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Asymmetry in Elementary Events of Magnetization Reversal
in a Ferromagnetic/Antiferromagnetic Bilayer
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Real-time magneto-optical indicator film images reveal distinct asymmetry in the motion of a single
domain wall in a wedged-NiFe/uniform-FeMn bilayer due to the nucleation and behavior of an exchange
spring in the antiferromagnetic layer. Magnetization reversal from the ground state begins at the thick
end of the wedge where the exchange anisotropy field �HE� is minimal and the magnetostatic field �HMS�
is maximal, whereas reversal into the ground state begins from the thin end where HE is maximal and
HMS is minimal.

PACS numbers: 75.70.Cn, 75.30.Et, 75.50.Kj
Domain wall (DW) nucleation and motion are among
the most important phenomena in nonlinear physics, rang-
ing from the reversal processes of magnetization in ferro-
magnets, polarization in ferroelectrics, to the magnetic and
electric field response of superconductors. Domain walls
are most prominently featured in ferromagnets, for which
Landau and Lifshitz [1] proposed in 1935 an equation of
magnetization dynamics and showed that the structure of
a 180± DW is determined by the competition between the
magnetocrystalline anisotropy �K� and exchange �A� ener-
gies. Within the wall width of d � p

p
A�K , the spins are

twisted in a spiral creating a topologically stable exchange
spring. In real ferromagnetic materials, the magnetization
reversal proceeds by incoherent spin rotation, which causes
DW nucleation in the regions with maximal magnetostatic
field or crystal lattice defects [2].

In the last few years there has been a great deal of in-
terest in studying the unique properties of magnetic nano-
structures, involving small magnetic entities whose sizes
are comparable to the DW width d, in which there is a
coexistence of ferromagnetic (FM) and antiferromagnetic
(AF) exchange interactions [3–21]. One important class
of nanostructures involves FM/AF bilayers [7–18], promi-
nently featured in spin-valve field sensing devices with
technological importance [19]. When a FM/AF bilayer is
cooled in a magnetic field �H� to below the Néel tempera-
ture, a unidirectional (exchange) anisotropy is created [3].
This anisotropy is manifested by a shift of the hysteresis
loop away from H � 0 by the amount of the exchange
bias field HE, and a significant increase in the coercive
force �HC� of the FM [3,15–18]. To date, the investigation
of the microscopic magnetization reversal mechanisms in
these systems has revealed drastic contradictions between
theory and experiment in both the values of HE and HC.

It is now well recognized that the understanding of the
exchange-biased FM/AF thin film lies in the peculiarities
of nucleation and motion of domain walls of both the con-
stituent FM and AF layers. However, detailed experimen-
0031-9007�00�84(4)�765(4)$15.00 ©
tal study of the DW dynamics of the FM/AF bilayers has
been severely hampered by the complicated multidomain
structure, which occurs during switching, occurring within
a narrow field range, from one single-domain state to an-
other with an opposite magnetization.

Recently, macroscopic domain structures in an
exchange-coupled bilayer of wedged-permalloy �Py �
Ni81Fe19��uniform-FeMn �Fe50Mn50� has been realized
by exploiting the inverse dependence of the HE on the
FM layer thickness [16]. The magnetization switching
process involves only two macroscopic domains separated
by only one 180± DW, which moves along the wedge
direction. Taking advantage of this unusually simple do-
main pattern, we have used the magneto-optical indicator
film (MOIF) technique [17] to investigate the details of
the DW nucleation and motion.

We have revealed in this work a distinct asymmetry of
the DW motion in decreasing-field and increasing-field
branches of a field cycle. We have observed direct
experimental evidence that DW nucleation during the
decreasing- and the increasing-field branches of the
hysteresis loop proceeds at different locations of the FM
layer. Contrary to that in free FM layers, the magnetostatic
field stimulates DW formation in the exchange-coupled
FM layer only in the decreasing-field branch. This distinct
asymmetry in the elementary events of magnetization
reversal is due to the local penetration of the exchange
spring into, and its withdrawal from, the AF layer,
proceeding on different hysteresis loop branches.

The sample used in this work has the structure of
Py�110 Å 180 Å��FeMn�300 Å��Cu�300 Å��Si and the
dimension of 15 mm 3 6 mm, with the long direction
being the wedge direction. The film has an in-plane
unidirectional anisotropy established by field cooling with
the field applied perpendicular to the wedge direction.
Magnetometry measurements and the MOIF imaging have
been performed with the applied magnetic field H also
perpendicular to the wedge. The MOIF imaging, which
2000 The American Physical Society 765
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measures the stray fields from the FM surface, has been
used to map out the domains and the DW motion.

The hysteresis loop of the entire wedge sample mea-
sured at room temperature in a vibrating sample magne-
tometer is shown in Fig. 1(a) (the large scatter and slightly
different values in M�Ms at saturation is probably due
to the weak signal of a small sample). The correspond-
ing domain patterns observed by MOIF are schematically
shown in Fig. 1(b). Representative images taken at differ-
ent stages during a hysteresis loop measurement are shown
in Figs. [2–4]. The domain nucleation and DW motion
can be divided into different stages for both the decreasing-
field and increasing-field branches of a hysteresis loop.

In the decreasing-field branch [stages I–V in Fig. 1(b)],
magnetization reversal from the fully magnetized state
[stage I in Fig. 1(b)] occurs first at the two corner regions
of the thick end of the wedged-FM [stage II in Fig. 1(b)],
due to the presence of magnetic poles as in the free FM.
Figure 2 shows the magnetization reversal in the lower
right-hand corner of the thick end of the wedge. The MOIF
technique detects the stray fields from a magnetic surface
and nonuniform magnetization distribution inside the
sample. Magnetic charges are revealed as dark and bright
contrast on the gray background in slightly uncrossed
polarizers, displaying the domains and the orientation of
the magnetization within them. White arrows have been
placed to show the magnetization direction. The sample
in Fig. 2 was initially fully magnetized in a positive field
of 14 mT, applied to the right [stage I in Fig. 1(b)]. As
shown in Fig. 2(a), upon decreasing the field to 25.5 mT,

FIG. 1. Hysteresis loop (a) and schematics (b) of domain struc-
ture at the different stages (I–VIII) of magnetization reversal of
a wedged NiFe/uniform FeMn bilayer.
766
small domains with opposite magnetization begin to
appear, whereas the vast majority of the area is still mag-
netized to the right. When the external field continues to
decrease, the domain with a reversed magnetization
expands and encompasses the thick FM end [Figs. 2(b)
and 2(c)], consolidating the small reversed domains in
Fig. 2(a).

The corner domain evolution represented by
Figs. 2(a)–2(c) also occurs at the lower left-hand
corner of the thick end of the wedge, i.e., two corner
domains develop simultaneously at the thick end of the
FM [stage II in Fig. 1(b)]. Their continued growth in
decreasing magnetic field leads to the joining of the two
domains [stage III in Fig. 1(b)]. At this stage, the wedged
FM consists of only two macroscopic domains with
opposite magnetizations, separated by a 180± wall [16].
The resultant single DW is arc-shaped, bowing towards
the thin end of the wedge.

The arc-shaped DW is driven towards the thin end of the
wedge with further decrease of the magnetic field. Near
the end of the magnetization reversal process, not two but
only one domain is driven out of the sample in the middle
section of the thin end of the wedge [stage IV in Fig. 1(b)].
This is clearly illustrated by examining the central region
of the thin end as shown in Figs. 3(a)–3(c), where only
one domain is driven out.

In the increasing-field branch of the hysteresis loop,
from V to VIII [Fig. 1(b)], on a macroscopic level, the
magnetization reversal seems to be just the stages of II to
V in reverse. However, a closer examination shows crucial

FIG. 2. MOIF images of domain structure at the lower right-
hand corner of the thick end of the wedge at various points of
the hysteresis loop corresponding to stages II (a)– (c) and VIII
(d)– (f ) in Fig. 1. The white arrows indicate the direction of
magnetization.
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FIG. 3. MOIF images of domain structure in the center of the
thin end of the wedge at various points of the hysteresis loop
corresponding to stages IV (a)– (c) and VI (d)– (f ) in Fig. 1.
The white arrows indicate the direction of magnetization.

differences between the increasing-field and decreasing-
field branches due to unusual DW nucleation features and
the asymmetry in the DW motion. The magnetization re-
versal process starts from a saturated magnetization point-
ing to the left [Fig. 3(c) and stage V in Fig. 1(b)]. As
the field is increased to 26.6 mT, initial nucleation of

FIG. 4. MOIF images of domain wall moving in opposite di-
rections at stages III (a)– (c) and VII (d)– (f ) of the hystere-
sis loop in Fig. 1. The white arrows indicate the direction of
magnetization.
the reversal domain occurs in the middle part of the thin
end [Fig. 3(d)], but at a different location from the one
that the domain disappeared during the decreasing-field
branch of the loop [Fig. 3(b)]. As the magnetic field fur-
ther increases, the newly reversed domains with magneti-
zation pointing to the right extend along the thin end of the
wedge to form a continuous domain. At the same time, the
DW moves towards the thick end of the wedge [Figs. 3(e)
and 3(f), stage VI in Fig. 1(b)]. Both the domain shape
and DW dynamics differ from those observed during the
decreasing-field branch. The DW is zigzag in shape in
the field-decreasing process, is more mobile, and has a
large propensity to creep [Fig. 3(a)]. In the field-increasing
process, the DW is much more rounded in shape, indicat-
ing a different distribution of the localized magnetostatic
charges.

As the field is further increased, the DW moves to-
wards the thick end of the wedge, also arc-shaped as be-
fore, except that the central part of the DW is the leading
one [stage VII in Fig. 1(b)]. When this central part of
the macroscopic DW reaches the thick end of the wedge,
two corner domains remain in the sample as shown in
Figs. 2(d)–2(f) [stage VIII in Fig. 1(b)]. Eventually DW’s
of these two domains are driven out of the wedge corners
[Figs. 2(d)–2(f)], and the sample returns to the fully mag-
netized ground state shown in stage I of Fig. 1(b).

In stages III and VII of Fig. 1(b) there is an arc-shaped
DW. The central part of the DW is perpendicular to
the wedge direction, but with larger curvature at both
ends of the DW. This is illustrated in Fig. 4, showing
the motion of the curved DW near the sample edge.
Comparing the domain pattern of the same region for
the decreasing [Figs. 4(a)–4(c)] and increasing branches
[Figs. 4(d)–4(f)], one immediately notices a pronounced
asymmetry in the DW-pinning site interactions. In the
increasing-field branch, the DW is strongly pinned by a
rectilinear crystal defect, whereas in the decreasing-field
branch this defect does not influence the DW motion.

The key observation revealed by the MOIF images is
the acute asymmetry in the DW nucleation, its motion,
and its interactions with crystal lattice defects. It has
been revealed in every region of the sample as shown in
Figs. 2–4. This asymmetry in the DW behavior is unique
to exchange-coupled AF/FM bilayers. In either a single
FM layer or a single AF layer, such asymmetry does not
exist. As described below, the observed asymmetry in
FM/AF bilayers reveals the presence of an AF domain
wall, which has also been indicated by more recent mi-
cromagnetic models.

In the first model of exchange coupling of FM/AF
bilayers, the AF layer was assumed to have a static
spin structure with an uncompensated interfacial spin
structure [3]. During switching of the exchange-coupled
FM layer, the spin structure of the AF layer re-
mains unchanged. Such models with a static AF spin
structure could not explain asymmetry in the DW mo-
tion. The pinning centers for the DW would be the
767
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same for both increasing-field and decreasing-field
branches, such as those encountered in a free FM layer.
The observed asymmetry is incompatible with models
having a static AF spin structure.

A number of subsequent models of FM/AF exchange
coupling have concluded the existence of DWs in the AF
[7,8,11,17,18]. When the magnetization is reversed by an
external field, the AF moments at the interface will be ro-
tated with the FM moments, with spiraling AF moments
below the interface, similar to that of the exchange spring
in a DW of a ferromagnet [1] or in the exchange-spring
magnets [20,21]. While direct observation of such a spe-
cific exchange spring in the AF layer has not been pos-
sible, the asymmetry of the DW behavior in the FM layer
revealed here gives strong, albeit indirect, evidence of the
formation of the proposed spin structure during bilayer
magnetization reversal. However, even the recent models
[7,11,14] did not take into account the inhomogeneity of
magnetization reversal processes of the FM layer. As de-
scribed below, our results indicate the formation of a new
type of hybrid AF/FM domain wall.

During the magnetization reversal process, the nuclea-
tion and motion of the hybrid DW involve twisting and
untwisting of the spins in both the FM and AF layers.
In the decreasing-field branch of the hysteresis loop, the
DW nucleation begins in the thick parts of the FM layer
(Fig. 2), where the exchange field HE is minimal. In this
case, the magnetostatic field increases the force exerted
by the external field on the FM spins and thus on the
ferromagnetic part of the hybrid DW. At higher magnetic
fields, the exchange spring overcomes the pinning sites in
the FM and penetrates into the AF layer. Therefore, DW
formation in the FM initiates at the locations with both
minimal HE (thick end of the wedge) and maximal HMS
(the two corners at the thick end).

In the increasing-field branch of the hysteresis loop,
magnetization reversal begins in the thin region of the
sample where HE is maximal. The large magnitude of the
interface exchange field initiates the untwisting of the ex-
change spring. Since the untwisting occurs first at places
with the largest anisotropy energy inside the AF layer, it is
not necessary to nucleate the DW in both the FM and AF
layers. Rather, the DW in the AF now moves towards and
penetrates into the FM and nucleates new domains with
the ground state magnetization. Further untwisting of the
exchange spring gives rise to motion of the hybrid AF/FM
DW toward the thick end of the wedge. The magneto-
static field in the increasing-field branch of the hysteresis
loop acts against the untwisting of the exchange spring.
Therefore, DW formation in a FM initiates at sample loca-
tions with both maximal HE and minimal HMS (center of
thin end).

The observed asymmetry of the DW motion shown in
Fig. 4 is another manifestation of the antiferromagnetic
DW, which is sensitive to local anisotropy changes caused
by crystal defects in the AF layer. If a defect is to decrease
768
(increase) the local crystalline anisotropy, the energy asso-
ciated with the spin twisting decreases (increases). During
the untwisting process, the AF spins, and consequently the
FM spins, will rotate less readily (more easily), leading to
pinned (unhindered) DW motion.

In summary, we have directly observed macro-
scopic domain structures in a wedged-Py/uniform-FeMn
exchange-coupled bilayer with the anisotropy direction
perpendicular to the wedge direction. Magnetization
reversal from a fully magnetized state starts at the thick
corners of the wedge where the exchange energy is
minimal and the magnetostatic energy is maximal. The
two edge domains then join and form a macroscopic
reversal domain, separated from the original domain by a
180± macroscopic DW. The DW propagates toward and
eventually vanishes at the thin end of the wedge where the
exchange energy is maximal and the magnetostatic energy
is minimal. The observed asymmetry in the DW motion,
incompatible with a static AF spin structure, indicates
the presence of a mobile DW (exchange spring) in the
antiferromagnet.

Work at JHU was supported by NSF Grant No. DMR96-
32526.
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