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Abstract

Magnetic anisotropy was induced in positive magnetostrictive Fe
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1. Introduction

The macroscopic magnetic properties of a fer-
romagnetic material are mainly governed by its
anisotropy [1]. Therefore, the development of an-
isotropy in magnetic materials, particularly in thin
"lms, is important for basic as well as applied
research [2}4]. Magnetic multilayers with indi-
vidual layers having induced anisotropy in di!erent
directions can give rise to large magnetoresistance
or magnetoimpedance [2,5] as the orientation of

magnetic moments in the domains is controlled by
the magnetic anisotropy. Thin "lms with anisot-
ropy along a particular direction can be used as
sensor materials for angular measurements and
switching devices. Magnetic anisotropy can be in-
duced in thin "lms during their preparation by
growing the "lms on di!erent kinds of substrates or
in the presence of a magnetic "eld [2}7]. Post-
deposition heat treatments in the presence of a DC
or AC magnetic "eld also help to develop a strong
anisotropy along the direction of the "eld [5].

In an amorphous magnetic material, the mag-
netocrystalline anisotropy, the main source of an-
isotropy in a magnetic material, is absent due to the
random location of atoms. In the absence of mag-
netocrystalline anisotropy, the amorphous mag-
netic materials are found to be very sensitive to
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thin "lms by developing a tensile stress within the samples. The "lms were grown on the concave surfaces of mechanically
bowed glass substrates. On releasing the substrates from the substrate holders, a tensile stress was developed within the
samples that modi"ed the domain structure. As a result of it, a magnetic easy axis parallel to the direction of the stress
was induced in FeB sample whereas in CoSiB sample the induced easy axis was perpendicular to the direction of the
developed stress. To produce magnetic multilayers with crossed anisotropy, FeB/CoSiB bilayers and FeB/Cu/CoSiB
trilayers were grown on bowed substrates. The study of magnetic properties of the multilayers indicates the development
of crossed anisotropy within them, particularly when the magnetic layers are separated by a nonmagnetic Cu
layer.



Fig. 1. Hysteresis loops of Fe
80

B
20

monolayers deposited on bowed and unbowed glass substrate and measured along the direction
perpendicular to the developed tensile stress direction.

external stress and thermal history [8,9]. It is now
well established that a strong anisotropy can be
induced in an amorphous magnetic material by
applying an external stress [10}12]. Short- and
long-duration annealing below crystallization tem-
perature and in the presence of a magnetic "eld or
stress can also easily introduce a permanent anisot-
ropy within an amorphous magnetic material
[11}14]. Very recently, magnetic anisotropy was
induced in amorphous magnetic thin "lms by de-
veloping a compressive stress within the "lms that
induces anisotropy depending on the nature of
magnetostriction of the materials used [15].

In the present work, magnetic anisotropy was
developed in positive magnetostrictive Fe

80
B
20

and negative magnetostrictive Co
75

Si
15

B
10

amorphous thin "lms by generating a permanent
tensile stress within the samples. The "lms were
deposited on the concave surfaces of bowed sub-
strates and a tensile stress was developed within the
"lms when the substrates were released from their
holders. In the case of positive magnetostrictive
FeB sample, a magnetic easy axis parallel to the
direction of the tensile stress was developed where-
as for negative magnetostrictive CoSiB sample, the
induced magnetic easy axis was perpendicular to

the developed stress direction. In order to produce
magnetic thin "lms with crossed anisotropy, bi-
layers composed of FeB and CoSiB were prepared.
To reduce the coupling between magnetic layers,
FeB/Cu/CoSiB trilayers were deposited to separate
the magnetic layers with a nonmagnetic Cu layer.
To identify the e!ect of stress, similar samples were
grown on unbowed substrates. Comparative study
of magnetic properties of bowed samples with their
unbowed counterpart clearly indicates the develop-
ment of a tensile-stress-induced anisotropy in the
"lms prepared on bowed substrates.

2. Experimental

Positive magnetostrictive Fe
80

B
20

and negative
magnetostrictive Co

75
Si

15
B
10
"lms were prepared

using a planar magnetron radio frequency sputter-
ing system. Corning glass slides with dimension
50]22]0.15mm were used as substrates and they
were mechanically bent by specially designed sub-
strate holders [16]. The "lms were grown on the
concave surfaces of bowed substrates. All the
substrates were bent to the same extent to generate
the same stress e!ect within the "lms. The radius of



Fig. 2. Angular variation of coercive "eld, H
#

of bowed and
unbowed (a) Fe

80
B
20

and (b) Co
75

Si
15

B
10

monolayers.

curvature after bending was &360 mm. A perma-
nent tensile stress was developed within the "lms
when the substrates were released after "lm depos-
ition. The base pressure of the sputtering chamber
was 9]10~7 mbar and the argon gas pressure
maintained during the deposition was 5]
10~3mbar. The deposition rates of the materials
under these experimental conditions were deter-
mined by a low-angle X-ray di!raction.

FeB and CoSiB monolayers, FeB/CoSiB bilayers
and FeB/Cu/CoSiB trilayers were prepared on
bowed substrates as well as on unbowed substrates
to identify the e!ect of stress. FeB and CoSiB layers
in the "lms were prepared with two thicknesses, 500
and 1000As whereas only 500As thick Cu layer was
deposited between FeB and CoSiB in the trilayers
to reduce the coupling between them. The satura-
tion magnetostriction constant, j

4
of positive

magnetostrictive FeB is &30]10~6 and that of
negative magnetostrictive CoSiB is &!3]10~6.
The amorphous structure of the "lms was checked
by X-ray di!raction (Siemens, Di!raktometer-
D5000). Suitably cut pieces from the central part of
the substrate were used for magnetic measure-
ments. A vibrating sample magnetometer (VSM)
was used for the study of magnetic properties of the
samples. The domain structures of the "lms were
observed by a magneto-optical Kerr-e!ect
(MOKE) imaging system.

3. Results and discussions

Fig. 1 shows the hysteresis loops of 1000 As thick
Fe

80
B
20

monolayers deposited on bowed and un-
bowed glass substrates and measured along the
direction perpendicular to the developed tensile
stress direction (hard magnetic axis direction for
Fe

80
B
20

layer). The sample deposited on a bowed
substrate shows higher coercive "eld and anisot-
ropy energy compared to the sample deposited on
an unbowed substrate. This result is expected from
the positive magnetostrictive FeB sample under
a tensile stress and con"rms that a tensile-stress-
induced anisotropy was developed within the
bowed sample.

To study the e!ect of developed stress on the
magnetic properties in a particular direction, the

value of coercive "eld, H
#

along that direction has
been taken as a parameter for measuring the mag-
netic softness or hardness along that direction as
H

#
can be measured very accurately and is not

a!ected by a small change in the shape of the
sample used for VSM measurement. The angular
variations of coercive "eld, H

#
of 1000As thick FeB



Fig. 3. Hysteresis loop of (a) Fe
80

B
20

and (b) Co
75

Si
15

B
10

monolayers measured along (900 direction) and perpendicular (03 direction)
to the developed stress direction.

and CoSiB monolayers deposited on bowed and
unbowed glass substrates are shown in Fig. 2. The
substrates were bent along the 903 direction in
Fig. 2. Therefore, a tensile stress was developed
within the "lms along that direction when the sub-
strates were released from their holder. The results
of unbowed samples show the isotropic angular
variation of coercivity whereas bowed samples
show the development of anisotropy along a par-
ticular direction. In the case of positive magnetos-
trictive FeB sample, the coercivity along the tensile

stress direction (903 direction in Fig. 2(a)) is &9Oe,
which is lower compared to that (&15Oe) perpen-
dicular to the stress direction (03 direction). CoSiB
sample (Fig. 2(b)) shows the opposite trend, as it is
negative magnetostrictive in nature and the co-
ercivity decreases from &71Oe along the 903 di-
rection to &52Oe along the 03 direction.

The hysteresis loops of 1000As thick bowed FeB
and CoSiB monolayers along the 0 and 903 direc-
tions are shown in Fig. 3. FeB sample can be more
easily magnetized along the 903 direction compared



Fig. 4. Domain structure of Fe
80

B
20

monolayer when the mag-
netic "eld is applied (a) parallel and (b) perpendicular to the
developed stress direction.

to the 03 direction (Fig. 3(a)). On the contrary, 903
direction is the harder direction for CoSiB mono-
layer (Fig. 3(b)) and a higher "eld is necessary for its
saturation along this direction. As the magnetos-
triction coe$cient of FeB is almost one order of
magnitude higher than that of CoSiB, the e!ect of
stress is more prominent in case of FeB sample. The
monolayers having thickness of 500As show the
similar results as shown by 1000 As thick "lms.

The domain structure of 1000As thick bowed and
unbowed FeB and CoSiB monolayers were investi-
gated by magneto-optical Kerr e!ect to understand
the e!ect of the developed stress on domain ori-
entation and they are shown in Fig. 4 for bowed
FeB sample. Fig. 4(a) shows that 1803 domains are
oriented along the stress direction and a small
change in magnetic "eld from 8.4 to 12.8 Oe along
that direction removes the domain walls and hence
give rise to a large change in magnetization. This is
also evident from the hysteresis loop measurements
in Fig. 3(a), where the anisotropy "eld along 903
direction is &14Oe. If the magnetic "eld is applied
perpendicular to the stress direction a large mag-
netic "eld is necessary to change the domain struc-
ture (Fig. 4(b)) and to saturate the sample in that
direction. The hysteresis loop of FeB in Fig. 3(a)
along 03 with anisotropy "eld &120Oe also sup-
ports the MOKE results. In CoSiB monolayer,
1803 domains are oriented perpendicular to the
developed stress direction and it shows opposite
trend in magnetic properties (Figs. 2(b) and 3(b)) as
shown by FeB sample. The magnetic behavior of
the bowed samples show the strong in#uence of the
stress-induced magnetic anisotropies. Any other
source of internal stresses is overcome by this stress
introduced through the glass substrates to the mag-
netic materials.

In order to produce magnetic thin "lms with
crossed anisotropy, FeB/CoSiB bilayers and
FeB/Cu/CoSiB trilayers were prepared. In FeB/
CoSiB bilayers, FeB and CoSiB layers are magneti-
cally coupled and to reduce this coupling a su$-
ciently thick (500As ) nonmagnetic Cu layer was
deposited between the magnetic layers in FeB/Cu/
CoSiB trilayers. Figs. 5(a) and (b) show, respectively,
the angular variation of coercive "eld of FeB(1000As )/
CoSiB(1000As ) bilayer and FeB(1000As )/Cu(500As )/
CoSiB(1000As ) trilayers deposited on bowed and

unbowed substrates. The results of FeB/CoSiB
samples (Fig. 5(a)) shows higher coercivity along
the 0, 90, 180 and 2703 directions compared to the
unbowed sample. Similar plots for FeB/Cu/CoSiB
multilayers indicate higher coercivity along 0 and
1803 (Fig. 5(b)), same as the results observed in the
case of FeB monolayer (Fig. 2(a)). The multilayers
prepared on unbowed substrates show no direc-
tional anisotropy.

For better understanding, the 0 and 903 hyster-
esis loops of bowed FeB/CoSiB and FeB/
Cu/CoSiB samples have been plotted in Figs. 6
and 7, respectively, and they are compared with the
hysteresis loops of the corresponding unbowed
samples measured along the 903 direction only



Fig. 4 (Continued).

(also plotted in the respective "gures) as the hyster-
esis loops of unbowed samples measured along
di!erent directions are almost the same. In Fig. 6,
due to the strong coupling between the magnetic
layers, the hysteresis loops do not show the pres-
ence of two materials with di!erent anisotropies.
However, the higher coercivity of bowed FeB/
CoSiB along 903 compared to that of unbowed one
indicates the orientation of hard axis of CoSiB
layer in bowed sample along that direction [15]. In
Fig. 7, FeB and CoSiB layers are separated by a Cu
layer and the shape of hysteresis loops are di!erent
from those in Fig. 6. A slow increase in magnetiz-
ation with "eld is observed when the bowed
FeB/Cu/CoSiB "lm is magnetized along the 03 di-
rection. On the other hand, the hysteresis loop of
this sample along the 903 direction shows most
prominently the presence of two magnetic layers
with di!erent anisotropies as this direction is the
easy-axis direction of FeB and hard-axis direction
of CoSiB. The shape of hysteresis loop of unbowed

sample in Fig. 7 is intermediate between 03 and 903
hysteresis loop of bowed sample. The experimental
results described so far were taken at room temper-
ature (&300K). Only Fig. 8 shows the hysteresis
loops of bowed and unbowed FeB/Cu/CoSiB
sample measured along 903 and at a temperature of
80K. This "gure also shows the similar character-
istic as observed in case of room temperature hys-
teresis loop in Fig. 7, i.e., greater di!erence between
the anisotropy of magnetic layers in the bowed
trilayer compared to that in the unbowed trilayer.

The experimental results described above can be
explained considering the development of anisot-
ropy due to a tensile stress in the "lms deposited on
bowed substrate. If a "lm is grown on the concave
surface of a bent substrate, on releasing the substra-
te from the substrate holder, a permanent tensile
stress p is generated within the "lm along the direc-
tion of bending. This stress p induces a mag-
netoelastic anisotropy energy, E

!
"3

2
jp sin2h,

where j is the magnetostriction coe$cient of the



Fig. 5. Angular variation of coercive "eld, H
#

of bowed and
unbowed (a) FeB/CoSiB bilayer and (b) FeB/Cu/CoSiB trilayer.

Fig. 6. Hysteresis loop of (a) bowed FeB/CoSiB, 03 direction (b)
bowed FeB/CoSiB, 903 direction and (c) unbowed FeB/CoSiB,
903 direction.

sample and h the angle between the direction of the
stress p and magnetization M

4
in a domain. When

j is positive, as in case of FeB sample, more 1803
domains are oriented along the direction of the
developed tensile stress p to reduce the value of

h and hence the total magnetic energy of the
sample. Therefore, a magnetic easy axis is de-
veloped along the direction of stress due to the
orientation of more 1803 domains along that direc-
tion [17] as shown in Fig. 4(a). Magnetization
along this direction mainly takes place by domain
wall displacement and a smaller "eld is required to
saturate the sample along this direction compared
to the other directions. This is clearly evident from
the hysteresis loop measurements shown in Fig.
3(a). In case of CoSiB, j is negative and more 1803
domains are oriented in a direction perpendicular
to the developed stress direction to minimize the
magnetic energy of the sample. As a result of it, the
03 direction is the easy axis direction and 903 direc-
tion (tensile stress direction) is the hard-axis
direction of CoSiB layer as observed in Figs. 2(b)
and 3(b).



Fig. 7. Hysteresis loop of (a) bowed FeB/Cu/CoSiB, 03 direction
(b) bowed FeB/Cu/CoSiB, 903 direction (c) unbowed FeB/Cu/
CoSiB, 903 direction.

Fig. 8. Hysteresis loops of (a) bowed and (b) unbowed FeB/
Cu/CoSiB measured along 903 direction and at a temperature
of 80K.

Due to strong coupling between the magnetic
layers, the hysteresis loops in Fig. 6 does not show
clearly the presence of two magnetic materials with
di!erent anisotropy though the higher coercivity of
bowed FeB/CoSiB along the 903 direction com-
pared to the unbowed counter part is due to the
development of magnetic hard axis in bowed
CoSiB along that direction [15]. The results of
FeB/Cu/CoSiB in Figs. 7 and 8 are more interest-
ing. The hysteresis loop along the 03 direction
shows a slow increase in magnetization with "eld.
This direction is the magnetically hard- and soft-
axis direction of FeB and CoSiB layer, respectively.
Along this direction, the anisotropy "eld of FeB
layer (&120Oe) is much higher than the coercive
"eld of CoSiB (&52Oe) and accounts for the slow
increase in magnetization along this direction. The
hysteresis loop along the 903 shows very distinctly

the presence of two magnetic materials with di!er-
ent anisotropy, one with H

#
close to that of FeB

monolayer and the other, close to CoSiB mono-
layer along the same direction. This 903 direction is
the easy- and hard-axis direction for FeB and
CoSiB layers, respectively, and the anisotropy "eld
of FeB (&14Oe) is much less than the coercive "eld
of CoSiB (&71Oe). The shape of the hysteresis
loop of unbowed sample in Fig. 7 is in between the
0 and 903 loop of the bowed sample and indicates
that the di!erence between the anisotropy of two
magnetic layers in the unbowed sample is higher
than that along the 03 direction but lower com-
pared to that along the 903 direction of the bowed
sample. This is possible when the directions of easy
axis in the magnetic layers of bent sample are
crossed. Alloying of the magnetic materials with the
Cu layers seems to have no appreciable e!ect in the
"nal magnetic behavior of the trilayers. At 80 K
(Fig. 8), the contrast between the bowed and un-
bowed hysteresis loop is even more than that at
room temperature and supports the argument that
the easy axis of two magnetic layers in bowed
trilayer are perpendicular to each other.



4. Conclusions

Magnetic anisotropy was induced in positive
magnetostrictive Fe

80
B
20

and negative magneto-
strictive Co

75
Si

15
B
10

thin "lms by developing
a tensile stress within the samples. The "lms were
grown on the concave surfaces of mechanically
bowed glass substrates. On releasing the substrates
from their holders, a tensile stress was developed
within the "lms. As a result of it, the domain struc-
ture of the "lms were changed. In case of positive
magnetostrictive FeB sample, more 1803 domains
are oriented along the direction of stress and hence
a magnetic easy axis is developed along that direc-
tion. On the other hand, negative magnetostrictive
CoSiB shows the opposite trend as an easy axis
perpendicular to the stress direction is developed.
In order to prepare multilayers with crossed anisot-
ropy, FeB/CoSiB bilayers and FeB/Cu/CoSiB tri-
layers were grown on bowed and unbowed
substrates. A comparative study of magnetic prop-
erties of bowed and unbowed samples indicates
that the easy axis in FeB and CoSiB layers of
bowed multilayers are perpendicular to each other,
particularly when they are separated by a nonmag-
netic Cu layer.
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