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JOURNAL OF APPLIED PHYSICS VOLUME 87, NUMBER 9 1 MAY 2000
Anisotropy-dependent macroscopic domain structure
in wedged-permalloy Õuniform-FeMn bilayers

Kai Liu,a) S. M. Zhou, and C. L. Chienb)

Department of Physics and Astronomy, The Johns Hopkins University, Baltimore, Maryland 21218

V. I. Nikitenko,c) V. S. Gornakov,c) A. J. Shapiro, and R. D. Shull
Metallurgy Division, National Institute of Standards and Technology, Gaithersburg, Maryland 20899

Macroscopic domain structures have been realized in wedged-permalloy~Py!/uniform-FeMn
bilayers during magnetization reversal. When the exchange anisotropy is established perpendicular
or parallel to the wedge direction, two macroscopic domains are observed. Separating these domains
are a 180° wall in the perpendicular geometry and an intermediate band containing large density of
stripe-type microdomains in the parallel geometry. While the exchange field remains practically the
same in both geometries, the coercivity and squareness of the loop are much less in the parallel
geometry. ©2000 American Institute of Physics.@S0021-8979~00!59208-1#
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Since its discovery in 1956 by Meiklejohn and Bean1

exchange coupling across a ferromagnetic~FM!/
antiferromagnetic~AF! interface has been an intriguing ph
nomenon. Despite extensive research efforts on
subject2–14 and the technological applications of exchan
coupling in spin-valve field-sensing devices,15 the under-
standing of exchange coupling remains unsatisfactory.
early model assuming rigid AF spin structures has seri
discrepancies with experimental results, particularly with
gard to the values of the exchange fieldHE and the coerciv-
ity HC .1 Several recent models have featured both FM a
AF domains and provided more realistic pred
tions.3,4,8,11,13,16However, direct observation of the AF do
mains in such systems has been intrinsically difficult and
yet realized to date, whereas the detail study of the FM
main wall ~DW! formation and motion is hampered by th
presence of a large number of domains during switching17

Recently, we have demonstrated that simple mac
scopic domain structures in wedged-Py (Ni81Fe19)/
uniform-FeMn (Fe50Mn50) bilayers can be created due to th
inverse dependence of the exchange field on the FM la
thickness.12 We have shown that when the exchange anis
ropy is introduced perpendicular to the wedge directi
magnetization switching involves only two macroscopic d
mains. Such a system can be used as a model syste
probe the domain dynamics in exchange-coupled system

In this work, we compare the features of the magneti
tion reversal processes in wedged-Py/uniform-FeMn bila
system with the exchange anisotropy induced eitherperpen-
dicular or parallel to the wedge direction. Using an ad
vanced magneto-optical indicator film~MOIF! technique,9,11

we have confirmed the simple domain structure and h
investigated the transition region between the two mac
scopic domains.

Specimens of Py~20–300 Å wedge!/FeMn~300 Å!/
Cu~300 Å!/Si have been fabricated using the process

a!Present address: Dept. of Physics, UCSD, La Jolla, California 92093-0
b!Electronic mail: clc@pha.jhu.edu
c!Also at: Institute of Solid State Physics, Russian Academy of Scien
Chernogolovka, Russia 142432.
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scribed earlier.12 The Cu buffer layer promotes the face
centered-cubic~fcc! ~111! growth of the AF FeMn. The di-
mensions of the samples are about 5 cm32 cm, where the
long dimension is the wedge direction. Unidirectional anis
ropy, perpendicular or parallel to the wedge direction, h
been introduced using a suitable field cooling procedur12

We will refer to these two geometries as perpendicular a
parallel geometry. The wedge specimen was then cut
two halves along the wedge direction for magneto-opti
Kerr effect ~MOKE! and vibrating sample magnetomet
~VSM! measurements, using samples along two para
wedge directions separated by about 1 cm. The MOKE m
surements were made on an uncut wedged specimen b
recting the laser beam along the wedge direction, wher
the VSM measurements were made on small samples
from the wedge specimen. During these measurements
applied magnetic field was always along the cooling fie
direction, along which the unidirectional exchange coupli
was set. Details of the experiments in the perpendicular
ometry can be found in our previous publication.12 Direct
experimental study of the domain structure in the samp
has been performed by using the MOIF technique.

Representative hysteresis loops measured by VSM
both perpendicular and parallel geometries are shown in
1. In each geometry, the amount of loop shift to the left
the origin and the width of the loop increase with decreas
Py thicknesstPy, i.e., both the exchange fieldHE and the
coercivity HC increase with decreasingtPy. Furthermore,
with decreasingtPy, the loop becomes increasingly mo
slanted, the degree of which can be characterized byDH, the
width of switching of magnetization between6M . Between
the perpendicular and the parallel geometries, for the sa
Py thickness, the values ofHE are similar, but the value o
HC in the parallel geometry is smaller, and the value ofDH
is much larger, than the corresponding quantities in the p
pendicular geometry. One also notes that the decreasing-
the increasing-field branches of the loop for thinner Py lay
are not symmetrical. The asymmetry is barely appreciabl
the perpendicular geometry but more apparent in the par
geometry.

9.

s,
2 © 2000 American Institute of Physics

o AIP copyright, see http://ojps.aip.org/japo/japcpyrts.html.
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Previously, we have demonstrated in the perpendic
geometry that the hysteresis loops measured by MOKE g
the same values ofHE and HC as those of the VSM mea
surements taken at the same corresponding locations a
the wedge direction.12 The fact that the results of the MOKE
and VSM measurements are the same indicates the un
macroscopic domain structure in exchange-coupled wed
Py/uniform-FeMn bilayer. Interestingly, the same agreem
between MOKE and VSM has been observed in the para
geometry, as shown in Fig. 2, where the measured valuesHE

and HC determined by MOKE~solid symbols! and VSM
~open symbols! are shown. For comparison, the correspon
ing values in the perpendicular geometry measured
MOKE are shown as crosses. It is clear that the value ofHE

at the sametPy is essentially the same in both geometrie
whereasHC is always larger in the perpendicular geomet
The 1/tPy dependence of the values ofHE and HC in both

FIG. 1. Representative magnetic hysteresis loops of wedged-Py/unif
FeMn bilayers at various Py thicknesses measured by VSM with exch
anisotropy perpendicular~left! and parallel~right! to the wedge direction.

FIG. 2. Exchange fieldHE and coercivityHC of wedged-Py/uniform FeMn
bilayers at various Py thicknessestPy . In the parallel geometry, the MOKE
and VSM results are represented by solid and open symbols, respective
the perpendicular geometry, results are represented by crosses. The
shows the inverse dependence ofHE andHC on tPy .
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geometries are shown in the inset of Fig. 2, in which o
notes that the exchange fields in both geometries share
same slope, whereas the coercivities have different slope
the two geometries.

The states with1M and 2M are two single-domain
states with magnetization pointing in the1H and the2H
directions, respectively. In an exchange-coupled bilayer w
a uniform FM layer, during the switching from1M and
2M , the entire FM layer breaks up into many domains w
complicated patterns.18 However, in the presentwedged-Py/
uniform FeMn system, where we have exploited the 1/tPy

dependence of the exchange coupling, the transition betw
6M is restricted only to a small boundary region separat
the two domains with1M and2M .

In the perpendicular geometry, direct MOIF imaging
the domain structure have shown that the transition regio
a 180° wall separating two macroscopic domains~Fig. 3!.
Different magnetostatic charges are imaged as bright
dark contrast, delineating domains and magnetization di
tions. The black-white contrast in the left part in Fig. 3 im
ages the stray fields from left edge of the sample, as sh
in the schematic. Magnetization reversal from the grou
state begins at the two corners of the thick end of the we
where the exchange anisotropy field (HE) is minimal and the
magnetostatic field (HMS) is maximal. Reversal into the
ground state begins from the central part of the thin end
wedge whereHE is maximal andHMS is minimal. Further
details of the domain formation and DW motion in this g
ometry are published elsewhere.19

In the specimen where the exchange anisotropy is es
lished parallel to the wedge direction, two macroscopic d
mains are also observed. However the transition region
tween them is not a 180° DW. It is a band of intermedia
region of considerable width containing large density
stripe-type microdomains. The evolution of magnetizati
reversal revealed by MOIF imaging in the parallel geome
is shown in Fig. 4. The imaged area is in the middle port
of the thick end of the wedge, as illustrated in the schem
in Fig. 4. Initially, the sample is fully magnetized, in
single-domain state with a positive field applied downwa
~left schematic!. Decreasing the field to244 Oe, reversal
domains begin to nucleate along the thick end of the sam
where HE is minimal andHMS is maximal. The original
single domain in this part of the specimen has broken up
many small and narrow stripe-type domains, which are el
gated perpendicular to the wedge direction. At256 Oe,
magnetization has practically switched at the thick end of

-
ge

. In
set

FIG. 3. MOIF image showing the 180° domain wall separating two mac
scopic domains in the specimen where unidirectional anisotropy is per
dicular to the wedge direction. The imaging area is shown by the schem
The magnetization direction is indicated by the white arrow.
o AIP copyright, see http://ojps.aip.org/japo/japcpyrts.html.
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wedge, indicated by the change of contrast from bright
dark at the sample edge. However, there are still a la
number of stripe domains encompassed by the reversa
mains. This band of microdomains gradually moves alo
the wedge direction~middle schematic!. At a large negative
field ~266 Oe!, the band of microdomains is driven out o
the thick end and moves towards the thin end. Finally a
sufficiently large negative field, the Py layer is complete
magnetized upwards~right schematic!.

The unique domain structures are also manifested in
shape of the hysteresis loops. In the perpendicular geom
a 180° wall sweeps across the sample during the magne
tion reversal process. Correspondingly, in a hysteresis lo
the width (DH) of the switching between6M represents the
field increment needed to drive the wall across the samp
area. We have shown that the width of switchingDH de-
pends on both the Py layer thickness and the sample si12

The exchange coupling with anisotropy in the parallel geo
etry also affects the switching characteristics. In the para
geometry, the intermediate band is much wider~hundreds of
microns! than the 180° wall in the perpendicular cas
switching from one single-domain state to the other is re
ized over much broader field range.

FIG. 4. MOIF images showing the evolution of magnetization reversa
the center of the thick end of the wedge. The schematics illustrate the
aging area and different stages of the magnetization reversal process.
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In summary, two macroscopic domains have been
served during magnetization switching in wedged-P
uniform-FeMn bilayers, with the exchange anisotropy p
pendicular or parallel to the wedge direction. But t
macroscopic characteristics and kinetics of the magnetiza
reversal in these two types samples drastically differ. At
same Py thickness, the exchange field in the parallel ge
etry is the same as that in the perpendicular geome
whereas the coercivity and the squareness are much
Magnetization switching in the samples with the perpendi
lar geometry proceeds by a 180° DW motion. In the para
geometry, remagnetization occurs due to the formation o
wide band of intermediate region with a large number
stripe-type microdomains and its motion along the wed
direction.

The different magnetization reversal patterns obser
have two likely sources. First of all, it may be due to t
different magnetostatic field distribution. In the perpendic
lar geometry, the magnetostatic field is determined by m
netic poles localized on the left and right sides of the wed
~refer to the schematic in Figs. 3 and 4!. Whereas in the
parallel geometry, it is determined by magnetic charges
calized on thin and thick ends of the wedge, as well as o
the whole wedge surface. Second, there may have be
change of an exchange spring penetration mechanism
the AF layer during the FM magnetization reversal. It c
include a spin orientation phase transformation by spin
or flop processes.3,4,8,16Each of these mechanisms could
responsible for the observed characteristics during magn
zation reversal processes.

This work has been supported by NSF Grant N
DMR96-32526 and DMR97-32763.
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