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In order to quantitatively investigate the interplay between shape anisotropy (magnetostatics) and
exchange, patterned zigzag structures were prepared with sizes varying over two orders of
magnitude. The magnetic state is a balance between shape anisotropy, which causes the
magnetization to follow the serrated edge of the structure, and exchange, which prefers uniform
magnetization. In intermediate-sized structures, we find that the magnetization along the center of
the zigzag oscillates between approximately +32° and is relatively independent of the device size.
As the dimensions are reduced to less than a critical length A, the oscillation magnitude drops
rapidly. On the other hand, the largest structures develop extended film properties such as multiple
vortices and ripple. © 2006 American Institute of Physics. [DOI: 10.1063/1.2163274]

Magnetization states and reversal modes of mesoscopic
magnetic elements can be strongly controlled by shape.lf8
Controlling these properties is essential for magneto-
electronic device performance. However, as the scale of de-
vice dimensions shrinks, the exchange stiffness becomes
more influential on the domain configurations; thus, device
control by shape becomes less effective. On the other hand,
very large structures are more immune to the effects of shape
as magnetostatic energies associated with edge structure be-
come less significant. Though these basic concepts are gen-
erally expected, quantitative studies are few. Here, we sys-
tematically study the evolution of magnetic structure through
these three regions of interest: extended film (very large
structures), shape dominated (intermediate structures), and
exchange dominated (very small structures).

The Zigzag9 configuration (see Fig. 1) is chosen because
the magnetization state can be strongly correlated to the ser-
rated edge of the structure. This results in the biasing of the
magnetization alternately away from the long axis of the
structure in a regular and reproducible manner. Thus, this
shape lends itself to a comprehensive study of the interplay
between the exchange stiffness and shape anisotropy. To in-
vestigate the three regions of interest, the size of the pat-
terned zigzag structures is varied over more than two orders
of magnitude.

The structures were fabricated using electron beam li-
thography and lift-off of a 12 nm thick NiFe film with cell
dimensions ranging from 100X 200 nm to 20 X 40 um. (All
structures used cells of aspect ratio 2.) We used scanning
electron microscopy with polarization analysis (SEMPA) to
image the magnetization because it is uniquely able to quan-
titatively measure the magnetization over this large size
range while maintaining constant resolution (=10 nm) and
contrast. The extent of the dimensional range is illustrated in
Fig. 1, which shows SEMPA images ranging from the largest
to smallest cell sizes. To highlight the wide size range, the
image of the smallest device is also shown inside the blue
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circle on the same scale as the largest device. The magneti-
zation direction is represented by color as indicated by the
color wheel shown in the figure. All SEMPA images through-
out the paper are of the virgin magnetic state and are pre-
sented using the same color wheel scheme.

A key characteristic of the zigzag pattern is the distance
from peak to valley along the length of the structure or mini-
mum feature size, \,,, as indicated in Fig. 1. This is the
length scale in which the magnetization must be able to re-
spond to conform to the structural shape. Therefore, further
scaling presented in this work will be in reference to A,,,.

Several distinguishing characteristics can be seen for the
two largest structures in Fig. 1. These possess qualities of the
extended film regime. The presence of multiple vortices,
ripple, and the nonideal conformity of the magnetization to
the shape leads to nonreproducible remanent states. For in-
stance, the magnetization angle in the \,,=14 um structure
does not oscillate uniformly, in magnitude or periodicity,
away from the long axis. Though the average deflection am-
plitude is 39°, several degrees larger than zigzags from the
intermediate region, the standard deviation is +6°, in contrast
to the uniform response of smaller structures (order of £1°).

A measure of how well the magnetic structure follows
the physical structure is given by a line scan along the center
of the structure as shown in Fig. 2. The amplitude of the
oscillation, A, is determined by fitting the line-scan data to a
sinusoidal curve. The magnetic structure in the intermediate-
sized patterns is dominated by magnetostatics from the
edges. Thus, structures in this region most ideally conform to
shape, i.e., the shape dominated regime. Figure 2 shows the
domain state of a 1 X2 um cell or A\, =0.7 wm structure
with an arrow map overlay. The single vortices present in the
ends of the structure are common features on this size scale,
separated by uniform deflections away from the long axis
through the device. A sinusoidal fit to the line scan yields
A=31°=1° This is very typical of the structures with \,,
from approximately 5 um down to 300 nm, where A is rela-
tively constant with an average of 32°. (Across the short axis
of the zigzags at the oscillation peak, the magnetization re-
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FIG. 1. (Color online) SEMPA images of 12 nm thick NiFe zigzag struc-
tures. The cell size was varied from 20 X 40 um down to 100 X 200 nm. The
speck inside the blue circle at the upper right of the figure is a copy of the
bottom image to scale with the top structure. \,, is the minimum feature
size. The blue dotted and solid black lines along the 1.4 and 0.07 um X\
devices illustrate where line scans, which are shown in Fig. 3, were ex-
tracted from the image. The color wheel denotes the direction of the
magnetization.

laxes from about 45° at the top and bottom edges of the
structure down to 32° along the center 1ine.9)

As \,, is reduced to nanoscale dimensions, the magneti-
zation response to the serrated edge drops rapidly. The image
of the 0.07 um A\, device in Fig. 1 almost seems faded or
washed out. This apparent lack of contrast is solely due to
the fact that the magnetization is becoming more uniform
along the long axis (yellow on the color wheel). The blue
dotted and solid black lines represent where line scans were
extracted from the image data. These line scans are com-
pared in Fig. 3. The x axis on the line-scan data has been
normalized to the periodicity of the structures (2X\,,), and
shows a significant drop in following the serrated edge; A
drops from 32° to only 15°.

Length (um)

FIG. 2. (Color online) The SEMPA image and line scan of a 1 X2 um cell
(\,,=0.7 um) structure. An arrow map overlay of the image shows the
magnetization direction, while the white solid line indicates where the line-
scan data were acquired. The average oscillation amplitude, A, of the mag-
netization direction is defined as the amplitude of a sinusoidal fit to the data.
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FIG. 3. (Color online) Line scans from SEMPA images along the long axis
of 0.07 and 1.4 um \,, structures, showing how the ability of the magneti-
zation to follow the structure edge is diminished as device dimensions are
decreased.

This abrupt transition in magnetization behavior with de-
vice size is shown quantitatively in Fig. 4. Hollow circles
represent the SEMPA line-scan measurements of A as fit by
the sinusoidal curve. Linear fits were performed in two re-
gions, for data above a minimum feature size of 300 nm and
data below 200 nm. Though the data above \,, of 1.5 um are
cut off from the plot, they were included in the linear fit. We
define the critical length A, as the intersection of the two fits.
The transition point occurs at 170+10 nm. Structures with
N\, <A\ are strongly dominated by the exchange interaction.

To better understand how this transition point relates to
length scales defined by the exchange energy and magneto-
statics, we compare A\, with the typical domain wall width,
which can be calculated as

Ngw = TVA/K.

A, is the exchange stiffness (1.3 1073 J/m for NiFe) and

K is the anisotropy of the element. It has been shown
plreviously]0 that for a thin narrow stripe of width w and
thickness d, magnetization reversal can be appropriately pre-
dicted by modeling the anisotropy as

_3Md
2w

s

where M is the saturation magnetization. Therefore, A4, var-
ies as the square root of w. Although A, describes a 180°
domain wall, we use this as an upper bound. If Ay, (= \rw) is
larger than \,, (cw), the magnetization can no longer effec-
tively respond to the edge structure. Using the cell width of
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FIG. 4. (Color online) A summary of the magnetization oscillation ampli-
tude as a function of the minimum feature size. The solid lines represent
linear fits to the data with \,, above 300 nm and below 200 nm. The dotted
line represents micromagnetic simulations using an ideal zigzag structure.
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FIG. 5. (Color online) A closer look at the data from the smallest zigzag
structures. Results from OOMMF simulations, using the inset SEM image
(corresponding to the center data point) as a mask, are represented by the
triangles.

the zigzag structure as w, this narrow stripe approximation
gives an intersection of \,, and Ay, of 220 nm. Thus, the
length scale of the observed crossover is very reasonable.

The rapid decrease in oscillation amplitude has also been
observed in  micromagnetic simulations.'"  0OMMF
simulations'? were performed on ideal zigzag structures
varying \,, from 1.1 um to 18 nm. These data are repre-
sented by the dotted line of Fig. 4. Applying linear fits to the
more linear regions of the OOMMF curve (below 100 nm and
above 300 nm), yields a transition point of 152+12 nm. As
can be seen, the simulations consistently yield larger off-axis
angles than the actual data.

In the smaller structures, where the shape becomes
somewhat more rounded and less ideal, the use of the actual
SEM images as masks improves the agreement of the simu-
lations, as shown in Fig. 5. The micrograph inset in Fig. 5 is
the smallest device in Figs. 1 and 3. The triangles indicate
simulations using this image as a mask and varying the size.
The dotted line again represents OOMMF simulations using an
ideal zigzag shape. Thus, the quality and sharpness of the
shape can also strongly affect the magnetization. Though this
result is somewhat obvious, it underscores the importance of
using a realistic shape in micromagnetic simulations. Never-
theless, the measured change in magnetization with size

J. Appl. Phys. 99, 08G302 (2006)

(Fig. 4) appears to be much greater than any loss incurred
from the quality of shape as the structure size was reduced.

In conclusion, by utilizing the unique capabilities of
SEMPA, we have observed three distinct regions of behavior
in NiFe patterned zigzags: extended film, shape dominated,
and exchange dominated. Structures having minimum fea-
ture sizes on the order of several microns and larger display
many common extended film properties and cannot be con-
sistently controlled by shape. The region consisting of struc-
tures with \,, from approximately 5 um down to a critical
length A, on the order of 200 nm, can be controlled reliably
by shape and exhibit reproducible magnetic responses for
device applications. Below A, the magnetization state be-
gins to be dominated by the exchange energy. In this region,
the ability to manipulate devices by shape begins to rapidly
diminish.
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