, with particular attention 
to the various contributions to the film anisotropy. The magnetization is initially in- 
plane and retains in-plane components up to a thickness of -50 nm, aner 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 in-plane coercivity values appear to be related to t h e  presence of 
definite microstructural features, which can act as  obstacles to domain wall motion. 
The out-of-plane coercivity is more anisotropy dependent, suggesting that rotation 
may be involved. These and other results are discussed. 

1. Introduction 

C e C r  thin films have been considered for a number 
of years as the leading candidates for perpendicular 
recording media [ l ,  21. There have been a number of 
reviews (3-91 of the film microstructure and magnetic 
properties. Generally, these studies have concluded 
that the development of a columnar microstructure 
with a strong hcp c-axis texture perpendicular to the 
film plane occurs concurrently with the observation of a 
large positive magnetocrystalline anisotropy favouring 
magnetization normal to the film plane. In the present 
study, we have measured the coercivity, saturation 
magnetization and anisotropy field as well as the as- 
deposited in-plane film stress for films in the thickness 
range 10-500 nm, to examine more carefully the con- 
tributions to the overall film anisotropy. 

2. Experimental procedure 

Films of thickness 1&500nm were sputtered from a 
12.5 cm diameter C e 2 2  at.% Cr alloy target onto 2” 
diameter, 0.5 mm thick glass wafers (Corning Type 
705Y), using a Varian DC magnetron (S-gun) sput- 
tering system. Films were deposited at a rate of 
0.25 nm s-’ using an argon pressure of 1 mTorr. The 
substrates were unheated and placed directly above the 
alloy target to ensure maximum uniformity of cover- 
age. Film thicknesses were determined by cross sec- 
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tional transmission electron microscopy (TEM) [lo]. 
In-plane stress measurements were made using a 
cantilever beam deflection method [ll] in which 
the substrate (glass) curvature due to film stress is 
measured. For this work, samples were cut into 
6.35 mm x 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 curvature could be 
removed from the measurement. Vibrating sample 
magnetometry (VSM) was performed on 49 mmz 
samples with a Princeton Applied Research Model 155 
magnetometer, using a saturation field of 15 kOe. 
Ferromagnetic resonance (FMR) curves were taken on 
1 mmz samples using a 33 GHz resonance cavity system 
[12] for which the maximum field was 19kOe.  All 
samples examined of a given film thickness were selec- 
ted from the same 2” wafer to eliminate variations from 
one sputtering run to another. 

3. Results and discussion 

3.1. Film stress 

To assess qualitatively the contribution of the film 
stress to the anisotropy field, the in-plane film stress 
was measured. Results of in-plane film stress measure- 
ments are shown in figure 1. It should be noted that 
the error in measurement for films 3 5 0  nm in thickness 
is estimated to be no more than 10%. From this figure 
it is seen that there exists a large in-plane tensile stress 
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Figure 1. 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. 

in all films 350  nm in thickness. This is in agreement 
with the results of Mitchell et ai [13] that showed a 
high tensile stress in 500 nm thick DC magnetron sput- 
tered Co-Cr films of the same composition. In the 
present case, we observed an increase in tensile film 
stress at the 50 nm film thickness level. In the case of 
the 10 nm thick fiims alone, the film could not be dis- 
solved away completely in aqua regia. Therefore, the 
film stress was bracketed by using both the maximum 
and minimum substrate curvature values measured for 
the other samples. We see that both stress values, 
computed for the 10nm thick film, are clcarly larger 
in magnitude and opposite in sign compared with the 
values for the other film thicknesses. 

Some mention of the experimental techniques util- 
ized in these two studies should be made a t  this point. 
In the work of Mitchell er al [13], ferromagnetic res- 
onance traces were gathered for 500 nm thick DC mag- 
netron sputtered Co-Cr films deposited o n  glass, and 
separately for films of the same thickness that had been 
physically peeled from the glass substrate and then 
flattened. FMR resonance peak shifts observed between 
the as-deposited and peeled sample traces were attri- 
buted to the effects of the stress anisotropy field 
(ZAA,u/M,) alone. since it was assumed that the film 
stress was relieved by peeling the film from the 
substrate. Here, As is the saturation magnetostriction 
constant, U the in-plane film stress, M, the saturation 
magnetization and A a constant. Separate curvature 
measurements were then made with a profilometer on 
films of the same thickness deposited onto a 2” glass 
wafer and gain after the film had been etched off with 
aqua regia. These curvature measurements enabled the 
computation of the film stress (which was found to be 
tensile), which, wheti coupled with FMR and VSM 
results, allowed the quantity A& to be evaluated. With 
the value of $ assigned to A ,  As could be extracted. It 
was assumed that U was constant through the profile 
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of the film. From the analysis of the resonance peak 
shifts of individual magnetic constituents (see section 
4), Mitchell er a[ concluded that there existed two dis- 
tinct magnetostrictive regions within the films, one with 
positive A,, corresponding to the negative anisotropy 
field ‘transition layer’ and one with negative As (the 
positive anisotropy field ‘hulk layer’). In the present 
work, stress values were determined in films of thick- 
ness 1GS00nm via a cantilever beam method in which 
the curvature was measured by scanning a thin strip of 
the film (see section 2) with a laser and then rescanning 
after etching off the film with aqua regia. Stress 
measurements were made on two different samples and 
their results averaged. The following equation relating 
the stress to the measured curvature values was utilized 
1141. 

E,tfKf 
U =  (1) 

6(1 - .Jtf 

where E, and us are Young’s modulus and the Poisson 
ratio of the substrate, t, and t, are the substrate and 
film thickness respectively, and K~ is the curvature of 
the film. It was found that the (tensile) stress in the 
50nm thick films was larger in magnitude than that 
in thicker films and, furthermore, that the stress was 
compressive in the 10nm films. We did not use FMR 
peak shifts to determine As, since it was felt that peeling 
the film from the substrate did not relieve all of the 
film stress and, thus, interpretation of the resonance 
peak shifts would be difficult. 

3.2. Anisotropy field 

Figure 2(u)-(c) depict FMR curves taken at 33 GHz for 
10,50 and 500 nm thick Co-Cr films deposited on glass. 
These were chosen to illustrate the three principal 
types of magnetic anisotropy found in CWCr films. 
When examined as a function of applied field angle, 
the predominant peaks observed in the 10 (figure 2(a)) 
and 500 (figure Z(c)) nm film curves correspond to a 
negative and a positive anisotropy field (Ifxefr) respect- 
ivciy. Tile % I I I I ~ I  sample (figure 2(bjj exhibits iwo 
major resonances, corresponding to both positive and 
negative anisotropy field components. Similar results 
have been reported previously for RF sputtered [15] 
and DC magnetron sputtered [12] Co-Cr thin films. The 
FMR curves in the 100 and 200nm thick films were 
similar in appearance to those observed in the 50 and 
S00nm thick samples respectively. In figure 3(a) and 
3(b) the effective anisotropy field (ffkeff) components, 
as determined by FMR, are plotted as a function of 
film thickness. Error bars were assigned based on our 
estimate of the systematic error involved in manually 
assessing peak positions of the absorption derivative 
from the experimental FMR traces. From figure 3(a), 
we see that the positive anisotropy field is nearly con- 
stant with film thickness. The negative anisotropy field 
value (figure 3(b)) is initially large and then decreases 
in magnitude to a constant value by -50nm. NO 
significant negative anisotropy resonances were seen in 
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Figure 2. Typical FMR curves (0" applied-field angle) for 
Co-Cr films of various thickness. (a) 10, (b) 50, (c) 
500 nm. Note dual resonances in the 50 nm sample. 

the 200 and 500 nm thick films. No perceptible (above 
background) positive anisotropy component (i.e. fav- 
ouring M out of the film plane) is observed by FMR at 
the 10 nm value of film thickness. We shall discuss the 
contributions to H,,,, in more detail below. 

3.3. M-H loops 

Figure 4(a) and 4(b) 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 
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Figure 3. (a) Positive, (b) negative anisotropy field values 
as a function of film thickness (as obtained by FMR). 

1 
Figure 4. Typical (a) out-of-plane and (b) in-plane VSM 
traces for a 500 nm thick Co-Cr film. 

hard direction, in-plane. A sheared easy-axis loop 
(figure 4(a)) could arise if the film was considered to 
be a multiparticle medium, in which individual columns 
or groups of columns comprise single domains [ 2 ] .  
Magnetization reversal in this case would involve the 
switching of a single column or clusters of columns. A 
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Figure 5. Typical (a) out-of-plane and (b) in-plane VSM 
traces for a 10 n m  thick CO-Cr film. 

sheared loop could also arise if the film reversed by 
domain wall motion. However, Wuori [I61 reported 
that calculations of the film coericivity based upon a 
domain wall motion rcversal mechanism are not in 
agreement with measured out-of-plane coercivity val- 
lies in C+Cr films. This would suggest that the single 
(or groups of) column(s) switching mechanism is oper- 
ative for fields applied pcrpendicular to the film plane 
(parallel to the easy axis). The contention that a single 
column comprises a single magnetic domain is con- 
sistent with the Lorentz microscopy results of Ouchi 
and Iwasaki [17], which seem to indicate a coincidence 
of the magnetic domain walls and column boundaries. 
It is reasonable that the column boundaries would act 
to isolate magnetic domains, both from the standpoint 
of Cr segregation at the column boundaries, as has 
been reported by Chapman er a[ [U], and from struc- 
tural considerations. We believe that the columns are 
separated by high angle (>lo") boundaries (i.e. bound- 
aries separating regions wherein the a axes are mis- 
oriented by an angle greater than 10") [IO] and that it 
is there that domain walls can reside [19]. The hard 
axis loop (figure 4(b)) is seen to consist of a large linear 
region that kinks over distinctly at higher fields. This 
seems to indicate a mixed mode of magnetization 
reversal in which both wall motion and rotation are 
involved, We will discuss the reversal mechanism 
further in connection with the coercivity. These curve 
shapes were typical of all films a 5 0 n m  in thickness. 
In the thinnest (10nm) films, the out-of-plane loop 
(figure 5(a))  is the hard-axis loop, while the in-plane 
loop (figure 5(b)) is the easy axis, indicating an in- 
plane magnetization. These films, albeit continuous, 
have been found to lack a well defined column struc- 
ture [lo] and comprise a number of primarily in-plane 
magnetic domains [19]. Therefore, we feel that the 
curves represented in figures 5(a) and 5(b) arise from 
a domain wall motion reversal mechanism. The M-H 
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Table 1. Saturation magnetization values. 

M, (emu cm+) 
t 
(nm) In-plane Out-of-plane 

10 283 283 
50 270 272 
100 310 301 
200 326 321.5 
500 303 295 
Average 296.5 i: 18.5 

loops are consistent with the FMR results cited 
previously. Table 1 shows in-plane and out-of-plane 
values of the magnetic moment M ,  measured as a func- 
tion of film thickness. The error bars were established 
via consideration of the error involved in manually 
extrapolating M ,  values from the experimental M 
against H curves. In addition, inaccuracies in the deter- 
mination of the film thickness would also affect the 
calculated M,. M ,  values are seen to  be approximately 
constant (296 ? 18 emu with film thickness, as 
has been reported in RF sputtered C A r  films 1201. 
This is consistent with the results of TEM x-ray energy 
dispersive spectroscopy, performed on magnetron 
sputtire< c*cr 
bulk composition change with film thickness. 

. . ^  .~ 
[I;:] .*hi& she.* llo s;gn;G;cafi: 

3.4. Contributions to the anisotropy field 

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

where the terms represent the magnetocrystalline, the 
stress (i.e. inverse magnetostriction effect) and the 
shape anisotropy fields respectiveiy. +'he fi-kcff vaiue is 
different for each magnetically distinct region within 
the film. Since K. is positive for this material [20], the 
magnetocrystalline anisotropy field term favours out- 
of-plane magnetization. From the stress anisotropy 
field term, we see that if As is taken as negative, a 
positive value of U (trnsile stress) will add to the posi- 
tive anisotropy field, while a negative value of U (com- 
pressive stress) will add to the negative anisotropy 
field. The demagnetizing (shape anisotropy) field alone 
favours in-plane magnetization. Comparing figure 1 
with figure 3(a), we observe that an increase in the 
positive U (from 100 to 50nm film thickness) cor- 
responds to a rise in Hterr (figure 3(0)) .  In addition, 
the large negative H,,, for the 10 nm thick film (figure 
3(b))  is apparently associated with a large negative film 
stress (figure 1). At film thicknesses above 100 nm, the 
film stress does not change significantly and we observe 
little change in Hkelf .  Results are given in table 2. 
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Table 2. Contributions to the film anisotropy. 

f 
(nm) +ve -ve +ve -ve 

10 - -5.05 3.8 - -1.25 
50 1.8 -2.85 3.8 5.6 0.95 
100 1.5 -2.6 3.8 5.3 1.2 
200 1.6 - 3.8 5.4 - 
500 1.6 - 3.8 5.4 - 

~ 

t USlng Ms = 300 emu c m P  
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Figure 7. Calculated 2K‘/M (=I-/,, + 4nMJ values as a 
function of film thickness. 
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Figure 6. In- and out-of-plane coercivity as a function oi 
film thickness. 

3.5. Coercivity 

Figure 6 shows experimentally obtained values of the 
in-plane and out-of-plane coercivity as a function of 
film thickness, as measured by the VSM. Error bars 
were assigned based on our estimate of the errors 
involved in manually measuring the coercivity from the 
M against H curves. Above the 100 nm thickness, the 
out-of-plane coercivity values remain constant, while a 
drop in H ,  is observed in the 50nm thick film. No 
measurable out-of-plane film coercivity can be detected 
in the 10nm films (figure 5(a)), since at this thickness, 
the anisotropy favours in-plane magnetization, as 
determined by FMR and VSM. In figure 7 ,  we have 
plotted the quantity (Hkeff + 4nM,) ,  as tabulated in 
table 2 ,  as a function of film thickness. This quantity 
(hereafter referred to as ‘ 2 K * / M ’ )  incorporates both 
the magnetocrystalline and stress contributions to the 
film anisotropy. Values of 2 K * / M  (figure 7 ) ,  obtained 
from out-of-plane (positive) anisotropy field reson- 
ances, are seen to remain constant for all values of film 
thickness. A possible reason for the coercivity drop 
in the 50nm thick film is as follows. In concurrent 
transmission electron microscopy studies [lo], we have 
found that low angle boundaries (i.e. boundaries across 
which the a axes of adjacent grains are misoriented by 
<lo”) are present in 50nm thick films, while films 
100 nm or greater in thickness contain only high angle 
boundaries. It has been experimentally verified by Lor- 
entz microscopy [19] that domain walls can extend 

across low-angle boundaries but not high-angle 
(column) boundaries. We propose that a mixed mode 
(incoherent rotation plus wall motion) can occur in the 
SO nm thick film. In the absence of pinning sites, the 
coercivity is lower for wall motion than for incoherent 
rotation, as is suggested by figure 5(b), which we feel 
reflects wall motion. The wall motion component 
would account for the lower value of out-of-plane coer- 
civity observed in the SO nm thick film. 

The in-plane coercivity is seen to rise steadily with 
decreasing film thickness in the 50-500 nm thickness 
range and to drop sharply in the 10 nm film. The coer- 
civity of the thinnest (10nm) film is small, most likely 
due to the lack of a well developed column structure 
[lo]. The in-plane coercivity is observed to increase 
sharply (figure 6) at those values of film thickness 
where a microstructure composed of columns, sep- 
arated by high-angle boundaries [IO] is formed. This 
suggests that the high-angle boundaries may act as 
obstacles to domain wall motion. The in-plane coer- 
civity then steadily decreases to a constant value. The 
decrease in the in-plane coercivity is thought to be 
related to the small increase in grain (and thus column) 
size with increasing film thickness [lo]. The result of 
this is a decrease in the number of grain boundaries, 
and thus grain-boundary area (if the width of the grain 
boundary is taken as a constant). Since magnetic 
domain walls cannot cross the high-angle boundaries 
readily [19], these additional grain-boundary regions 
act as obstacles to domain wall motion. Consequently, 
a reduction in grain boundary area would result in a 
decrease in the in-plane coercivity, since fewer 
obstacles to domain wall motion are present. These 
arguments presume that a significant domain wall 
motion magnetization reversal mechanism is operative 
for in-plane applied fields, as was discussed above and 
that the domain wall width does not substantially 
change with increasing film thickness above 50 nm, 
which appears to be the case [19,21]. 
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4. Summary 

Experimental results on  1 0 n m  thick Co-22at.% Cr 
films have shown that the magnetization lies primarily 
in-plane. A n  out-of-plane magnetization component 
arises in films 5 0 n m  thick, and by -100nm, most of 
the entire film consists of positive anisotropy (favouring 
M out of the film plane) material. The  out-of-plane 
coercivity was consistent with the film anisotropy 
dependence on film thickness for films 2 1 0 0 n m  in 
thickness, suggesting that an incoherent rotation (curl- 
ing) magnetization reversal mechanism may he 
involved. The  out-of-plane magnetization reversal 
mechanism for 5 0 n m  thick films may involve wall 
motion as well. T h e  in-planc cocrcivity was found to 
correlate more closely with microstructural para- 
meters, such as the  presence of column boundaries, 
and reversal is believed t o  involve significant domain 
wall motion when the field is applied parallel to the 
film surface. The  anisotropy field due to the as- 
deposited film stress is largest for the 10 and 5 0 n m  
films and reaches a constant value in thicker films. 
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