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The magnetization reversal process in an array micron sized NiFe patterns was studied using
magnetic force microscopy in the presence of external fields. The behavior of the magnetization
distribution was correlated with the aspect ratio and the direction of the applied fields. wiagnetizing
along the hard axis was found to produce solenoidal magnetization at remanence while applying the
field along the easy axis tend to form nonsolenoidal configurations. The micromagnetic evolution,
which involved domain wall, crosstie, and vortex displacements, was studied and the correlations
were consistent with previously reported M- H loop observations and theoretical predictions.
© 1999 American Institute of Physics. [S0021-8979(99)21208-X]

Understanding the characteristics of patterned NiFe films
at the nanometric length scales is an area of immense scien-
tific and technological importance. Sophisticated numerical
micromagnetic modeling combined with advanced fabrica-
tion and diagnostic techniques are making it possible to pre-
dict and engineer the magnetic properties of submicron sized
islands. Smyth ef al.' have investigated the role of particle
size, aspect ratio, and interparticle spacing on the hysteretic
properties of the ensenible and compared them with ab initio
calculations while Zhu ef al.* have modeled the micromag-
netics of exchanged biased ten micron sized islands and
demonstraied remarkable agreement between the model and
the measurements. More recently, Schrefl er al.® have Sys-
teratically studied the influence of edge shapes on the
switching dynamics of submicron particles using Lorentz
transmission electron microscopy (LTEM) and micromag-
netics to demonstrate how the end shapes affect the switch-
ing field. Prior to these, Fredkin er af.* had developed micro-
magnetic codes which showed complex edge and
multivortex structures depending upon the exact manner in
which the magnetic field was applied and the Jater confirmed
by Hefferman et al.” using Lorentz electron IRICIOSCOpY.

In this article, we augment our knowledge of NiFe is-
lands by building upon these previous works. Specifically,
we are interested in characterizing the magnetic evolution of
small magnetic elements and in establishing the behavior of’
domain walls, Bloch lines and crosstie inclusions on these
islands by using magnetic force microscopy.

The patterns were prepared by electron beam lithogra-
phy on silicon-based substrates.® The material is an evapo-
rated soft NiggFesy alloy (8, 1.2T), 26 nm thick. The sub-
strate was diced to about 2 mm and was placed inside the
gap of an clectromagnet. The setup allows magnetic force
microscopy images’ to be acquired while a well controlled
continuously variable in-plane magnetic field was applied.
Low moment tips were selected to minimize tip-induced
perturbations.®
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To clarify the irnaging contrast using MFM in NiFe pat-
terns, the familiar closure pattern of a 3 um X3 pm island is
shown in Fig. 1 at zero field. Since the MFM detects the
divergence of magnetization or the magnetic charge distribu-
tion, the contrast comes primarily from the domain bound-
aries and not from the domain itself. The divergence of the
focal magnetization at the domain boundary produces the
negative and positive charges which appear as dark and
bright contrasts along the walls. Based on this, the distribu-
tion of charges at all the domain walls and the magnetization
of the domains can be gualified. In this case, the four walls
along the diagonal are clearly visible and appear to converge
into a single point at the center. They divide the clement into
four triangular domain segments which form the sclencidal
closure pattern. Since the magnetization of two adjacent do-

FIG, 1. Bvolution of four domain closure pattern of a 3 gm X3 gm island as
a function of applied field. The field was raised monotonicaily from zero
while imaging.
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mains are perpendicular to each other, the boundaries are
designated as 90° domain walls.

As expected, the application of the field (indicated by the
arrows) causes domain wall motion. At 40 Qe the right do-
main whose maguetization is parallel to the field increases in
size at the expense of the left domain. That the central vortex
moves horizontally from left to right but remains more or
less at the vertical midpoint indicates that there is no prefer-
ential growth or shrinkage of the top and bottor domains.
However, the subtle enhancement of the contrast at these
regions indicates increased nonuniformity of the magnetiza-
tion distribution inside the domains. By cycling the field
within a small field range (under 40 Oe), we established that
the magnetization configuration is reversible. However, the
system becomes irreversible as soon as the left and right
domains meet to form a near-180° domain wall. This is il-
tustrated at H =70 Oe. We note with care that the 180° wall
undergoes & confrast reversal at approximately the middie
part of the wall which indicates that the newly created 180°
wall is comprised of an alternating dipole strip joined by a
Bloch line. Bloch lines Jower the magnetostatic energy of the
wall without introducing large perturbations of the magneti-
zation distributions of the adjoining domains. Hence, in
MEM images Bloch lines appear as contrast reversal of 180°
walls, with minimal contrast variations in the direction trans-
verse to the wall itself. {This will be later contrasted with the
crosstie.) At the next field increment of 92 Qe, the 180° wall
has vanished as unfavorable (left) domain has ceded. Com-
parison of the contrast at =0 and 92 Oe convincingly
shows the redistribution of the magnetic charges on the top
and bottom edges of the element as the system evolves from
remanence to near saturation. The above process was also
seen for similar NiFe islands using high resolution electron
microscopy.’

Next we consider the behavior of a seven-domain pattern
in Fig. 2. This configuration was observed in the same
3 umX3 pm element at a different magnetization cycle and
is consistent with the observations using transmission elec-
tron microscopy (TEM).? The schematic diagram of the do-
main configuration is drawn below to aid in identifving the
individual domains. An interesting feature of this pattern is
the existence of a crosstie inclusion (at H=0) on the right-
most 180° wall which separates the central and right do-
mains. The location of the crosstic on the 180° wall is
marked by a closed circle on the diagram. In contrast to a
Bloch line, the MFM signature of a crosstie is 2 contrast
reversal that starts at a 180° wall and extends perpendicular
to the wall itself and into the adjoining magnetic domains.
The magnetization of the left and right domains are pointed
in the same direction and both domains expand with increas-
ing field. The image at 62 Oe shows that the middle domain
is being overrun by growing domains on both sides. Mote
that the growth of the left domain is more rapid than the
right, which suggests the stabilizing effect of the crosstic
inclusion against domain motion, Nevertheless, the Zeeman
energy at 70 Oe has become too large that the crosstie itself
has collapsed resulting in the coalescence of the expanding
domains. Note that the triangular peripherzl domains at the
bottom have disappeared and reformed into one domain with
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FIG. 2. Evolution of a seven domain closure patiern with crosstie inclusion
of 3 X3 pom island as a function of applied field. The inferred pattern is
drawn below the images for the zero field (left) and 92 Oe images. The
““dot” on the zero field indicates the location of the crosstie inclusion on the
near 180° wall.

a curved interior wall. The upper region, on the other hand,
still retains traces of the original multidomain structure, This
image may falsely suggest that the system exhibits a hybrid
configuration, ie., it is comprised of a multidomain upper
structure and a single domain lower structure. We believe
that this is not the case here, but the observed anomaly is a
manifestation of probe-induced switching., During the first
half of the MFM scan, the system was probably in the mul-
tidomain configuration akin to that at 62 Oe, but niidway into
the scan, the slight magnetic field from the probe has induced
the switching into the near saturated configuration. The very
next image acquired without changing the external field was
very similar to the image at 92 e, which shows no multi-
domain structures on top. The near saturation configuration
as inferred in the image is shown in the schematic diagram
on the right.

The micromagnetic evolution of a slightly different as-
pect ratio island is shown in Fig. 3. This is a 2 gmX3 um
rectanguiar island, which at remanence exhibits a closure
configuration with curved walls to compensate for the 1.5
aspect ratio. (The image at H=100Oe is shown which apart
from being cleaner is identical with the image at H=0.) The
behavior at low field is similar to the four domain square in
Fig. 1, except that the system is reversible at higher fields (up
to about 90 Oe). Irreversible behavior was observed as soon
as the coalescence of the left and right domains transpire,
occurring at about 105 Ce. It is interesting to note that newly
created 180° wall is itself subdivided into three segments

Copyright © 1999. All rights reserved.



4600

J. Appl. Phys., Vol. 85, No. 8, 15 April 1998

FIG. 3. Evolution of a 2 sm X3 gam, four domain closure pattern with field
atong the hard axis showing the emergence and disappearance of a ¢rosstie
stiructure at intermediate fields. (The contaminating precipitate appear to
have no influence on the domain wall movement.)

formed by two Bloch lines and a crosstie near the middle.
(Comparison of structure with the single Bloch line structure
in the 3 pm square island in Fig. 1 is very helpful in distin-
guishing crossties and Bloch lines in MFM images.)

We now turn our attention to a 2 umX4 um element
shown in Fig. 4 which shows the behavior of an element
formed by a combination of 90° and 180° walls, two Bloch
lines, and a crosstie inclusion. The 180° wall along the hori-
zontal direction is bisected by a crosstie at roughly the mid-
point. To interpret the image at remanence, recall that MFM
is sensitive to the surface charges. The interiors of the do-
mains have slowly varying magnetization and are thus
weakly charged. The walls and the crossties, on the other
hand, can be regarded as a dipole layer and the positive and
negative charges appear in the MFM contrast. The bright-
dark contrast near the walls and inclusion reflect charge dis-
tributions and from which we identify the direction of mag-
netization of the domains and boundary walls. The variation
of the intensity in the interior of the domains is indicative of
a nonconstant M, as indeed it should in the vicinity of Bloch
line or a crosstie.

We now consider the magnetic behavior as an external
field is applied along the hard axis. Like the previous ele-
ments, the familiar expansion and contraction of the domains
is clearly visible. However, the position of the crosstie re-
mains fixed albeit its size and intensity dimimshes somewhat
with the field. This convincingly shows that the crossties are
pinned. The reduction in contrast as well as the tendency of
the crossties to bend towards the right domain suggests the
increasing attraction between the charges of the 90° wall and
the crosstie as the distances between them are shortened
through the growth of the right domain. The attraction dis-
places the charges at the crosstie and thus reduces the inten-
sity. This process continues up to roughly 70 Oe¢, where the
right domain has reached the crosstie and caused its annihi-
lation. The length of the 180° wall appears to remain con-
stant with increasing field, up to 105 Oe where the annihila-
tion of the crosstie has occurred. Beyond this point, the
evolution is similar to the four domain paitern except that the
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¥IG. 4. Evolution of a 2 gmX4 gm island with 90° and 180° walls, with
Bloch lines and inclusion crosstie as a function of applied field along the
hard axis. The charges and inferred magnetization for the zero ficld image is
drawn in the bottom sketch.

complete collapse of the left pattern occurs well above the
limit of our external field generator.

In conclusion, by using magnetic force microscopy, we
have studied islands of different aspect ratios and shown
some of the possible domain configurations and their evolu-
tions in a field directed along the hard axis. The wall motion
of a well-understood square element was initially studied to
elucidate the interpretation of MFM images. The distinction
between the MFM images of crossties and Bloch lines was
clafified. In general, all islands showed reversible behavior at
low fields, and irreversibility at high fields. Irreversible be-
havior is marked by the coalescence of two or more domains.
The field required to produce irreversible behavior increased
with aspect ratio, while crossties tend to pin domain wall
movement.
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