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Abstract

The remagnetization of a soft ferromagnetic film exchange coupled with a high-coercivity ferromagnetic film is

studied by a magneto-optic imaging technique. If the magnetic field is antiparallel to the macroscopic unidirectional in-

plane anisotropy, the soft layer reverses via the formation of exchange springs consisting of subdomains with opposite

spin twistings. However, if the field is instead rotated in-plane, remagnetization initially proceeds via formation of a

single uniform exchange spring. Then, at a critical angle, the spring incoherently untwists, leading again to subdomains

with opposite chirality. These phenomena are attributed to the influence of inhomogeneity in the unidirectional

magnetic anisotropy. r 2002 Elsevier Science B.V. All rights reserved.
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Domain wall (DW) nucleation and motion are
elementary steps in the remagnetization of a
ferromagnet. The spin structures of various DWs
and their dynamical properties can be described
using the Landau–Lifshitz equation [1]. A DW can
be viewed as a topologically stable exchange
spring. Isotropic exchange interactions act to
unwind the spring by orienting the spins parallel
to each other. Anisotropic, relativistic interactions
resist this action by anchoring the ends of the
spring in the valleys of the potential energy

surface. The width d of a 1801 ferromagnetic
DW is determined by the ratio of the exchange A

and magnetocrystalline anisotropy K such that
d ¼ pðA=KÞ1=2; where d is typically tens to
hundreds of nanometer. Remagnetization of bulk
material essentially occurs via the motion of DW
formed in nanoscale regions of the sample.
Various methods have been developed to investi-
gate DW displacement during the magnetization
process. It has been established that the DW
velocity depends on the effectiveness of energy
transfer mechanisms via different excitations,
including non-linear spin waves. In large external
magnetic fields a transformation of the DW
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structure can occur which gives rise to the
formation of Bloch lines and points [1,2].
No prior experimental study of the exchange

spring formation process exists because of the
challenge of characterizing magnetic moments
localized on the short length-scale of d: The
features of the DW nucleation and growth are
central to the fundamental physics and technology
of new magnetic materials [3–17]. For example, in
films consisting of thin layers (of thickness
comparable to d) of a soft ferromagnet exchange
coupled to a hard ferromagnet, the remagnetiza-
tion of the soft layer is determined exclusively by
the exchange spring formation process [11–16].
This process is experimentally studied herein. It is
found that exchange springs develop with opposite
chirality due to incoherent spin rotations in
adjacent areas during the magnetization reversal
of the soft layer.
The sample consists of an epitaxial film of 50 nm

of Fe(1 0 0) deposited by magnetron sputtering [15]
onto 35 nm of Sm–Co grown on an MgO(0 0 1)
substrate that is buffered with 20 nm of Cr(1 0 0).
The sample was initially magnetized in a 7 T field
along an in-plane Sm–Co easy axis in order to
establish a unidirectional magnetic anisotropy in
the soft layer. A hysteresis loop of the composite is
shown in Fig. 1, measured in a field H oriented
along the unidirectional anisotropy axis. From this
loop one can see the discontinuous change due to
the switching of the soft ferromagnetic layer at
reversal fields o0.25T and the gradual switching
of the hard SmCo layer at larger fields.

The remagnetization processes in the bilayer
were observed by means of visualizing the stray
magnetic fields around the sample using a magne-
to-optic (MO) indicator film technique [17] with
digital image processing. In this technique, a
transparent, Bi-doped yttrium iron garnet indica-
tor film is placed on top of the sample. In the
absence of a magnetic field, the indicator magne-
tization is oriented in-plane, but it can deflect out
of plane under the influence of perpendicular
components of the stray field H> around the
sample. An MO image of the sample magnetic
structure is observed in the reflected light using a
polarizing microscope due to the double Faraday
effect in the indicator film (and using slightly
uncrossed polarizers at a small angle b). For the
bilayer investigated here, the total magnetic
moment in the Fe layer is far greater than that
of the Sm–Co, thereby causing a MO contrast
which is dominated by the Fe layer.
The exchange spring formation is investigated

on a sample for which a 300-mm diameter hole was
abrasively ground through the layers. The mag-
netic poles on opposite sides of the hole (Fig. 2)
permit a determination of both the orientation and
magnitude of the average magnetization (M) of
the surrounding region. The black and white
colors of the MO image correspond to opposite
signs of H>: The magnitude of H> is given by the
intensity of the MO signal. For an in-plane M that
is uniform in the vicinity of the hole, the MO
contrast is at a maximum along the symmetry axis
of its MO stray field image. This axis is parallel to
M and delineated by the schematic compass needle
shown in Fig. 2a. Photometric measurements of
the MO signal intensity along this axis appear in
Fig. 2b. Here the deviations from the mean
intensity level (the gray background) of the MO
signal at the left and right side edges of the hole
are, respectively, IL ¼ IO½sin

2ðbþ cÞ � sin2 b� and
IR ¼ IO½sin

2 b� sin2ðb� cÞ�; where IO is the in-
tensity of the incident linearly polarized light and
c is the Faraday rotation. For small c the average
intensity IA ¼ ðIL þ IRÞ=2BcBH>BM : Thus,
the average magnetization over the thickness of
the bilayer is characterized by the value of IA and
by the angle a of its rotation relative to the easy
axis of magnetization. Changes in these values

Fig. 1. Central part of a M vs. H hysteresis loop

(�5 ToHoþ 5 T) measured for the Fe/Sm–Co sample with
H applied along the easy anisotropy axis.
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during remagnetization of the soft layer provide a
means for determining the spin distribution in that
layer.
A technical point that must be addressed before

proceeding is that the field that is applied in-plane
can influence the MO signal because it can rotate
the H>-induced magnetic moments in the indica-
tor film back into the film plane. This reduction in
intensity of the useful MO signal can be accounted
for by introducing a coefficient KH ¼ I0L=IH

L ; (I0L
and IH

L are the peak intensities measured at H ¼ 0
and H; respectively). The field dependence of KH

was measured in a separate experiment using
positive applied fields (0–250mT). In this field
range, M is essentially constant (see Fig. 1) and,
consequently, the intensity change of the MO
signal depends only on the magnitude of H : The
calibration experiment shows that KH increases
linearly with increasing H :
Our MO study of the exchange spring formation

reveals significant disagreements with theoretical
predictions [11–16]. We find, in particular, that the
initiation and development of spin twisting do not
lead to a uniform rotation of the in-plane
magnetization of the soft layer during remagneti-
zation. Uniform rotation is only observed when
the field is oriented far away from the easy axis at
some angle j: An example of the magnetization
reversal process and its characteristics for the j ¼
101 case is shown in Fig. 3. The easy anisotropy
axis is indicated by the dotted line in Fig. 3a. As H

is increased in the negative direction, the MO
portrait of the stray fields around the hole changes
(Fig. 3a). The symmetry axis rotates and the

intensity contrast decreases. This would appear
to substantiate the prevalent conception that the
remagnetization starts by the formation of a
simple exchange spring due to the spins in the
soft layer forming a spiral twist along a perpendi-
cular to the interface [11–16]. However, the
dependence of a and IA on H (Fig. 3b and c)
cannot be explained by this simple model.

Fig. 2. (a) Magneto-optical image of a region of the sample containing a hole, and (b) intensity of the MO signal along the photometry

line delineated by the schematic compass needle in (a).

Fig. 3. (a) MO images of the sample region containing a hole,

corresponding to points I–III in (b) and (c). Dotted lines

indicate the easy magnetization direction. (b) Field dependence

of the magnetization rotation angle a for j ¼ 101 and (c) the

field dependence of the average intensity IA of the magneto-

optical signal for j ¼ 101 (curve 1, circles) and j ¼ 01 (curve 2,

triangles).
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Note in Fig. 3b, that a critical field value of
B�25mT is required before visible rotation of M

occurs. Nevertheless, the value of IA (Fig. 3c),
measured for the first time in this study, decreases
substantially (up to 15%) for jm0H jo25 mT in the
reversed direction (while the rotation of M is
essentially unobservable). Moreover, at m0H
slightly in excess of �40mT, the sharp decrease
in IA ceases in spite of the fact that the rotation of
M (see Fig. 3b) continues with increasing reversed
field. The fact that the MO signal intensity does
not scale with the rotation of M (for j ¼ 101)
proves the presence of non-uniformity in the spin-
spiral formation during reversal of M in the soft
layer.
Our data for the remagnetization with the field

oriented antiparallel to the unidirectional aniso-
tropy of the Fe layer (j ¼ 01) reveal an even more
paradoxical disagreement with the predictions of
theory [11–16]. Curve 2 in Fig. 3c depicts the
intensity change of the MO signal in this latter
case. Upon field reversal, IA initially drops to zero
with increasing field magnitude to B�50mT.
Further increase in jH j results in a contrast reversal
followed by an increase in the MO intensity
(indicated in Fig. 3c by an increase in the negative
IA values). However, the MO images do not reveal
any rotation of the symmetry axis of the stray field
distribution around the hole (and, hence, any
rotation of the average in-plane magnetization of
the sample) during remagnetization.
Comparison of curves 1 and 2 in Fig. 3c shows

that during the first stage of remagnetization
(m0H> �50 mT) they essentially overlap. This
indicates a decrease in the average in-plane
magnitude of M despite the fact that in one case
(for j ¼ 01Þ rotation is not noted while in the
other (for j ¼ 101Þ it is. The fact that there is a
reduction in the MO signal intensity without any
discernable rotation of M (for j ¼ 01) again
proves that the magnetization reversal of the soft
layer is non-uniform in plane. Such non-unifor-
mity cannot be created by the formation of a
simple exchange spring of a single chirality, but
must derive from a more complex spin structure,
presumably containing submicron-sized subdo-
mains with different chirality (separated by Bloch
lines).

The presence of a complex exchange-spring
structure is also confirmed by torque experiments
(Fig. 4) wherein the amplitude of H is kept
constant but its in-plane orientation is rotated.
From the dependence of IAðjÞ and aðjÞ note that
during the field rotation, M in stage I does not
rotate in synchronization with the field, but lags
behind; at j ¼ 1501M lags H by almost 901.
Simultaneously IA decreases only slightly. Fig. 4
also shows that when j reaches some critical value
(here, jcrE1901), the magnetization state of the
sample becomes unstable; continued rotation of H

in the same direction causes the rotation of M to
change sign. During this instability the effective
value IA (and hence jM j) continues to decrease
(not shown in Fig. 4) and the MO image begins to
exhibit magnetization ripples and micro-domains
(Fig. 4b, Stage II). After the Stage II M reversal,
jM j is similar to that at the beginning of the
process, and M now leads H (Fig. 4, Stage III)
with continued H rotation.
The relationship between IA and a (the magni-

tude and orientation of M) is shown in Fig. 5 for
both types of remagnetization. Curve 1 is for
cycling H along a single axis (with j ¼ 101), and

Fig. 4. Dependence of the average MO signal intensity IA
(open symbols) and the magnetization rotation angle a (filled
symbols) on the magnetic field rotation angle j in the torque

experiment. The bottom photographs show the sample region

near the hole for m0H ¼ 36 mT corresponding to states I–III in

the graph.
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curve 2 is for rotating H (m0H ¼ 36mT) about an
axis perpendicular to the sample plane. In the first
case, the magnetization rotation is accompanied
by a sharp drop in IA: In the second case, the MO
signal intensity IA is substantially less dependent
on the rotation angle of M: At some critical angle
a (B601 in curve 2) determined by the magnitude
of the applied field, the average magnetization
over the bilayer thickness discontinuously changes
to a new equilibrium direction (not indicated in
Fig. 5). As mentioned above, the MO image shows
an inhomogeneous spin structure during the
discontinuous jump. This non-uniform MO con-
trast is not consistent wit the simple picture of a
single-chirality exchange spring. Instead, it shows
that subdomains (spin spirals of opposite chirality)
are created in a complex exchange spring struc-
ture.
The new spring structure with mixed chirality

described above is a consequence of inhomogene-
ity in the direction of the unidirectional anisotro-
py. In general it is known that interfacial exchange
coupling between a ferromagnet and a different
magnetically ordered material breaks the magnetic
symmetry of the system, causing the creation of a
unidirectional exchange anisotropy in the ferro-
magnet. When an external field is antiparallel to
this anisotropy direction, remagnetization pro-
ceeds by spin rotation in either the clockwise or
counterclockwise sense. The uncertainty in spin
twisting direction, however, is removed when H is
oriented away from the anisotropy direction.
Real bilayer films inevitably contain lattice

defects and interfacial imperfections. These entities

cause inhomogeneous changes in the orientation
of the local unidirectional anisotropy axes across
the whole sample. Their random deviations from
the field direction results in incoherent spin
rotation. Opposite chirality spin rotation occurs
in different submicron areas that are too small to
be directly resolved by the MO technique. In our
sample, such opposing spin rotation structures in
the Fe layer predominate when the field is oriented
along the easy axis, as indicated by the M value
dropping to zero and even changing sign (cf. curve
2, Fig. 3c). For this situation, no rotation of M is
observed, consistent with there being only local
spin rotations in different directions. Nano-
domains are formed in this case, which are in
essence subdomains in a Bloch-wall type exchange
spring with different chiralities. The boundaries
between them will be magnetic vortice-type line
singularities (similar to a Bloch line in a domain
wall [1]).
The overlapping of the IAðHÞ curves for the j ¼

101 and 01 experiments (curves 1 and 2, respec-
tively, in Fig. 3c) for m0H > �40 mT show that
even for j ¼ 101; there exist spin rotations in
opposite directions in different micro-regions of
the Fe-layer. We conclude this because, as
described above, we know such opposite spin
rotations occur in the j ¼ 01 case. The stabiliza-
tion and subsequent increase in M (Fig. 3c, curve
1) with increasing (negative) magnitude of H (for
m0Ho� 50 mT) in the j ¼ 101 experiment may be
due to the following two effects. Firstly, the loss in
stability can cause a subsequent change in the spin
twisting direction of a number of nano-domains in
which the spins were initially twisted in the
opposite direction. And secondly, M can increase
because of increasing alignment of the spins
furthest away from the pinned interface, near the
free surface of the soft layer, in the twisted spin
arrangement as H increases.
The remagnetization of the bilayer film under

field rotation confirms that incoherent behavior
occurs when it is in an unstable condition (Fig. 4).
Fig. 4 (stage II) shows an inversion of the rotation
direction of M as the spin system stability is lost.
These results, and the appearance of magnetiza-
tion ripples in the MO image, can only be
explained by the nucleation and growth of

Fig. 5. Average MO signal intensity vs. M rotation angle (a)
for uniaxial field reversal (j ¼ 101; curve 1, open symbols) and
for iso-field rotation (m0H ¼ 36mT; curve 2, filled symbols).
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exchange springs (of the Bloch-wall type) with
local spin twisting directions opposite to the initial
twisting.
Fig. 5 shows a comparison of the IA values for

the rotation of M via field reversal (curve 1) and
field rotation (curve 2). It is obvious that the
average total magnetizations are not equal at the
same rotation angle. In curve 2 the higher value of
M is caused by the rotation of almost all the spins
in the Fe layer. While in curve 1, where H is
oriented opposite, or almost opposite, to the
induced unidirectional anisotropy in the Fe layer,
one part of the spin system twists clockwise while
the other twists counterclockwise. This phenom-
enon is caused by significant inhomogeneity of the
magnetic anisotropy direction at the bilayer inter-
face. The magnitude of the inhomogeneity in the
easy axis orientation can be estimated from Fig. 4.
It is approximately equal to the width of the stage
II steps on the IAðjÞ curves.
In conclusion, it is shown that remagnetization

opposite to the macroscopic unidirectional aniso-
tropy of a soft ferromagnetic thin film exchange-
coupled to a high-coercivity layer is not character-
ized by uniform spin rotation along the whole
interface. This means that the spin configuration
during remagnetization is not that of a simple,
exchange spring of a single chirality. Instead, it is
comprised of adjacent local spin-spirals with
opposite chiralities. The local sign of the rotation
is determined by the direction of the local
unidirectional anisotropy (correlated with crystal
lattice misorientations and imperfections) relative
to the direction of the remagnetizing field.

Work at Argonne was supported by the US
Department of Energy, Division of Basic Energy
Sciences-Material Sciences under contract No. W-
31-109-ENG-38.
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