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The dependences of soft magnetic properties and microstructures of the sputtered FeCo (=FegsCoss) films on

Co underlayer thickness tc,, FeCo thickness tp.co, substrate temperature T and target-substrate spacing dr_g are

studied. FeCo single layer generally shows a high coercivity with no obvious magnetic anisotropy. Excellent soft

magnetic properties with saturation magnetization poMs of 2.35 T and hard axis coercivity He, of 0.25 kA/m in FeCo

films can be achieved by introducing a Co underlayer. It is shown that sandwiching a Co underlayer causes a change

in orientation and reduction in grain size from 70 nm to about 10 nm in the FeCo layer. The magnetic softness can be

explained by the Hoffmann’s ripple theory due to the effect of grain size. The magnetic anisotropy can be controlled by

changing dr_g, and a maximum of 14.3 kA /m for anisotropic field Hy is obtained with dr_gs=18.0 cm.
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1. Introduction

The continuous increase in magnetic recording
density beyond 100 Gb/in? can bring about two major
impacts on heads and media. One is the demand for
higher medium coercivity to overcome the transition
to self-demagnetizing field and to maintain the ther-
mal stability of the recorded information. The other
is that the increase in the data rate will substantially
reduce the write head field duration, which makes the
dynamic writing coercivity of the media even higher.
Both require an increasingly high writing head field,
which is primarily restricted by the saturation mag-
netization poMs of the head material. The develop-
ment of high poM; head materials (with poM; being
higher than that of pure Fe) is therefore indispensable
to meeting the requirements for high medium coerciv-
ity and high data rate. In addition to the requirement
for high puoM; a head material is also required to have
small coercivity (i.e. high permeability), well-defined
uniaxial anisotropy, and good thermal stability. The
challenge for developing a good head material is to find

such a material that its properties can meet all the re-
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quirements for ultrahigh-density recording. Since the
highest saturation flux density of pugM; > 2.4T can be
achieved in bulk Fe;_,Co,(0.3 < z < 0.4) alloy,l!) it
is a potential candidate for write-head material as fu-
ture high coercivity recording media if the microstruc-
ture can be optimized to reduce the coercivity. Some
promising approaches have been proposed to try to
control the microstructure of the FeCo film by op-
timizing deposition process,[>?! laminating an amor-
phous layer,!* adding a third element,~7 and imple-
menting a suitable buffer layer.®~1% In the present
work, the double-layered FeCo/Co films are prepared
by sputtering and the effects of sputtering conditions
on soft magnetic properties and microstructures are
studied.

2.Experiment

The films were deposited on glass substrates by
facing targets sputtering (FTS), in which two FeCo
composite targets were symmetrically placed facing
each other and the substrates held orthogonal to the
target surfaces. The background pressure was below
1.33x10"% Pa. For the FeCo/Co film, the Co layer
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was deposited at a power of 50 W in an Ar pres-
sure of 0.40 Pa. The FeCo layer was deposited at
100 W in 0.27 Pa with the thickness ranging from
50 nm to 800 nm. The film composition was con-
firmed by electron probe microanalyser (EPMA). The
magnetic properties were measured with a vibrating
sample magnetometer (VSM). The film thickness is
measured by the Surfcom 900B step. X-ray diffraction
(XRD) measurements were performed to characterize
film crystallographic properties. Cross sectional trans-
mission electron microscope (TEM) analysis was used
to characterize the grain size and the morphological

changes.
3. Results and discussion

FeCo single layer films were prepared to optimize
the soft magnetic properties, as well as for reference.
The FeCo single layer generally shows high coerciv-
ity with no obvious magnetic anisotropy (as shown in
Fig.1(a)). Dramatically different soft magnetic prop-
erties of FeCo films can be obtained by sandwiching
a thin Co underlayer between the film and the glass
substrate. FeCo/Co films show well-defined uniaxial
hysteresis loops with a remarkable reduction in coer-
civity. The typical magnetic hysteresis loop of FeCo
(200 nm)/Co (5 nm) is shown in Fig.1(b). Varying
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Fig.1. Typical hysteresis loops for (a) FeCo (200 nm)
single layer and (b) FeCo (200 nm)/Co(5 nm) films.
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Fig.2. (a) Dependences of saturation magnetization
poMs, easy axis coercivity Hce and hard axis coerciv-
ity Hep, on Co underlayer thickness tco in FeCo (200
nm)/Co (¢ nm) film. (b) XRD patterns at different
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Fig.3. (a) Dependences of saturation magnetization
poMs, easy axis coercivity Hce and hard axis coerciv-
ity Hen on tpeco in FeCo(t nm)/Co (5 nm) films.

the Co underlayer thickness tc, may help one under-
stand the effect of the Co better. The dependences
of poMs, H.e and Hg, of FeCo (200 nm) films on
tco are shown in Fig. 2(a). It is clear that the easy
and hard axis coercivities drop from 7.48 kA/m and
6.77 kA/m to 0.76 kA /m and 0.25 kA /m, respectively,

when a 2-nm Co underlayer is located beneath the
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FeCo film, and increase slightly when the Co under-
layer goes up to 30 nm in thickness. The films show
almost no dependence of pugM; ~ 2.35T on tc,. As
seen in Fig.2(b), a very interesting phenomenon of tex-
ture change is observed. The Co underlayer tailors the
preferred orientation from (200) in the FeCo without
a Co underlayer to (110) in the FeCo with a Co un-
derlayer. It indicates that the Co underlayer modifies
the interface energy that determines the formation of
crystallographic orientation during the initial growth
of FeCo. Figure 3 shows the magnetic properties as
a function of FeCo thickness for FeCo (t nm)/Co (5
nm). The film keeps good soft magnetic properties
with tpeco ranging from 200 to 500 nm.

Coercivity of the Co underlayer is about 4.0-2.4
kA /m with the thickness varying from 3 to 30 nm. A
pure magnetostatic consideration would give a large
average coercivity in FeCo/Co films. Therefore, the
observed magnetic softness should be closely related to
the microstructural alteration in FeCo/Co film. Cross
sectional TEM is used to study the microstructural
properties of the films with or without a Co under-
Figures 4(a) and (b) show the TEM micro-
graphs of FeCo single layer and FeCo/Co (5 nm) films,
respectively. Both FeCo and FeCo/Co films show the

existence of columnar grains. For FeCo films directly

layer.

deposited on glass, there are very coarse grains with
the size ranging from 20 nm to 130 nm; the aver-
age grain size is about 70 nm. In contrast, the FeCo
film with a Co underlayer shows the existence of much
smaller grains, with the size ranging from 4 to 15 nm;
the average grain size is about 10 nm. The interface
and the surface of the films deposited on the Co un-
derlayers are smoother than FeCo films on the glass

substrates.

Fig.4. Cross-sectional TEM images for the FeCo sin-
gle layer (a) and FeCo/Co (5 nm) film (b).

The soft magnetic properties in nanocrystalline
ferromagnetic films are related to the sizes of their fine
grains. In Hoffmann’s ripple theory,'"! the wall coer-
civity of a thin polycrystalline film can be expressed

as

. BV2VDS (K,\Y*
C7 LrpoMs \ A ’

where 3 is a fitting factor, L is the coupling length ap-
proximated by (A/K1)'/?, A is the exchange constant,
K is the magnetocrystalline anisotropic constant, D
is the average grain size, S is the structure factor given
by KlocalD/nl/z, Kiocal is the local anisotropy, n is the
number of grains in the thickness, and K, is the in-
duced uniaxial anisotropy. Recently the expressions
for the local anisotropy Kj,..1 have been conveniently

(12] a5 a function of the magnetocrys-

given by Zou et al
talline anisotropic constants K; and K>, the magne-
tostriction constants A1pg and A111, and isotropic pla-
nar stress o for different preferred orientations. In the
present case, the fact that As does not change for the
two FeCo orientations with and without a Co under-

~

layer, implies that Ajg0 & A111 & As. This means
that in this alloy, Kj,ca1 does not depend on o. As-
suming bulk values!! of K; = 7.3 x 10®> J/m® and
Ky = 25 x10% J/m3, A = 2.0 x 107 J/m, and
n = 1, the ratio of the calculated coercivity in the
(200) orientation without a Co underlayer to that in
the (110) orientation with a Co underlayer (5 nm) us-
ing the measured values of D and K, is 15.6. The
measured ratio is 9.8. We demonstrate that the pri-
mary effect of the Co underlayer is to reduce the grain
size, which causes a reduction in H.. This is quanti-

tatively consistent with ripple theory.
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Fig.5. Saturation magnetization poMs, anisotropic
field Hy, easy axis coercivity Hee and hard axis coer-
civity H., as a function of substrate temperature Tg
in FeCo(200 nm)/Co(5 nm) films.
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Figure 5 shows the effect of substrate temperature
Ts on magnetic properties for FeCo (200 nm)/ Co (5
nm). H, is found to increase with Tg increasing. It
indicates that the soft magnetic properties cannot be
improved by Ts. The anisotropy reduces with the in-
crease of Ts. The hard axis loop of the films show large
remanence at Tg = 150°C even if the applied magnetic
field is as high as 24 kA/m. This means that the in-
plane uniaxial anisotropy is not just controlled by the
field-induced anisotropy.

The hard axis loops at different dr_g are shown
in Fig. 6(a). The anisotropic field increases to a max-
imum of 14.3 kA/m when dr_g changes from 16.5
cm to 18 cm. Further increasing dr_g, the uniaxial
anisotropy is found to decrease, accompanying with
the increase of H.. From the XRD pattern (Fig. 6(b)),
the crystallographic orientation is not modified, but a
slight shift towards the smaller angle of the (110) peak
is observed at 44.9° for films at dr_g = 16.5 cm and
44.7° for films at dr_s = 19.7 cm. This can be ex-
The film has

a large intrinsic tensile stress of 0.7 GPa at dy_g =

plained by the change in film stress.

16.5 cm and the stress reduces with dr_g. As dp_g
increases, in-plane film becomes more compressive, re-
sulting in a Poisson specific ‘tension’ in the d-spacings
normal to the plane of the film which is measured by
XRD. The mechanism of the anisotropy in FeCo/Co
films, induced by changing dr_g, results most likely
from the modification of the short range order,?!
columnar growth morphology with different oblique
angles,[14] and/or an anisotropic residual stress. The
sputtering process in F'TS is different from that in con-
ventional sputtering. The film deposited on the sub-
strate is mainly caused by the scattering that occurs
when the sputtered atoms collide with the atoms of
gas in the space between the target and substrate. The
amount, energy and incident angle of Fe(Co) atoms ar-
riving at the substrate will depend on dt_g. In fact,
the film thickness decreases with the increase of dr_g.
The columnar grain growth is also observed for the
FeCo/Co film at normal dr_g. The columnar grain of
FeCo is tilted up to stand on the Co underlayer with
the column diameter increasing towards the top sur-

face (see Fig.4). Therefore, the film microstructure

is a critical factor to control the uniaxial magnetic

anisotropy.
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Fig.6. (a) The hard axis loops of FeCo/Co films at
different dr_g; (b) XRD patterns of FeCo/Co films at
different dp_g.

4. Conclusions

The soft magnetic properties of the sputtered
FeCo films strongly depend on the underlayer and de-
position conditions. These changes in properties are
related to the microstructural evolution, especially a
remarkable reduction in grain size. Samples show ex-
cellent soft magnetic properties with pgMg ~ 2.35T,
H, ~ 0.25 kA/m and Hx ~ 4.8 kA/m for FeCo
(200 nm)/ Co (5 nm). An anisotropic field as high
as 14.3 kA /m is induced by controlling dr_g and does
not bring about any deterioration to the soft magnetic

properties.



No.6

Studies on high-moment soft magnetic FeCo/Co thin films

1355

References

(1]
(2]
(3]
[4]
[5]
[6]

[7]

Bozorth R M 1993 Ferromagnetism (New York: IEEE)
Mao M, Schneider T, Bubber R, Kools J, Liu X, Altou-
nian Z, Lee C, Devasahayam A and Rook K 2005 J. Appl.
Phys. 97 10F908

Gao J H, Cui Y T and Yang Z 2004 Acta Phys. Sin. 53
3550 (in Chinese)

Pan G and Du H 2003 J. Appl. Phys. 93 5498

Sun N X and Wang S X 2002 J. Appl. Phys. 92 1477
Shintaku K, Yamakawa K and Ouchi K 2003 J. Appl.
Phys. 93 6474

Deng L W, Jiang J J, Feng Z K, Zhang X C and He H H
2004 Acta Phys. Sin. 53 4359 (in Chinese)

(8]
(9]
[10]

(11]
12]

(13]

[14]

Wang S X, Sun N X, Yamaguchi M and Yabukami S 2000
Nature (London) 407 150

Platt C L, Howard J K and Smith D J 2004 J. Magn.
Magn. Mater. 269 212

Shintaku K and Watanabe S 2005 Trans. Magn. Soc.
Japan 5 22

Hoffmann H 1973 IEEE Trans. Magn. 9 17

Zou P, Yu W and Bain J A 2002 IEEE Trans. Magn. 38
3501

Naili M, Suran G and Machizaud F 1992 J. Magn. Magn.
Mater. 104-107 1769

Jo S, Choi Y and Ryu S 1997 IEEE Trans. Magn. 33 3634



