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Domain nucleation in hardÕsoft ferromagnetic bilayers with exchange coupling through a pinhole

E. Saitoh, T. Nakamura, H. Matsumoto, and H. Miyajima
Department of Physics, Keio University, Hiyoshi, Yokohama 223-8522, Japan

~Received 5 February 2003; published 21 July 2003!

The magnetization process has been investigated for SmCo5 /SiO2 /Fe19Ni81 trilayer films, in which the
exchange coupling between the hard-ferromagnetic SmCo5 layer and the soft-ferromagnetic Fe19Ni81 layer is
controlled by the dimension of a small pinhole (10–100mm in diameter! penetrating the SiO2 layer. The
magnetization curves and magnetic torque curves indicate that the magnetization reversal in the SmCo5 layer
consists of a nucleation around the pinhole and the propagation of the domain wall. This is responsible for the
suppression of the coercivity induced by the coupling through the pinhole.

DOI: 10.1103/PhysRevB.68.012409 PACS number~s!: 75.70.Cn, 75.60.Jk
e
ism
t
ft
e
c
t
p

k-
n
he
lo

at
th
c
te
lm
at
ft
o

on
h

ic
g

th

o
I
f
rg
rn
a

s
g
t
he

0-
he

-
n-

n it,
The
ans
ost
za-
ea-

netic
5

top
-
s

Exchange coupling arising from the interface betwe
magnetic films has been of interest in the field of magnet
due to its underlying physics as well as its significance
application.1–5 In the bilayer films composed of hard and so
ferromagnets, exchange coupling at the interface has b
shown to produce versatile results including the enhan
ment of the energy product.6 The exchange-coupling effec
has phenomenologically been argued in terms of the com
tition between the width of the domain wall and the thic
ness of the layers.7 In fact, the variation in the magnetizatio
curve for hard/soft hybrid ferromagnetic bilayers with t
film thickness is mostly enhanced when the thickness is c
to the typical extension of the domain wall.7 This implies
that controlling the dimension of the interface to gener
competition among the characteristic-length scales in
magnetic bilayers may also have further critical influen
upon their magnetic properties. In this study, we investiga
the magnetization process in hard/soft-ferromagnetic fi
by controlling the size of the interface. The results indic
that a micron-sized interface between hard-/so
ferromagnetic films significantly increases the instabilities
the domain nucleation in the hard-ferromagnetic layer.

Figure 1~a! is a schematic illustration of the cross secti
and top views of the films adopted in the present study. T
system consists of a hard-ferromagnetic SmCo5 layer, a non-
magnetic SiO2 layer with a pinhole, and a soft-ferromagnet
Fe19Ni81 layer. The size of the interface between the ma
netic layers was controlled by changing the diameter of
pinhole (d510–100mm) penetrating the SiO2 layer. Here-
after the sample system SmCo5 /SiO2 /Fe19Ni81 is designated
in this paper asSd , where the subscriptd denotes the pinhole
diameter in units ofmm. The films were fabricated ont
thermally oxidized Si substrates in four steps as follows.
the first step, a SmCo5 layer of 150-nm thickness and o
6.3-mm diameter was sputtered onto a substrate in an a
gas pressure of 5 mTorr. During the sputtering, the exte
magnetic field of 48 kA/m was applied to the film plane so
to induce a uniaxial magnetic anisotropy in the SmCo5 films.
In the second step, a SiO2 layer of 50-nm thickness wa
deposited by electron-beam evaporation in an oxygen
pressure of 131024 mTorr. In the third step, a resis
~ZEP50! mask of 0.1-mm thickness was dispersed onto t
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SiO2 layer by spin coating. After patterning a pinhole of 1
or 100-mm diameter by using an electron-beam writer, t
resist mask was developed. The SiO2 layer was etched
through the pinhole using CF4 plasma. The shape of the pin
hole penetrating the SiO2 layer was observed using a sca
ning electron microscope@see Figs. 1~b! and 1~c!#. Finally,
after the resist mask was removed, the Fe19Ni81 layer of
100-nm thickness was sputtered onto the SiO2 layer in an
argon gas pressure of 5 mTorr. Before sputtering, to clea
the surface was etched by an argon ion to 5 nm in depth.
chemical composition for each layer was analyzed by me
of x-ray luminescence microscopy and showed an alm
identical composition to the prescribed ratio. The magneti
tion curves and magnetic torque curves at 4.2 K were m
sured using a vibrating sample magnetometer and a mag
torque magnetometer with a torque sensitivity up to
31028 N•cm.

FIG. 1. ~a! Schematic illustration of the cross section and the
views of the samples, whered is the diameter of the pinhole pen
etrating the SiO2 layer. ~b! and ~c! Scanning electron micrograph
of the pinholes penetrating the SiO2 layer.
©2003 The American Physical Society09-1
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Figures 2~a!–2~d! show the magnetization curves at 4.2
for S0 ~no pinhole!, S10, S100, and a SmCo5 /Fe19Ni81 bi
layer film which is presumed to have a pinhole with infin
diameter (S`). An external magnetic fieldH was applied
along the easy axis of the SmCo5 layer in the film plane. In
the absence of the pinhole (S0), when a magnetic field in the
negative direction is applied to the system magnetized in
positive direction, a first steep change of magnetization
pears at a negative field2H0 @Fig. 2~a!#, which corresponds
to the magnetization reversal field in the soft-ferromagne
Fe19Ni81 layer.7 The magnetization change at a field
2H1@S0# higher than2H0 is due to the uniform rotation o
the magnetic moment in the hard-magnetic SmCo5 layer.7 In
the systemS10 @Fig. 2~b!#, on the other hand, the change
2H1 disappears and the magnetization decreases grad
below 2H2@S10#5213 kA/m. Since the magnetizatio
curve in the field rangeH,2H2@S10# exhibits irreversible
variation ~not shown here!, the cusp at2H2@S10# and the
change of magnetization in the rangeH,2H2@S10# are at-
tributable to the domain nucleation in the hard-magne
SmCo5 layer and the propagation of the domain wall, resp
tively. The magnetization forS100 exhibits a cusp around 1
kA/m, which is larger thanH2@S10#513 kA/m @see Fig.
2~c!#. This implies that the increase in the interface size s
presses domain nucleation~see below!. With further increase
of d, the domain-nucleation behavior disappears, and
magnetization curve turns into the feature characteristic
the uniform magnetization reversal in each layer, typica
observed in the bilayer sample without the SiO2 layer @see
Fig. 2~d!#. Such ad variation in the magnetization curve
indicates that a micron-size pinhole gives rise to dom
nucleation and that it significantly changes the whole m
netization process of the SmCo5 layer. The disappearance o

FIG. 2. Magnetization ~M! curves at 4.2 K for
SmCo5 /SiO2 /Fe19Ni81 trilayer films with~a! d50, ~b! 10 mm, and
~c! 100 mm, and~d! a SmCo5 /Fe19Ni81 bilayer film. The external
magnetic field~H! is applied along the easy axis of the SmCo5 layer
in the film plane. The arrows indicate irreversible magnetizat
processes~see text!.
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the uniform magnetization switching in the SmCo5 layer of
samples with the pinhole can be accounted for by the st
magnetic interaction across the domain wall due to the m
tidomain structure forH,2H2 in the SmCo5 layer.

The domain nucleation around the pinhole is observ
more clearly in the magnetic torque. Figures 3~a!–3~c! ex-
emplify the magnetic torque curvesL(u) at 4.2 K for S0 ,
S10, andS100. The external magnetic fieldH was applied to
the plane. The origin ofu is defined as the direction alon
the easy axis of the SmCo5 plane. Before the measurement,
magnetic field of 1.6 MA/m much higher thanH1 was ap-
plied along theu50 direction, where the magnetization i
both layers is almost saturated, and the torque curves sh
twofold rotational symmetry asL(u)52Kusin(2u), reflect-
ing the uniaxial magnetic anisotropyKu in the SmCo5 layer.
On the other hand, atH58 kA/m (!H2), where the mag-
netization in the SmCo5 layers is hardly affected by the ex
ternal magnetic field, each torque curve exhibits a onef
rotational symmetry due to the static magnetic coupling
ergy (Esm) between Fe19Ni81 and SmCo5 layers. Important is
that both the torque curves atH@H1@S0# and H!H2
scarcely vary withd. This confirms thatKu as well asEsm for
the present systems are almost identical. Nevertheless
torque curves atH524 kA/m (H2,H!H1@S0#) are heavily
dependent ond, as shown in Fig. 3~b!. The torque curves a
H524 kA/m are characterized by a deviation from the sin
soidal variation and the emergence of rotational hyster
with respect tou. In this field range, the magnetization of th
SmCo5 layer deviates from the field direction, which caus
the rotational hysteresis. For better comparison, the tor
curves as a function ofd are shown in Fig. 4~a!. In the
absence of the pinholeS0, when u is increased, a stee

n

FIG. 3. Magnetic torque ~L! curves at 4.2 K for
SmCo5 /SiO2 /Fe19Ni81 trilayer films with d50, 10, and 100mm.
The external magnetic field~H! was applied to the film plane. The
zero angleu50 is defined as the direction parallel to the easy a
of the SmCo5 plane.
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change ofL(u) appears atu1@S0#5155°, corresponding to
the uniform magnetization switching in the SmCo5 layer. In
the sample with a pinhole, on the other hand,L(u) starts
deviating from the sinusoidal variation and increases rap
far below u1@S0# @see Figs. 3~b! and 4~a!#. To show the
change more clearly, we have plottedd2L(u)/du2 deduced
from L(u) measured with increasingu, shown in Fig. 4~b!.
The sharp peak structure ofd2L(u)/du2 observed inS0 at
u1@S0#5155° corresponds to the aforementioned unifo
switching of the magnetic moment in the SmCo5 layer. The
appearance of broad peak structures ofd2L(u)/du2 was no-
ticed at aroundu25125° and 145° inS10 andS100, respec-
tively, indicating anomalously steep increases in the slop
L(u) aroundu2. The angleu2 is equal to the angle wher
L(u) starts deviating from the sinusoidal shape. It should
noted that such a broad peak disappears in the absence
pinhole. This means that the broad peak ofd2L(u)/du2

aroundu2 corresponds to the domain nucleation at the p
hole in the SmCo5 layer. The rapid increase inL(u) for u2
,u&170° is attributed to the domain expansion. With fu
ther increases inu, abrupt jumps ofL(u) appear atu1
5170° and 160° inS10 andS100, respectively@see Figs. 4~a!
and 4~b!#. The jumps ofL(u) are attributed to the uniform
magnetization switching in a part of the area outside
expanding domain in SmCo5 layer. The discrepancy betwee

FIG. 4. ~a! The pinhole-size dependence of magnetic torque~L!
curves at 4.2 K for SmCo5 /SiO2 /Fe19Ni81 trilayer films. The exter-
nal magnetic field was applied to the film plane. The zero anglu
50 is defined as the direction along the easy axis of the Sm5
layer. The torqueL was measured with increasingu. The arrows
indicate the irreversible magnetization processes~see text!. ~b! The
pinhole-size dependence ofd2L(u)/du2 at 4.2 K. The anglesu1

andu2 indicate the positions of the sharp and broad peaks, res
tively.
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u1@S0# and u1@S10,S100# can be accounted for by the mag
netic interaction arising from the multidomain structure
the SmCo5 layer ofS10 andS100. In S10, the torque curve for
180°,u,360° is observed to be different from that for 0
,u,180°, indicating a residual multidomain structu
aroundu5180° in the SmCo5 layer ofS10. Such a suppres
sion of the magnetization switching due to the multidoma
structure, which also manifests itself in the magnetizat
curves as the disappearance of the steep change at2H1,
critically changes the area of the hysteresis in the tor
curves as well as the hysteresis loss energy.

Finally, let us briefly discuss thed-dependent behavior o
the domain nucleation arising from the pinhole. As me
tioned above, observedH2 andu2 increase with increasingd;
H2@S10#513 kA/m,H2@S100#517 kA/m or u2@S10#5125°
,u2@S100#5145°. This suggests that the increase in the
terface size suppresses the domain nucleation. Suchd depen-
dencies ofH2 and u2 are argued from the viewpoint o
nucleation of a single domain as follows. Assuming a nuc
ation of a single domain of identical size to the pinhole, t
condition of the nucleation around the pinhole has two
quirements:~i! the energy change of the domain nucleatio
D, is negative, and~ii ! the threshold energy of the nucleatio
ETH , is smaller than the thermal fluctuation energy pe
degree of freedom8 ('kBT/2). Concerning requirement~i!,
the d dependence ofD cannot be responsible for the ob
served variation ofH2 and u2, sinceD is, rather, enhanced
by increasing the size of the nucleated domain. Concern
requirement~ii !, on the other hand, the nucleation fieldH2 or
u2 is enhanced by increasingd when kBT!ETH(H50),
sinceETH is enhanced by increasing the size of the nuclea
domain. This suggests that the increase in the nucleation
as a result of the increase in the pinhole size gives rise to
observed enhancement ofH2 or u2. In other words, thed
variation of the magnetization process in the present st
may be a reflection of the competition between the pinh
size and the typical dimension that can be thermally nuc
ated. Such competition can be responsible for the variatio
the magnetization process and the change in the coer
force in the hard-magnetic layers.

In summary, the magnetization process for hard-magn
SmCo5 /SiO2/soft-magnetic Fe19Ni81 trilayer films was in-
vestigated, wherein the size of the interface between m
netic layers was controlled by the dimension of a pinh
penetrating the SiO2 layer. The observed magnetizatio
curves and the magnetic torque curves indicate that eve
micron-sized pinhole gives rise to the domain nucleation a
significantly changes the whole magnetization process in
SmCo5 layer whose diameter is;300 times as large as tha
of the pinhole. The pinhole-size dependence of the dom
nucleation filed is accounted for by the variation in t
threshold energy of the nucleation.

This work was supported by a Grant-in-Aid from th
Ministry of Education, Science, and Culture of Japan.
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