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Magnetization process in Sm40Fe60„88 nm…ÕNi80Fe20„62 nm… exchange spring films
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The magnetization reversal in a sputtered Sm40Fe60(88 nm)/Ni80Fe20(62 nm) hard/soft bilayer with induced
uniaxial anisotropy was investigated by Kerr microscopy and magnetometry. In the reversible regime of the
hysteresis loop a twisting of magnetization across the thickness of the soft magnetic film could be derived. The
hard layer reverses by the nucleation and growth of regular domains. They are separated from the nonswitched
areas by tilted domain walls, the angle of which can be predicted by considering the net magnetic moments of
the bilayer system.
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I. INTRODUCTION

Magnetic bilayers, consisting of two exchange-coup
ferromagnetic films of different magnetic hardness and s
ficient thickness above a critical dimension, as shown in R
1, typically display a double step easy axis hysteresis cu
@Fig. 1~a!#. After saturation@Fig. 1~b!# and field inversion,
the magnetization in the magnetically soft film is contin
ously twisted across the film thickness@Fig. 1~c!# after ex-
ceeding a critical field. At the same time the magnetic m
ments at the interface are more or less fixed along
previous saturation direction by exchange interaction w
the ~still rigidly magnetized! hard layer. The twisting is com
pletely reversible, i.e., the soft layer rotates back into ali
ment with the hard layer if the reverse field is removed—
phenomenon that may be termed ‘‘exchange spring’’ proc
with reference to exchange spring permanent magnets
sisting of nanodispersed hard and soft magnetic coup
phases.2 In stronger fields, the soft and hard films are irr
versibly remagnetized along the second branch of the hys
esis curve.

Exchange spring films have been investigated in a num
of papers.1,3–7 Most of them concentrated on the revers
fields of the soft and hard layers and their dependence on
film thickness. Usually hysteresis loops were analyzed to
rive information on the magnetization reversal, eventua
supported by numerical calculations in which the expec
twisting of magnetization in the soft film along the reversib
part of the process could be verified.3,5,7–9 Microscopic ob-
servation was performed in Refs. 6 and 10. Here the ave
rotation angle in the soft film of an Fe/SmCo bilayer w
measured magneto-optically by imaging the fringing fie
around etched holes using a magnetic garnet indicator
that was attached to the bilayer in close contact. With t
method a field-induced biquadratic coupling effect w
found as a consequence of interaction fluctuations due to
partial remagnetization of the fine-grained SmCo layer.6 In
Ref. 11 domain processes in the buried SmCo film of
same system could be successfully imaged by x-ray mic
copy, finding obliquely oriented domain walls that were o
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viously correlated to structural features in the polycrystall
film.

In general, however, the reversal of the hard film in e
change spring bilayers is treated in a speculative way in
literature. Two possible mechanisms are discussed. The
one is related to the twisted magnetization in the soft fil
which may be seen as a Bloch wall parallel to the film pla
With increasing field this wall is increasingly compress
against the hard/soft interface, slowly entering the hard fi
It can finally get locally unpinned and quickly sweep acro
the thickness of the hard film in fields well below the nuc
ation field of an isolated hard film. This mechanism is f
instance suggested in Refs. 3, 8, and 12, stimulated by
merical calculations, and also proposed in Refs. 1 and
Alternatively, the hard film could as well be irreversib
switched by the nucleation and growth of regular doma
with walls that propagate laterally along the film. This reve
sal mechanism was suggested in Ref. 5, derived from m
magnetization loops. In any case, a direct observation of
main processes is expected to provide important informa
on the real mechanism in each sample system.

In this paper the magnetization reversal in a sputte
Sm40Fe60 (88 nm)/Ni80Fe20 (62 nm) bilayer film was there-

FIG. 1. ~a! Easy axis magnetization curve of
Sm40Fe60(88 nm)/Ni80Fe20(62 nm) bilayer film with an induced
uniaxial anisotropy. Sketches~b! and ~c! schematically show the
expected twisting of magnetization in the soft film along the reve
ible branch of the hysteresis curve.
©2002 The American Physical Society09-1
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D. CHUMAKOV et al. PHYSICAL REVIEW B 66, 134409 ~2002!
fore studied by Kerr microscopy. This is one sample out o
series of SmFe/NiFe bilayers that were thoroughly inve
gated in Ref. 1. Both the amorphous SmFe film and
nanocrystalline NiFe~permalloy! film have an induced
uniaxial anisotropy along the same axis with anisotro
fields of 300 kA/m and some kA/m, respectively, as es
mated from the saturation fields of hard axis hysteresis lo
of corresponding single films. This justifies the assumpt
of an approximately rigid magnetization in the SmFe film
the relevant applied field range of about 10 kA/m. The sa
ration polarizations of SmFe and NiFe are 0.36 and 1.08
respectively, which results in different magnetic mome
fractions of 0.68 for NiFe and 0.32 for SmFe~by considering
the film thicknesses of 88 and 62 nm, respectively!. In some
figures the magnetization of the two films is therefore in
cated by vectors of different length.

II. EXPERIMENT

The Sm40Fe60 (88 nm)/Ni80Fe20 (62 nm) bilayer was pre-
pared by dc magnetron sputtering at room temperature
glass substrate that allows domain observation from b
sides. The deposition rates were 0.15 nm/s and 0.16 nm
for NiFe and SmFe, respectively. An in-plane uniaxial anis
ropy was induced with the easy axis along the direction o
permanent magnetic field of 6 kA/m being present dur
deposition. The bilayer was protected by a 5-nm Si3N4 layer
that was rf sputter depositedin situ. The structure of the films
was characterized by routineu-2u x-ray diffraction. The
nanocrystallinity of the NiFe film was indicated by a wid
peak of fcc~111!-NiFe around 43.7°, and a very broad pe
located between 27° and 37° indicated the amorphous s
of the SmFe film.

The magnetization loops were measured in an alterna
gradient magnetometer~AGM! and by superconducting
quantum interference device~SQUID! magnetometry. Do-
main observation was performed in a digitally enhanced K
microscope applying the longitudinal Kerr effect with th
axis of sensitivity along the magnetically preferred axis.

III. DOMAIN OBSERVATION

The spring process is demonstrated by domain obse
tion on the NiFe side in Fig. 2. By demagnetization in

FIG. 2. Domain observation on the NiFe side of the NiFe/Sm
bilayer. In an increasing field the NiFe magnetization is reversi
twisted or rotated@~a!–~e!#. Beyond about 9 kA/m the domain wall
are irreversibly shifted~f!.
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alternating magnetic field along the easy axis it is possible
obtain a 180° domain state@Fig. 2~a!#, in which the SmFe
and NiFe films are magnetized parallel. In a magnetic fi
along the direction of the white domains, the magnetizat
in the black NiFe domains is rotated~presumably twisted! so
that the black domains continuously approach the color
the white domains with increasing field strength@Figs. 2~b!–
2~e!#. Up to about 9 kA/m this rotational process is reversib
without wall motion, i.e., the SmFe domains are not affect
In fields stronger than 9 kA/m the domain walls are shift
and zigzag folded as shown in the remanence picture of
2~f!.

The complete demagnetization process, again obse
from the NiFe side, is shown in Fig. 3. Here the external fie
was precisely aligned along the preferred axis. After satu
tion and field inversion, the magnetization in the NiFe fil
becomes simultaneously twisted clockwise and coun
clockwise on a local scale during demagnetization. The t
phases of opposite chirality appear in a characteristic con
texture orthogonal to the field direction@Fig. 3~a!# in a simi-
lar way as magnetization ripple in polycrystalline sing
films after decreasing a hard axis field.13 The simultaneous
presence of both chiralities can be seen as a reaction o
permalloy film to a statistical perturbation by the crystal a
isotropy of the individual grains~like in the ripple
phenomenon14!. The orthogonal texture is caused by th
stray field energy: a modulation of magnetization aroun
mean direction along the field direction~which in our case is
caused by both chiralities! is energetically more favorable i
both phases are separated by ‘‘walls’’ that are running
thogonal to the field direction. In Ref. 10 a similar concl
sion on the magnetization process in the soft magnetic la
was derived from fringing field imaging around holes usi
the mentioned magneto-optic indicator technique
CoSm/Fe bilayers. If the field would be reduced from a
point on the reversible branch of the magnetization cur
the stripes would reversibly disappear due to the excha
interaction with the~still rigidly magnetized and saturated!
hard layer. At the onset of the irreversible branch, the h

e
y

FIG. 3. Easy axis magnetization process along the hyster
curve, observed from the NiFe side. The reversible branch is c
acterized by a stripelike modulation of magnetization~a!, the irre-
versible branch by the nucleation and growth of regular doma
@~b! and~c!#. The field direction is marked by arrows on the side
each picture. The open arrow at~a! marks the previous saturatio
direction.
9-2
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and soft layer are irreversibly switched by the nucleat
@Fig. 3~b!# and growth~c! of black domains. In these do
mains, which are separated from the twisted matrix by z
zag walls, both films are magnetized parallel along the fi
direction. If the field is turned off somewhere on the irreve
ible branch, the black domains almost stay unaffect
whereas the twisted areas in the NiFe film return to the p
vious direction, thus forming a 180° domain pattern with
parallel magnetization in both films~d!.

In Fig. 4 the same process was observed on the S
side. As the twisting cannot be seen from this side, only
nucleation and growth along the irreversible branch are
played@Figs. 4~a!–4~c!#. The zigzag character of the doma
walls is well pronounced in these images. The occurrenc
the zigzags requires the simultaneous presence of
chiralities in the NiFe film as will be discussed in Sec. I
This is only possible if the magnetic field is exactly align
along the preferred axis within one degree. The wall ang
can be isolated by slightly misaligning the field, th
uniquely selecting one of the two possible chiralities: rot
ing the field direction clockwise results in the nucleation
counterclockwise domain walls@Fig. 4~d!# and vice versa
@Fig. 4~e!—note that the zigzag in Fig. 4~e! is not related to
the chirality induced zigzag. It is rather caused by wall p
ning#. If, starting from the latter domain state, the field
rotated clockwise again@Fig. 4~f!# the previous overall wall

FIG. 4. ~a!–~c! Magnetization process in an easy axis field alo
the irreversible branch of the magnetization curve, observed f
the SmFe side. In~d! and~e! the field was misaligned by65° away
from the easy axis. Image~f! is related to~e! as explained in the
text. The arrows mark the magnetization direction in the SmFe fi

FIG. 5. Identical domains on the SmFe~a! and NiFe side~b!,
imaged separately by turning around the sample. The second im
was mirrored around the vertical axis to allow a direct compari
of the pictures. Unprocessed raw images are shown in each ca
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orientation of Fig. 4~e! is maintained, but the walls becom
folded along the axis of Fig. 4~d!.

A domain state similar to that in Fig. 4~e! is shown in Fig.
5. After switching off the magnetic field, the domains we
imaged from the NiFe and SmFe side separately by turn
around the sample. Both images show identical doma
proving that the reversed domains along the irrevers
branch of the hysteresis curve extend across both, soft
hard layer.

IV. DISCUSSION

The domain-wall angles during irreversible switching c
be explained in terms of net local magnetic moments.
indicated in Fig. 6~a!, the moment fractions of 0.68 for NiF
and 0.32 for SmFe add up to a total~normalized! moment of
11 at positive saturation. The magnetic field shall be align
precisely along the easy axis that is identical with thex axis
in the coordinate system of Fig. 6~b!.

After field inversion@Fig. 6~b!#, the magnetization in the
NiFe film is twisted clockwise or counterclockwise, where
the SmFe film is assumed to remain magnetized positivel
long as we stay on the reversible branch of the hyster
loop. This is schematically indicated in the left part of Fi
6~b!. The SmFe and NiFe moments add up to a net mag
tization vectorm1 , the direction of which depends on th
chirality in the NiFe film. On entering the irreversibl
branch, domain nuclei are formed in which the Sm
magnetization is flipped by 180°, forcing the NiFe magne
zation along the same direction by exchange coupli
The nucleus is represented by a magnetization vectorm2 in
the right part of Fig. 6~b!. The three domain phases are sep
rated by domain walls that have to obey the conditi
(m12m2)•n50 to be globally free of net magnetic charg
~note that the walls themselves can nevertheless be loc
charged in a dipolar way if they are of Ne´el character!. The
wall normaln5(cosw,sinw) is defined in Fig. 6~b!.

To calculate the wall angles of the domain nucleus,
two vector components ofm1 have to be determined. Thex
component~i.e., the component along the field direction! can
directly be taken from the hysteresis loop: it is the magn
zation value at the onset point of irreversible switching@see
Fig. 6~c!#. This point is obtained by measuring the min
loops at successively increasing reversal fields. At the on
of irreversible switching, the minor loops become irreve
ible. The problem is, that the onset point is ill defined for o
sample as the irreversible switching is strongly time dep
dent. This is demonstrated in Fig. 6~c!, where the magneti-
zation curves measured at three different speeds are plo
The curves at 2000 and 200 A/m per sec were obtained in
AGM magnetometer, the 2-A/m/sec curve was measured
SQUID magnetometer. The onset point is shifted towa
higher fields and larger negative magnetization with incre
ing measurement speed. This means that thermal activa
plays an important role in the nucleation and unpinning
reversed domains. The time dependence can also be
served in the Kerr microscope: once an irreversible nucl
is formed, the domain walls tend to creep. To determine
magnetization components at domain nucleation, we th
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D. CHUMAKOV et al. PHYSICAL REVIEW B 66, 134409 ~2002!
fore have chosen the onset point of irreversible switch
derived from the low-speed SQUID curve. This onset field
in the same range as the nucleation field determined by
croscopy at a slowly varying field. Another interesting obs
vation is the delay in the reversible branch of the SQU
magnetization curve as compared to the AGM curves. T
might be related to the AGM technique, in which an alt

FIG. 6. Magnetization model for the explanation of the dom
wall angles. In~a! the bilayer is saturated in a positive field. In~b!
a reversed domain is formed on the right, which is separated
tilted walls from the twisted zones on the left. The magnetizat
vector m1 was determined from the magnetization curves in~c!,
where the longitudinal and transverse components are plotte
measured by AGM and SQUID magnetometery. Kerr image~d!
verifies the coexistence of three domain phases as assumed in~b!.
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nating field gradient~of about 100 A/m/mm! is superimposed
to the stepwise changing dc field. The alternating field co
influence the magnetization process by causing domain s
that are closer to equilibrium.

For the SQUID curve also the transversal componen~y
component! of m1 was measured@Fig. 6~c!#. To avoid a can-
cellation of the transverse moment, it was necessary to m
align the field by a few degrees from the easy axis, so t
just one chirality in the NiFe film is selected. Around th
onset of irreversible switching, at whichm1x is 10.15, the
m1y component amounts to about10.61. With m1
5(10.15,10.61), m25(21,0), and n5(cosw,sinw) we
get w5262° for the wall normal direction under the cond
tion of net-charge freedom. By symmetry, this results in
two possible wall orientations of628° as sketched in Fig
6~b!. Experimentally an angle of about623° is measured a
the nucleus of Fig. 4~a!.

The observations in Figs. 6~d! and 4~f! support our model.
In Fig. 6~d!, observed from the NiFe side, the three doma
phases are visible. However, the picture is not taken at nu
ation, but after the irreversible switching was already
progress. The field was then stopped and somewhat red
to avoid creeping. A wall angle of about630° is measured in
this picture. Also the zigzag walls in Fig. 4~f! can now be
explained. Previous to the domain state shown there,
state of Fig. 4~e! was obtained during irreversible switchin
in a field slightly misaligned by about15° relative to the
preferred axis. The field amplitude was then reduced to z
rotated to25° and increased again. Now the chirality in th
NiFe film is opposite to the previous one, so that a w
orientation like in Fig. 4~d! would be favored. The walls o
Fig. 4~e! tend to approach this orientation by zigzag foldin
in Fig. 4~f!. Similar arguments apply to the zigzag walls
Fig. 2~f!. By demagnetizing the sample in a field close to t
easy axis, it was possible to create the 180° domain stat
Fig. 2~a!. For increasing fields@Figs. 2~b!–2~e!# the black
domains get increasingly twisted. This creates a transv
magnetization component in these domains so that the in
wall orientation becomes unfavorable. Nevertheless, the
main walls remain straight as long as we stay on the rev
ible branch of the hysteresis curve. The gain in energy
reorienting the walls is obviously not strong enough to ov
come coercivity forces. Only in stronger fields that initia
irreversible wall motion@Fig. 2~f!# do the walls approach
their required equilibrium orientation by zigzag folding
keeping their overall orientation at the same time. The zig
state is obviously preserved after switching off the fie
again due to coercivity effects. Further information on t
zigzag folding of domain walls can be found in Ref. 13.

Although our domain observations show the growth
regular domains during irreversible switching, they do n
answer the question of the nucleation mechanism. Note
in single SmFe films in the same thickness range nuclea
fields of more than 40 kA/m are observed,1 which is at least
four times as large as found for the bilayer. A conceiva
interpretation of the reduced nucleation field of the bilay
could be fluctuations in the interface coupling: At locatio
with stronger interface coupling a stronger twisting of t
soft layer magnetization might occur with an in-plane Blo
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wall that is successively compressed towards the interf
eventually entering the hard film and thus forming a nucle
This nucleus then grows laterally by the motion of regu
domain walls.

An interesting feature, derived from the SQUID curve
has to be noted. The SQUID curve in Fig. 6~c! reveals a
maximum transverse moment of about 0.63, which is 93%
the total moment of the NiFe film. For comparison, a tra
verse moment of only 73% can be derived from the SQU
curves of a SmCo~20 nm!/Fe~20 nm! bilayer investigated in
Ref. 3. Two effects can possibly contribute to the surp
ingly large transverse moment measured in our SmFe/N
system:~i! The twisting in the permalloy film might not be a
pronounced as in the SmCo/Fe system where the films
even thinner than in our case. A more homogeneous rota
of magnetization would then have to be assumed and co
quently a reduced exchange coupling across the hard
interface as compared to the exchange stiffness in the N
film, which allows a rapid rotation of spins at the interfa
and a low degree of twisting across the soft film thickne
~ii ! There might also be a considerable twisting in the Sm
film. Micromagnetic simulations would be necessary to d
cide on the contributions of both effects. However, th
would require the knowledge of the strength of exchan
coupling across the hard/soft interface that is unknown.

V. SUMMARY

The magnetization reversal in a sputter
Sm40Fe60(88 nm)/Ni80Fe20(62 nm) bilayer film with induced
ar
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uniaxial anisotropy was investigated by Kerr microscop
The low-anisotropy NiFe film is exchange coupled to t
high-anisotropy amorphous SmFe film, leading to a dou
step easy axis hysteresis curve as typical for an excha
spring film system. Along the reversible part of the curve t
magnetization in the soft film is continuously rotated in
stripelike way, indicating clockwise and counterclockwi
rotation. The simultaneous measurement of longitudinal
transverse magnetization components indicates a surprisi
high transverse magnetic moment in our bilayer system.
cromagnetic calculations, which correctly consider the~un-
known! coupling across the interface, would be necessar
quantitatively derive the spin structure.

Along the irreversible curve, hard and soft layers a
switched by the nucleation and growth of regular doma
rather than by a domain wall that propagates along the
thickness direction. The domains are separated from the
tated matrix by characteristically tilted domain walls. Th
wall angles can be explained in terms of the local net m
netization under the constraint of charge freedom.
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