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Domain nucleation processes in mesoscopic Ni 80Fe20 wire junctions
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~Received 3 September 1999; accepted for publication 6 December 1999!

The magnetization reversal process in permalloy (Ni80Fe20) wire junction structures has been
investigated using magnetoresistance~MR! measurements and scanning Kerr microscopy. A
combination of electron beam lithography and a lift-off process has been utilized to fabricate wires
consisting of two 200mm length regions with distinct widthsw1 and w2 in the range 1–5mm.
Longitudinal MR measurements and magneto-optic Kerr effect hysteresis loops demonstrate that the
magnetization reversal of the complete structure is predominantly determined by the wider region
for fields applied parallel to the wire axis. Magnetic force microscopy and micromagnetic
calculations show that several domain walls nucleate in the wider part and are trapped in the
junction area. This implies that domain nucleation at the junction of the wire initiates magnetization
reversal in the narrow half. As a consequence, the switching fields are found to be identical in both
halves in this case. These results suggest the possibility of designing structures which can be used
to ‘‘launch’’ reverse domains in narrow wires within a controlled field range. ©2000 American
Institute of Physics.@S0021-8979~00!01306-2#
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I. INTRODUCTION

Advances in lithography and pattern transfer techniq
have provided the opportunity of exploring novel magne
phenomena in laterally controlled structures. In particu
the characteristics of magnetic stripes have been extens
investigated because of their importance in both magnet
sistance~MR! devices1–16 and, more recently, magnetoele
tronic devices.17,18 There have been numerous efforts1–16 to
investigate the magnetization reversal and MR behavio
ferromagnetic wires so far. Very recent studies9–13 have
demonstrated that the switching field and magnetization
versal process depend strongly on the end shape as we
the width of ferromagnetic wires. The effect of the end sha
is attributed to the formation of end domains or edge
mains, even in submicron structures, which are crucial in
magnetization reversal process.9–13 A switching anomaly11

associated with end domains for which the switching field
dependent on the applied field amplitude was observe
submicron ferromagnetic elements, which cannot be
plained by the Stoner–Wohlfarth coherent rotation mod
The shape of a wire structure has a decisive influence
magnetic properties in the micron size range. For exam
the magnetization reversal process and MR behavior
found to change significantly in micron-sized Ni80Fe20

modulated width,15 ‘‘elbow’’-shaped and cross-shaped wir
structures16 due to the modified shape-dependent demag
tizing fields.

In this article, we present a novel shape effect in e
tended permalloy (Ni80Fe20) wire junctions, leading to a
striking variation in the switching field and magnetizatio
reversal. We demonstrate that it is possible to control

a!Author to whom correspondence should be addressed; electronic
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3030021-8979/2000/87(6)/3032/5/$17.00

Downloaded 28 Nov 2002 to 144.32.136.70. Redistribution subject to A
s

r,
ly

e-

in

e-
as
e
-
e

s
in
x-
l.
n

e,
re

e-

-

e

switching field by introducing a junction that facilitates ma
netization reversal in the narrow part. This result contra
with the behavior found for symmetrically modified end
which suppress the formation of end domains in rectang
elements and so increase the switching field. Our results
gest the possibility of designing structures which can be u
to ‘‘launch’’ reverse domains in narrow wires within a con
trolled field range, and which can be used for studies
magnetization reversal dynamics. We discuss the geom
cal effect of the junction on the magnetization reversal a
switching field associated with domain configurations
ferred from magnetic force microscopy~MFM! imaging and
micromagnetic calculations.

II. EXPERIMENT

A permalloy film was deposited at room temperature a
rate of;2 Å/min with a pressure of 631029 mbar and then
annealed at 120 °C for 30 min to remove the uniaxial anis
ropy induced during deposition. A combination of electr
beam lithography and a lift-off process has been utilized
fabricate wire array structures from a continuous film
30 Å Au/300 Å Ni80Fe20/GaAs~001!. Each wire consists of a
narrow part~variable widthw1) and a wide part~fixed width
w2): the widths of the wires change abruptly at the midpo
to create two 200mm length regions withw151,2mm and
w255 mm. Figure 1 shows a scanning electron microsco
~SEM! photograph of the wire junction structures (w1

51 mm, w255 mm). The separation between the centers
the wires is 15mm, so that the magnetostatic interactio
between wires is negligible.8 Two fixed width wires (w1

5w251,5mm) were also produced as reference samples
addition, we fabricated bridge-wire structures as shown
the schematics of Fig. 7~a! for magneto-optic kerr effec
~MOKE! and MFM measurements. The bridge wire is
il:
2 © 2000 American Institute of Physics
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single wire (l 5205mm andw510mm) which has a narrow
region of lengthl 55 mm and widthw50.5– 10mm in the
center of the wire.

For MR measurements, standard optical lithograp
metallization, and lift-off of 20 nm Cr/250 nm Au were ut
lized to fabricate electrical contacts to the arrays of
wires.6,8 The voltage probes were separated by 160mm. A dc
current of 1 mA was passed along the wires and the re
tance was measured using a four terminal method as
in-plane magnetic field was applied. The MR response t
magnetic field (H) applied parallel and perpendicular to th
wire axis at room temperature is defined as (RH

2RH50)/RH50 , whereRH is the resistance at a given ma
netic field. The hysteresis loops were obtained by scann
Kerr microscopy.16,17Two objective lenses~320, Numerical
Aperture: 0.55,350, NA: 0.85! were used to focus the prob
ing laser beam~;3 mm, ;1 mm spot size, respectively! on
the wires. Magnetic force microscopy~MFM, Digital Instru-
ments! has been carried out so as to observe domain confi
rations of the wire junction structures and bridge wires.

III. RESULTS AND DISCUSSION

The MR response to magnetic fields applied along
wire axis for the fixed width wires~a,b! and wire junction
structures~c,d! is presented in Fig. 2. The MR results for tw
fixed width wires,w15w251 and 5mm, in Figs. 2~a! and
2~b! are consistent with previous results1,2,8 which show that
the minimum resistance corresponds to the coercive fi
Hc . Hc is observed to increase with decreasing wire wid
due to buckling of the magnetization perpendicular to
wire, leading to the formation of domain walls perpendicu
to the wire.1,2,5,8 These walls prevent reverse domains fro
moving along the wire when the width is smaller than t
buckling wavelength. Comparing the MR results of the fix
width wire (w15w255 mm) with those of the wire junction

FIG. 1. A SEM photograph of the wire junction structures (w151 mm,
w255 mm). The separation between the centers of the structure is 15mm,
so that the magnetostatic interaction is negligible.
Downloaded 28 Nov 2002 to 144.32.136.70. Redistribution subject to A
,

0

s-
he
a

g

u-

e

ld

e
r

structures in Figs. 2~c! and 2~d!, it is seen that the MR ratio
decreases as the widthw1 is reduced to 1mm, when w2

55 mm. While the change of the resistance~Dr! was in all
cases;5.531022 V, the zero field resistance (RH50) in the
wire junction structures is bigger than that for the fixed wid
wire. This can be explained by numerically solving Poisso
equation utilizing the finite element method~FEM!. Contri-
butions to the zero field resistance by the narrow part~width
w1) for the wire junction structures (w152,1mm and w2

55 mm), were calculated as 71.4% and 83.2% of the ove
resistance, respectively. An interesting feature is that, reg
less of width w1 , the coercive fields are approximate
20–24 Oe. In particular, the coercivity of the wire junctio
structures (w151 mm, w255 mm) in Fig. 2~d! is much
smaller than the value of 102 Oe seen in the fixed width w
(w15w251 mm) in Fig. 2~a!. Further details of the switch
ing field will be discussed later.

Figure 3 shows at low field (H,Ms) the MR behavior
in response to fields applied perpendicular to the wire a
for the fixed width~a,b! and wire junction structures~c,d!.
For the fixed width wires (w15w251,5mm), the MR be-
havior is very similar to that found in earlier work.8 Charac-
teristic bell shaped MR curves are observed and the an
tropic MR is mainly attributed to spin rotation dominatin
the magnetization reversal process rather than domains fo
ing across the width of the wire. The onset of a linear reg
associated with the Lorentz MR corresponds to magn
saturation and depends upon the expected shape anisot
For the wire junction structures in Figs. 3~c! and 3~d! the
narrow part (w151,2mm) dominates the reversal proce
and transverse AMR. Two onset points for the two line
regions associated with each value of the shape anisot
are noticeable@see Fig. 3~d!: A indicates the half withw2

55 mm andB the half withw151 mm#.
In order to explain the magnetization reversal behav

determined by longitudinal MR measurements in the w

FIG. 2. Magnetoresistance~MR! response to magnetic fields along the wi
axis for the fixed width wires and wire junction structures.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



hy
o
lle

23
lt
th

th

fie
is

al
he
av-

ve
el-

ion
an-

spot

f
at

ive
er.
on-

tion
ider
r

-
-

s

gth
t
ro-

s
ion

rd
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junction structures (w151, w255 mm), scanning Kerr mi-
croscopy has been used to measure microscopic MOKE
teresis loops. These were measured in eight different p
tions of the wire when magnetic fields were applied para
to the wire axis, as shown in Fig. 4. In both halves (w151
and w255 mm), coercive fields were determined as 22–
Oe, which is in very good agreement with the MR resu
except at the ends and junction of the wire. Surprisingly,
coercive fields~a,b,c in Fig. 4! are quite different from the
value of 102 Oe determined by MR measurements for
fixed width wires (w15w251 mm). Microscopic loops for
the wide part (w255 mm) clearly show that the switching
field depends on the inhomogeneous demagnetizing
(Hd) in the wire. In particular, a double-jump switching

FIG. 3. Magnetoresistance~MR! response to magnetic fields along the ha
axis for the fixed width wires and wire junction structures.
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observed in the junction of the wire:Hc1512 and Hc2

522 Oe, as in Fig. 4~d!. This proves the expected spati
variation in the demagnetizing field in the wire due to t
free poles, which appear on its end and junction. This beh
ior can be understood in terms of two different effecti
shape anisotropies in the wire junction structure. On trav
ing across the wire from the wide part during magnetizat
reversal, domain walls are trapped in the junction, and c
not move further until a field ofHc2522 Oe is reached. The
double-jump switching disappears as the probing beam
moves away from the junction by 5 and 10mm as shown in
Figs. 4~e! and 4~f!, respectively. From the similar values o
the coercive field in the wide and narrow parts we infer th
the nucleation field (Hn) is greater than the wall motion field
(Hw) in the narrow part. On the other hand, the coerc
field is smaller at the end of the wide wire than in the cent
Since reversal is initiated at the end by nucleation, we c
clude thatHn is less thanHw in the wide part. Figure 5
shows that switching fields of the narrow part (w151 mm)
are in the range 22–26 Oe, confirming that the magnetiza
reversal of the complete structure is determined by the w
region (w255 mm). Similar results were also obtained fo
the wire junction structure (w152 mm, w255 mm), where
the switching fields were almost identical~;26 Oe! in both
halves of the wire.

Figure 6 shows~a! a MFM image obtained at the junc
tion area in the remanent state and~b! the calculated magne
tization configurations for the wire junction structure (w1

51 mm, w255 mm). It was found that a few edge domain
appear at the junction and the narrow end~not shown here!,
but a nearly single domain structure exists through the len
as seen in Fig. 6~a!. This is in good qualitative agreemen
with the remanent magnetization pattern obtained by mic
magnetic simulations based on the Labonte algorithm19 as
shown in Fig. 6~b!. MFM and micromagnetic calculation
show that several domain walls are trapped in the junct
-

p-
FIG. 4. MOKE hysteresis loops for a
wire junction structure (w151 mm,
w255 mm), measured in eight differ-
ent positions by scanning Kerr micro
scope with 203 and 503 objective
lenses. The dots on the wire denote a
proximate laser beam spot size.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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area as observed. A detailed discussion of the results of
cromagnetic calculations on the wire junction structures w
be presented separately.20

Our results show that the junction in the wire junctio
structure facilitates magnetization reversal in the narrow p
in contrast to symmetrically modified ends such
pointed9,10,12 and rounded11,12 ends which suppress the fo
mation of end domains in rectangular elements and incre
the switching field. By accommodating multidomains in t

FIG. 5. Coercivity as a function of position for the wire junction structu
~w151 mm, w255 mm), measured every 10mm along the wire length. The
arrow indicatesHc in the fixed width wire (w15w251 mm).

FIG. 6. ~a! MFM image obtained at the junction area in the remanent s
and ~b! the remanent magnetization configurations of the junction obtai
by micromagnetic simulations for the wire junction structure (w151 mm,
w255 mm).
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vicinity of the flat end of the narrow wire, where it is hard
to form reversed domains due to the higher magnetost
energy in the corners, the junction offers a site for rever
domain wall nucleation in the narrow wire. In this way, th
initiation of magnetization reversal occurs, and hen
switching responds to a much smaller applied field than fo
fixed width structure. This implies that the switching mech
nism is dominated by domain wall nucleation rather th
domain wall propagation in the permalloy wires and that
junction is crucial in initiating reversal. On the other han
distinct reversal behavior has been observed in cross-
elbow-wire structures,16 where domain-wall nucleation is fa
cilitated or suppressed by the junction according to the w
width. For instance in cross and elbow structures, forw
,10mm the formation of reverse domains is suppressed
to the presence of a diagonal 180° wall at the junction
duced by the perpendicular arms in the elbow and cr
wires, giving rise to an increase in the switching field.16

To better understand the magnetization reversal mec
nism in the permalloy wires, we also fabricated bridge wir
as shown in the schematics of Fig. 7~a! for MOKE and MFM
measurements. The bridge wire is a single wire (l 5205 and
w510mm) which has a narrow region with a lengthl
55 mm and a widthw50.5– 10mm introduced in the cente
of the wire. MFM images indicate that narrow regions wi
w>5 mm accommodate domain walls, whereas narrow
gions with w<2 mm show a single domain state@see Fig.
7~b!: w51 mm, ~c!: 0.5 mm#. MFM images also show mul-
tidomains appearing in the wide wires. The dots on the sc
matics in Fig. 7~a! denote the fixed positionsA ~50 mm away
from the end of a wide wire! and B ~center of the narrow
wire! of the laser beam spots whose size were contro
according to the wire width. Figure 7~d! presents the varia
tion in the coercive field (Hc) against the wire width of the
narrow region. It is clearly seen thatHc does not vary with
decreasing wire width but is identical (Hc'10 Oe) in both
regions. These results support the view that the switch
mechanism is dominated by domain wall nucleation rat
than domain wall propagation in the permalloy wires. T
threshold field required for nucleation in the wire junctio
structure is much smaller than that of a single wire, while
field for domain wall motion is identical to that of the sing
wire, and is independent of the variable wire width in t
micron range. In contrast to these results, we found tha
necks introduced in the center of the wire increase
switching field in wide wires, which is similar to the effect o
pointed ends.21

IV. CONCLUSION

The magnetization reversal process in permal
(Ni80Fe20) wire structures has been investigated using m
netoresistance~MR! measurements and scanning Kerr m
croscopy. We find that the magnetization reversal of the w
junction structure is predominantly determined by the wid
region in the structure for fields applied parallel to the w
axis. Domain nucleation at the junction of the wire initiat
magnetization reversal in the narrow half so that the swit
ing fields are identical in both halves. These results illustr
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d
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the possibility of lowering the switching field in narrow
wires by introducing wider regions that nucleate reverse
mains, in contrast to symmetrically modified ends whi

FIG. 7. ~a! Schematics of the bridge structures, which have a narrow reg
with a lengthl 55 mm and a widthw50.5– 10mm introduced in the center
of the wire. The dots on the schematics denote the fixed positionsA ~50 mm
away from the end of a wide wire! andB ~center of the narrow wire! of the
laser beam spots. MFM images of the bridge structure withw51 mm and
w50.5mm are shown in~b! and ~c! and the variation in the coercive field
(Hc) against the wire width of the narrow region is shown in~d!.
Downloaded 28 Nov 2002 to 144.32.136.70. Redistribution subject to A
-

suppress the formation of end domains in rectangular
ments. Our results suggest the possibility of designing str
tures which can be used to launch reverse domains in na
wires within a controlled field range for applications such
magnetic sensor and spin electronic devices or for fundam
tal experiments in magnetization reversal dynamics.
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