Improvement of the magnetic properties of CONICr thin films by annealing
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The changes in the magnetic properties of CONiCr/Cr thin films with annealing are found to
depend not only on the annealing conditions but also on the Cr underlayer thickness d . After
vacuum anneal, the in-plane coercivity H, increased initially with total annealing time 7, and

then leveled off. The H, increase was greater at higher annealing temperatures T, and in
samples with thicker Cr underlayers. H, values as high as 1800 Oe were obtained. The

M, d

squareness S * decreased with ,, and the

slightly with

7,. No significant change was found in the grain size and the crystal texture of the films after
almea]mg regardless of the Cr underlayer thickness. However, for the sample thh alarge H,

increase following anneal, it was found that the cor

Lorentz

h image

changed dramatically. TEM x-ray energy d

data indi

d that the Cr

in the CoNiCr layer increased after anneal. The changes in H,, S*, and M, following air
anneal were similar to those found following vacuum anneal. However, at the same T, the
increase in H, was less; also M, was found to decrease noticeably. We believe that the changes

d with i

ic properties foll g anneal are

in
boundaries.

L INTRODUCTION

Large values of in-plane coercivity H, and saturation
magnetization M, are desired in longitudinal magnetic re-
cording media.' Sputtered CoNiCr thin films have been con-
sidered as good candidates for longitudinal media.? In a pre-
vious paper” we reported an increase in H,, by the deposition
of a Cr underlayer (H, values as large as 700 Oe were ob-
served), but still higher coercivity values are expected to be
needed for future applications. In CoCr/glass media, post
processing by annealing has been found to improve the mag-
netic properties.® In this article we present the results of our
investigation on the effects of annealing on the magnetic
properties of CoNiCr/Cr thin films.

H. EXPERIMENTAL METHODS

Bilayer CoNiCr/Cr thin films were deposited on glass
substrates by rf sputtering in a LH Z400 system. After eva-
cuation to 5% 10~7 Torr, the Ar pressure was set at 10 mT
in the deposition chamber during sputtering. Cr underlayers
were deposited at 5 nm/min. The Cr underlayer thicknesses
d o ranged between 5 and 350 nm. The CoNiCr layers were
deposited at 5.5 nm/min; the CoNiCr layer thickness was
fixed at 100 nm. Annealing was carried out in a 110~
Torr vacuum as well as in air. Annealing temperatures, T,
ranged from 360 to 550 °C; total annealing time 7, ranged
from 0.5 to 12 h. The in-plane coercivity H,, coercivity
squareness, § *, and saturation magnetization M were mea-
sured by vibrating-sample magnetometer (VSM). Composi-
tion -depth profiles were obtained by Auger analysis. The
microstructure of the thin films was observed by transmis-
sion electron microscopy (TEM ). Magnetic domain struc-
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d Cr content in the grain

tures were studied by Lorentz microscopy (LEM) with the
objective lens current turned off.

lli. RESULTS AND DISCUSSION
A_Vacuum anneal

Samples with five different underlayer thicknesses be-
tween 5 and 350 nm were annealed at 360 and 400 °C. For
the 360 °C anneal, the samples were annealed for a time se-
quence totaling 12 h. The magnetic properties of the samples
were measured after each time increment. For the 400 °C
anneal, the samples were annealed in one step for 2.5 h. The
changes in magnetic properties were found to be sensitive to
Tosd e and 7, H,, S * and M, are plottedin Figs. 1 (a) and
1(b) as a function of 7,,.

Ford . »45um, H, initially increased with 7, and then
leveled off. Samples with larger d , required longer 7, times
to reach H_ saturation. The increase in H, was greater for
the larger d ., samples. We can see in Fig. 1(a) that, after 12
hofanneal, thed c, =45 nm sample has reached H, satura-
tion; however, the H, of the d o, = 250 and 350 nm samples
still had not leveled off. §* d with 7, forall !
thed ;, = 45 nmsample had the greatest decreasein § * afier
12 h of anneal. M, decreased slightly with annealing.

At T, = 400°C [Fig. 1(b}], the H, of thed, = Snm
sample did not change much with annealing. For the larger
d ¢, samples the H, increased progressively with d o, . Com-
pared with T, = 360 °C, H, increased with 7, much more
rapidly and the magnitude of the H, increase was much
greater. H, reached 1800 Oe for the d ., = 350 nm sample
after anneal. S'* decreased with annealing, more so than at
T, = 360°C. M, only decreased slightly.

Figures 2(a) and 2(b) are the bright field TEM images
and the corresponding selected area diffraction (SAD) pat-
terns of as-sputtered and annealed (at 360 °C) 100-nm-thick
CoNiCr thin films deposited on a 350-nm Cr underlayer.
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FIG. 1. Variation of H,. S*, and M, of CoNiCr/Cr filins afler vacuum
anncal at {(a) 7, = 360°Cand (b) 7, = 400°C.

The average grain sizes before and after anneal arc all about
30 nm. The SAD patterns are also similar. Although no ma-
jor microstructural differences due to annealing were found,
the H, of (100-nm) CoNiCr/(350-nm) Cr increased re-
markably after the anneal. Therefore, the coercivity increase
must be associated with a mechanism other than microstrue-
tural changes.

In order to see if some chemical composition change
occurred during the anneal, annealed and as-sputtered ( 100-
nm) CoNiCr on (350-nm) Cr film specimens were exam-

FIG. 2. Bright ficld TEM images and corresponding SAD patierns taken
from the top of the CONICr layer of (a) as-sputtered and (b) vacuum-an-
nealed, 12-h at 360 °C, (100 nm) CoNiCr/(350 nm) Cr samples.
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ined by x-ray energy dispersive spectroscopy (EDS}) in a
transmission electron microscope. After annealing for 12 h
at 360 °C, the Cr concentration was found to have increased
from 7.5% to 9.8% in the CoNiCr layer. This increase in Cr
content suggests that Cr diffused from the Cr underlayer to
the CoNiCr layer during anneal. Since the grain-boundary
diffusion constant generally is larger than the bulk diffusion
constant, the mass transport by diffusion must be governed
by grain-boundary diffusion. If the grain boundartes act as
diffusion channels, one would expect a higher Cr concentra-
tion in the grain boundaries than within the grains of the
CoNiCr layer. Cr segregation is another mechanism by
which the Cr concentration at the grain boundaries could be
increased. A high Cr concentration at the grain boundaries
could reduce the magnetic coupling between grains; hence,
the coercivity would increase and the squareness would de-
crease.® Although we are unable to measure the Cr concen-
tration at the grain boundaries directly, the trends in the
magnetic data with annealing are consistent with this hy-
pothesis. The high $* value (§*30.9) in our as-sputtered
samples is probably due to strong coupling between grains,
whereas after anneal the $'* values are closer to the isolated
particle situation.®

The Lorentz microscopy study also suggested that the
coupling between grains is reduced after annealing. The Lor-
entz micrographs of the as-sputtered and annealed (at
360 °C for 12 h) samples with d o, = 350 nm are shown in
Figs. 3(a) and 3(b). For the as-sputtered sample, a “feather-
like ripple structure was observed. The length of the ripple
branches’ is about 250 nm. This number roughly represents

FIG. 3. Lorentz of (a) D i and (b} vacy
nealed, 12-h at 360 C, (100 nm} CoNiCr/(350 nm) Cr samples.
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the size of the clusters in which grains are magnetically cou-
pled together. Since the grain size is about 30 nm, each such
cluster would contain about 20 strongly coupled grains (see
Ref. 7). The Lorentz micrograph of the annealed sample is
dramatically different. The ripple branches have disap-
peared. Also, the length and width of the feathers have be-
come so small that we no longer see a “featherlike” struc-
ture. The magnetic regions are randomly oriented. We know
that (a) the contrast in Lorentz images is related to local
changes in the direction of magnetization and (b) the ¢ axes
of the hcp grains in our film are randomly oriented in the
Jfilm plane. If the magnetic coupling between grains is weak,
the direction of magnetization of each grain will be in-
fluenced more by its own magnetocrystalline easy axis than
by the magnetization of neighboring grains. The change of
the direction of magnetization over a small length in such a
film would produce a Lorentz image such as the one in Fig.
3(b). Therefore, we conclude from the changes of the Lor-
entz images from Fig. 3(a) to 3(b) that the magnetic cou-
pling between grains is significantly reduced after annealing.

B. Annealing in air

We also annealed samples in air at 360 and 400 °C se-
quentially for various time intervals. The values of H_, S'*,
and M, as measured after each anneal are plotted in Figs.
4(a) and 4(b) as a function of 7,.

At T, = 360°C, H, increased only slightly with 7,. $ *
did not change much. M, decreased with 7, [Fig. 4(a)]. At
T, = 400 °C, for thed -, <15 nm samples, H_ did not change
much with annealing. For the d ., >45 nm samples, H, in-
creased with 7,. It seems that H, tended to saturate with
increased 7, values. §* decreased with 7,. The decrease in
the values of §' * is greater for samples with d ., >45 nm. M,
decreased with 7,. Again, the initial decrease of M, with 7,
is large and the subsequent decrease of M, with 7, is smaller.

We also obtained the depth profile by Auger analysis for
the 350-nm-thick sample after an air anneal at 7, = 400 °C.
A high oxygen concentration was found near the surface of
the annealed sample. The Co content in this oxide layer is
large close to the surface-air interface; the Cr content is
small. As the depth increases, the Co content decreases and
the Cr content increases; Co and Cr return to their bulk
values in the nonoxidized region. This suggests that after
annealing in air, Co oxides are formed at the very top sur-
face. At larger depths Cr oxides are formed. Co oxide forma-
tion can decrease the M, of the film. This may explain the
larger decrease in M, following air anneal as compared to
vacuum anneal; for the latter we found by Auger analysis
that only a thin layer of Cr oxide was formed after the an-
neal. »

TEM studies in these samples also indicated no change
in the grain size and texture of the films following annealing.
Itis likely that in air annealing, the change in magnetic prop-
erties is associated with the same mechanism that we believe
obtains in vacuum annealing, namely, the diffusion to and
segregation of Cr in the grain boundaries of the films. The
oxidation effect following air annealing seems to reduce the
increase in H, that would otherwise have been expected.

4706 J. Appl. Phys., Vol. 67, No. 8, 1 May 1990

s, O~ - = [
x0e) 4 | )
1 = 1

" . —
s 08 K Los g
0.6 0.6

1200 - 1200

< HC

(0e) 50 %% (0e)
o -
300 T T T T 300

0 2 4 6 8 01 2 3 4 5
1, (br) T, (hr)

(@) (b)
dr,: x 350nm; m 250nm; a4 45om; + 15mm; O Snm.

FIG. 4. Variation of H_., §*, and M, of CoNiCr/Cr films after air anneal at
(a) T, =360°Cand (b) T, =400°C.

IV. CONCLUSIONS

The magnetic properties of the samples withd o, <15nm
did not change very much with annealing. For vacuum an-
nealing, the H,_ increase with 7, was greater for larger d .,
samples. S * decreased with annealing. M, decreased slightly
after annealing. The grain size and crystal texture did not
change significantly after annealing. EDS data indicated
that the Cr concentration in the CoNiCr layer increased
after annealing. It is likely that during anneal Cr diffused
from the Cr underlayer to the CoNiCr layer through the
grain boundaries. A high Cr concentration at the grain
boundaries could reduce the magnetic coupling between
grains and hence increase H, and decrease S*. The disap-
pearance of the ripple branches in the Lorentz images also
suggested that magnetic coupling between grains was re-
duced by annealing. The increase in H,. following air anneal
was smaller than for vacuum anneal; M, decreased more
after air anneal. After the vacuum anneal, only a thin surface
layer of Cr oxide was formed, whereas after air anneal, a
thicker surface layer both of Co oxide and Cr oxide was
formed. On the basis of this study, vacuum annealing would
be preferred for CoNiCr/Cr/glass media intended for re-
cording applications.
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