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Magnetic properties and thermal stability of 
Co-TM-Zr (TM=Nb, Ta, Mo, W, and Ni) 
amorphous sputtered films for magnetic heads 

SHIGEKAZU OTOMO 
Central Research Laboratory, Hitachi Ltd., Kokubunji, Tokyo 185, Japan 

The magnetic properties and thermal stability Co-TM-Zr (TM = Nb, Ta, Me, W, and Ni) 
amorphous films prepared by rf diode sputtering are investigated. Amorphous films with 
a homogeneous structure and coercive force Hc of less than 20Am 1 are obtained at an 
argon gas pressure of 0.3-1 Pa. The formation range of the amorphous films is broad in the 
systems containing Ta and Nb, whereas it is limited to the composition range greater than 
4-5 at % of Zr in the systems of Me, W, and Ni. The magnetostriction ;Ls depends on the 
concentration ratio of Zr and the TM. Films with zero ;Ls are obtained at concentration ratios 
Czr/CrM ranging from 0.3 for Co-Nb-Zr films to 1.5- 1.7 for Co-W-Zr films. The crystallization 
temperature Tx is highest in Co-Ta-Zr films and lowest in Co-Mo-Zr films when X, is zero 
and both films have the same saturation magnetic flux density B,. The anisotropy field Hk is 
highest in Co-Ni-Zr films and lowest in Co-Nb-Zr films. These results indicate that Co-Ta-Zr 
and Co-Nb-Zr amorphous films are suitable for use as magnetic head materials because of 
the Co-Ta-Zr film's high Tx and B~, and the C o - N b - Z r  film's small Xs and low Hk. 

1. Introduction 
Amorphous alloys have been prepared by various 
techniques such as rapid quenching or sputtering. 
Sputtering is generally considered to be the best tech- 
nique since amorphous alloys with wide composition 
ranges can be easily prepared even when using oxiz- 
able materials or those with high melting temper- 
atures. The demand for amorphous alloys in thin film 
form has increased greatly since the development of 
thin film magnetic devices. Therefore, much work has 
been recently performed on amorphous alloy films 
prepared by sputtering. Amongst these alloys, 
metal-metal type amorphous alloys which consist o f  
Co and IIIa-VIa transition metals show good cor- 
rosion resistance and thermal stability compared to 
the conventional metal metalloid type amorphous 
alloys [1,2]. Furthermore, the eddy current loss in 
metal-metal type amorphous alloys is lower than in 
crystalline magnetic alloys because of their high elec- 
trical resistivity p. Therefore, metal-metal amorphous 
alloy films are considered promising for use as mag- 
netic materials for thin film magnetic heads or video 
heads. 

In order to apply amorphous alloys in magnetic 
heads, a high saturation magnetic flux density Bs, 
a low coercive force Hc and a high permeability ~t are 
needed to obtain good recording and reproducing 
characteristics. Also a high thermal stability is re- 
quired to prevent crystallization of the amorphous 
alloys during heat treatment in the head fabrication 
process. Furthermore, it is necessary that the mag- 
netostriction Xs be close to zero in order to prevent 

degradation of soft magnetic properties by stress dur- 
ing the head fabrication. In Co-based metal-metal 
amorphous alloys, Y, Ti, Zr, and Hf help to shift Xs to 
positive values and Nb, Ta, Me, and Ni help to shift it 
to negative values [3-5]. Therefore, ternary amorph- 
ous alloy systems have been investigated because 
a zero Xs can be obtained by controlling the concen- 
tration ratio of these two kinds of elements [1, 5, 6]. 
However, there are few reported papers in which the 
magnetic properties of these ternary amorphous alloy 
systems are compared. 

In this work, Co-TM-Zr (TM = Nb, Ta, Me, W, 
and Ni) amorphous films were prepared by sputtering, 
and their magnetic properties and thermal stability 
were investigated to find out which amorphous alloy 
films are most suitable for magnetic heads. 

2. Experimental procedures 
A conventional rf diode sputtering apparatus with 
composite targets of a Co disk (150 mm in diameter) 
and small plates of the TM and Zr were used for the 
film preparation. The composition of the films was 
controlled by varying the area of the small plates. 

After evacuating the sputtering chamber to below 
1 X 10 - 4  Pa, argon gas of 99.99% purity was introduc- 
ed into the chamber and pre-sputtering was performed 
for about 60 rain. Then films about 2 gin thick were 
deposited on crystallized glass substrates (10 mm in 
diameter and 0.5 mm thick) which were placed on 
a water-cooled substrate holder. The distance be- 
tween the target and the substrates was 50 ram. As the 
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standard sputtering conditions, an input power den- 
sity of 15.8 kWm -2, an argon gas pressure of 0.7 Pa, 
and a deposition rate of about 17 nm per min were 
used. 

The composition of the films was determined by 
inductively coupled argon plasma spectroscopy 
(ICPS) and the crystal structure was characterized by 
X-ray diffraction. The morphology of the films was 
observed with a scanning electron microscope (SEM). 
The saturation magnetic flux density Bs at room tem- 
perature was measured with a vibrating sample mag- 
netometer (VSM) while applying a magnetic field of 
8 x 105 Am-1. The coercive force Ho and the anisot- 
ropy field H k w e r e  measured with a B-H curve tracer 
at a frequency of 40 Hz. The relative permeability 
g was measured with a vector impedance meter and 
a horseshoe-shaped ferrite core. The magnetostriction 
)~s was obtained from the change in the anisotropy 
field Hk when the sample was bent [7]. The electrical 
resistivity p was measured using a four-terminal 
method. The crystallization temperature Tx of the 
films was determined by measuring of the temperature 
dependence of p [4]. 

3. Results and discussion 
3.1. Dependence of magnetic properties 

on sputtering conditions 
The effect of the sputtering conditions on the magnetic 
properties of the amorphous films were examined be- 

f o r e  the study on the effects of the composition. 
A CosoMOll.sZrs. 5 alloy is used in this experiment 
because this alloy is known to be easily made amorph- 
ous by the rapid quenching technique ['1]. 

Fig. 1 shows the change in coercive force Hc of 
Cos0Moll.sZrs.s sputtered films as a function of ar- 
gon gas pressure PAr. All the films deposited at various 
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Figure 1 Change in coercive force He ofCosoMo~ LsZrs.s sputtered 
films as a function of argon gas piessure PAr, 
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Figure 2 Scanning electron micrographs of the cross-sections of 
Cos0Moll.sZrs.s amorphous films deposited at PAr of (a) 0.7 Pa 
and (b) 7 Pa. 

PAr are amorphous, showing no crystalline peaks in 
the X-ray diffraction patterns. Amorphous films with 
low He, under 20 A m - 1, are obtained at PAr less than 
1 Pa. On the other hand, Ho rises quickly for films 
deposited at PAr higher than 1 Pa. 

Fig. 2 shows scanning electron micrographs of 
cross-sections of the films deposited at PAr of 0.7 and 
7 Pa. Although the film deposited at 0.7 Pa has a ho- 
mogeneous structure, the film deposited at 7 Pa ex- 
hibits a heterogeneous columnar structure. The col- 
umnar structure is known to yield a large magnetic 
anisotropy perpendicular to the film surface, and this 
anisotropy gives rise to a stripe domain structure 
which produces a B-H curve such as that shown in 
Fig. lb [8, 9]. Therefore, the high Hc of films deposited 
at high PAr is attributed to the columnar structure. In 
this work, all amorphous films discussed in the follow- 
ing sections were deposited at a PAr of 0.7 Pa. 

3.2. Properties of Co-Nb-Zr amorphous 
films 

It has been reported that Zr has one of the highest 
levels of glass formability of all the transition metals 
and that Nb has a high level of glass formability as 
compared to other elements with a negative contribu- 
tion to X s [5]. Thus, a Co-Nb-Zr system appears 
likely to have a broad range of compositions where 
the amorphous phase forms. 

Fig. 3 shows the dependence of saturation magnetic 
flux density Bs, coercive force He, and electrical resis- 
tivity p on concentration x for Col-x(Nb, Zr)x sput- 
tered films, in which the concentration ratio Czr/Ciu is 
0.75. In the area of low x, the sputtered films are 
shown to be crystalline by the crystalline peaks in 
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Figure 3 The dependence of saturation magnetic flux density B+ (C)), 
coercive force He (A) and electrical resistivity p ([]) on concentra- 
tion x for Col _~(Nb, Zr)~ sputtered films, in which the concentra- 
tion ratio Czr/CNb is 0.75. 

their X-ray diffraction pattern. These films have 
a Ho greater than 800 A m - ~. When the concentration 
x is increased to above 8 at %, the films become 
amorphous and show no crystalline peaks in their 
X-ray diffraction pattern. At this point, Ho abruptly 
decreases to less than 20 A m - ~. The electrical resistiv- 
ity p increases with increasing x, and shows a jump at 
the phase shift from crystalline to amorphous phases. 
On the other hand, the saturation flux density 
B~ continuously decreases with increasing x even at 
the boundary between crystalline and amorphous 
phases. 

Fig. 4a shows the change of magnetostriction 
%~ with the concentration x and the concentration 
ratio Cz~/CNb. The magnetostriction %~ is 
2x 10-6-4x 10 -6 for the Co-Zr amorphous films, 
and about - 1 x 10- 6 for the Co-Nb films, which are 
consistent with the reported values [2,3]. For 
Co-Nb-Zr films, X+ shows intermediate values be- 
tween those of the Co-Zr and C o N b  films; a zero %+ 
is obtained at the concentration ratio Cz,/CNb of 
about 0.3. 

The crystallization temperature T~ increases with 
increasing x as shown in Fig. 4b. Further, the films 
with high Czr/CNb show high T~ because the glass 
formability of Zr is higher than that of Nb [53. 

Fig. 5 is a triangular diagram showing the forma- 
tion range of the amorphous phase together with the 
composition dependence of B+, T~, and X+ for the 
ternary Co-Nb-Zr alloy system. The amorphous 
phase is obtained at compositions higher tfian 6 at 
% Zr and 17 at% Nb for Co-Zr and Co-Nb alloy 
films, respectively. In a Co-Nb-Zr system, the bound- 
ary between amorphous and crystalline phases is 
located on the line connecting these points. The satu- 
ration magnetic flux density Bs continuously increases 
with the concentration of Co. The line of zero %+ is 
located at the concentration ratio Czr/CNb of about 
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Figure 4 The change of (a) magnetostriction X s and (b) crystalliza- 
tion temperature T~ with concentration x and concentration ratio 
Czr/CNb for Co N b ~ r  amorphous films. Data are reported for the 
end compositions; ( + )  Coloo-~ Zrx and (0) Co166z~Nbx. The 
intermediate compositions Coloo-jNbZr)x are represented by the 
ratio CzjCyb values of; ( ~ )  2, (D) 0.75, (A) 0.4 and (�9 0.25. 

0.3. The composition range with small I% + I of less than 
1 x 10 .6 for the Co-Nb-Zr system is considerably 
broader than that for the other amorphous or crystal- 
line magnetic alloys because the original absolute 
values of %~ in the Co-Zr and Co-Nb films are small. 
This feature is extremely desirable for magnetic head 
materials produced by sputtering, a process in which it 
is rather difficult to control compositions. 

3.3. Properties of Co-TM-Zr  amorphous 
alloy fi lms 

Fig. 6 shows the formation ranges of the amorphous 
phase and the composition dependencies of B+, T~, 
and %s for Co-Ta-Zr, Co-Mo-Zr, Co-W-Zr, and 
Co-Ni-Zr systems. In systems containing Ta and Nb, 
which both have high glass formability amongst 
transition metals, the formation range of the amorph- 
ous phase extends to the low concentration of Zr, 
whereas it is limited to the composition range higher 
than about 5 at % Zr in the systems containing Mo, 
W, and Ni which have low glass formability. 

The saturation magnetic flux density B+ continuously 
increases with increasing Co concentration except in 
the C o N i  Zr films, and tends to decrease in the 
composition region of low Czr/CTM in the systems 
containing Mo and W. For Co-Ni-Zr films, Bs tends 
to increase with the sum of the Co and Ni concentra- 
tions due to the magnetic moment of Ni. 
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Figure 5 Format ion range of amorphous phase and composition dependence of ( - - )  Bs, (- - -) T., and (--)  ;t~ x 10-6 for a ternary C o - N b - Z r  
alloy system. 
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The magnetostriction constant ;L s depends on the 
concentration ratio of Zr, which contributes positively 
to Xs, and TM which contributes negatively. Films 
with zero )~s are obtained at a low concentration ratio 
Czr/CNb of 0.3 for C o - N b - Z r  films because of the 
small effect Nb has on Xs. As the effect of TM on 
X~ increases, the concentration ratio Czr/CTM for zero 
Xs becomes higher: for example Cz~/CTM of 0.7~).8 for 
C o - T a - Z r  or Co-Mo-Zr ,  1.1 for Co-Ni-Zr ,  and 
1.5-1.7 for Co-W-Zr .  

To compare the properties of amorphous films used 
as magnetic head materials, the films must be com- 
pared at the same Xs. Fig. 7 shows the relation between 
the crystallization temperature Tx and the saturation 
magnetic flux density Bs when Xs is zero. The crystalli- 
zation temperature Tx decreases with increasing 
B~ while the concentration of Co increases. When Tx is 
compared amongst films with the same Bs, Tx is high- 
est in the system containing Ta, which has high glass 
formability, and lowest in the system containing Mo 
which has low glass formability. The Bs of Co Ta -Zr  
films is 0.4 T higher than that of C o - M o - Z r  films 
when films with the same Tx are compared. Therefore, 
C o - T a - Z r  amorphous films are best suited to the 
demand for high thermal stability and high Bs. 

The maximum Bs of amorphous films with zero )~s is 
also shown in Fig. 7. The maximum Bs is also highest 
in C o - T a - Z r  films and lowest in Co Mo-Zr  films. 
However, the maximum B~ and Tx for Co-Nk~Zr  
films are both lower than those for C o - W - Z r  films, 
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Figure 7 Relation between crystallization temperature Tx and 
saturation magnetic flux density B, when ~,~ is zero for 
(a) Co-Mo-Zr, (b) Co-Nb-Zr, (c) Co W-Zr, (d) Co Ta-Zr and 
(e) Co-Ni Zr. 

although the glass formability of Nb is higher than 
that of W. This is due to the higher concentration ratio 
Czr/C~M for zero ;L~ in C o - W - Z r  than in C o - N b - Z r  
and to the high glass formability of Zr. Therefore, 
Tx and the maximum Bs when Xs is zero depend not 
only on the glass formability of TM but also on the 
concentration ratio Czr/CTM for zero ~-s- 
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Figure 8 B-H loops for Co84Nb13Zr3 amorphous film. 
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3.4. Composi t iona l  dependence of induced 
an iso t ropy  

The amorphous films prepared in this work have 
a typical uniaxial magnetic anisotropy whose easy 
axis is in the plane of the films, as is shown in Fig. 8. In 
these magnetic films, permeability is generally low in 
the easy direction because magnetization changes are 
caused by wall motion which hardly occurs in a low 
field below Ho. On the other hand, permeability is high 
in the hard direction because of the magnetization 
changes caused by the rotation of the magnetic mo- 
ment which occurs easily even in a low field. 

In the films with uniaxial anisotropy, permeability 
in the hard direction approximately equal the ratio 

Bs/(~toHk) ,  where No is the permeability of a vacuum 
and Hk is the anisotropy field. Therefore, a high Bs and 
a low H k a re  needed to obtain high permeability films. 
Fig. 9 shows the relation between the anisotropy fields 
H k and the saturation magnetic flux density B~ when 
X~ is zero. The anisotropy field Hk is quite low when 
B~ is less than 0.5 T, and then increases with B~ when 
Bs is higher-than 0.5 T; the Co-Ni-Zr films are an 
exception, however. The dotted lines in Fig. 9 also 
show the permeability g obtained from the ratio 
B~/(~toHk) . It can be seen that the permeability g is 
reduced by increasing Bs causing a rapid increase 
of  H k. 

As shown in Fig. 9, the strength of the anisotropy 
f ield Hk decreases in the order of Co-Ta-Zr, 
Co-W-Zr, Co Mo-Zr and Co-Nb~r .  Co-Ni-Zr 
amorphous films have the highest anisotropy field Hk, 

however, and their dependency of H k o n  B~ is quite 
different from that of the other amorphous films. 

It has been pointed out that directional pair order- 
ing is responsible for induced anisotropy in amorph- 
ous alloys containing two species of magnetic atoms 
[10, 11]. In amorphous alloys which contain only one 
species of magnetic atoms, the induced anisotropy has 
been understood using the framework of the pair- 
ordering model assuming a pseudo-dipole interaction 

E 

2400 

1600 

800 

,,,,"~ = 500 
\ 

(e) - ~  ,"" 

......... ................. -1ooo 

0 
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 

B s, (T) 

Figure 9 Relation between anisotropy field Hk and saturation mag- 
netic flux density Bs when Xs is zero for (a) Co Nb Zr, (b) 
Co-Mo-Zr,  (c) Co W Zr, (d) Co Ta-Zr and (e) Co-Ni-Zr. 

between a magnetic atom pair [-11]. The high anisot- 
ropy field H k in Co-Ni-Zr films shown in Fig. 9 is 
attributable to the directional pair ordering of nickel 
and cobalt atoms adding to the pseudo-dipole interac- 
tion between a cobalt atom pair [12]. On the other 
hand, the dependencies of//k on Bs and on the element 
TM in Co-TM-Zr (TM = Nb, Ta, Mo, and W) films 
can be attributed to the change in the magnetic mo- 
ment of the cobalt atom which affects the pseudo- 
dipole interaction [11]. 

The magnitude of the induced anisotropy in 
amorphous alloys can be controlled by a magnetic 
anneal after film preparation. However, it is difficult to 
control anisotropy when the amorphous films are 
used in heads. Therefore, amorphous films such as 
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Co-Nb-Zr  films with small anisotropy will be useful 
for magnetic heads. 

4. Conclus ions  
Co-TM-Zr  (TM = Nb, Ta, Mo, W, and Ni) amorph- 
ous films were prepared by conventional rf diode 
sputtering, and their magnetic and thermal properties 
were investigated. The results are as follows: 

(1) Amorphous films with a homogeneous structure 
and Ho of less than 20 Am-1 were obtained at an 
argon gas pressure of 0.3-1 Pa. 

(2) The formation range of the amorphous phase is 
broad in the systems containing Ta and Nb, which 
have a high glass formability, whereas the range is 
limited to the composition range greater than 4-5 at% 
of Zr in the systems of Mo, W, and Ni that have low 
glass formability. 

(3) Films with zero magnetostriction X~ are ob- 
tained at the concentration ratio Cz~/CTM of 0.3 for 
Co-Nb-Zr,  0.7-0.8 for Co-Ta-Zr and Co-Mo-Zr,  1.1 
for Co-Ni-Zr, and 1.5-1.7 for Co-W-Zr films. 
Amongst these amorphous films, the composition 
range with small ]X d is broadest for Co-Nb-Zr  
films. 

(4) The crystallization temperature Tx of the films 
decreases in the order of Co-Ta-Zr, Co-W-Zr, 
CooNi-Zr, Co-Nb-Zr  and Co-Mo-Zr  when X~ is 
zero and the films have the same saturation flux den- 
sity B~. This order of decreasing Tx depends on the 
glass formability of the TM and the concentration 
ratio Czr/CTM at zero X~. 

(5) The anisotropy field Hk decreases in the order of 
Co Ni-Zr, Co-Ta-Zr, Co-W-Zr, Co-Mo-Zr,  and 
Co-Nb-Zr. The high Hk in Co-Ni-Zr films is attribu- 
table to the directional pair ordering of Ni and Co 
atoms. 

(6) Consequently, Co-Ta-Zr amorphous films ap- 
pear to be an excellent magnetic head material be- 

cause of their high Tx and high B~. On the other hand, 
Co-Nb-Zr  amorphous films also appear excellent due 
to their small Xs and low H k. 
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