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Switching characteristics and magnetization vortices of thin-film
cobalt in nanometer-scale patterned arrays
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The switching characteristics and magnetization vortices of 15 nm thick cobalt structures patterned
to different widths of 100, 200, and 600 nm were investigated. The effects of linewidth and aspect
ratio ~length/width! were systematically studied using an alternating gradient magnetometer~AGM!,
an atomic force microscope/magnetic force microscope~MFM! and superconducting quantum
interference device. The AGM and MFM show that trapped magnetization vortices appear in
structures with low aspect ratios~length/width!51.5, 2, but not in structures with high aspect ratio
~length/width!53,4. It is found that the magnetization vortices of these patterned elements are
strongly dependent on the width of the element with narrower linewidth more clearly showing the
presence of magnetization vortices. ©2000 American Institute of Physics.
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Magnetic films patterned into nanometer scale can se
as a means of storing information.1 Magnetic random acces
memory, such a device under development, is based on
magnetoresistance~MR! of these patterned elements. T
compete and succeed as a new memory technology, h
density cells are required. Performance of these MR
ments will depend critically on the switching characterist
from one state to another. Understanding the switching
havior of bits as a function of bit size is essential to push
density limits of the technology. The switching character
tics depend sensitively on the geometry of the bit~element
length, width, and film thickness! and the material propertie
~exchange constant, crystalline anisotropy, etc.!.2–6 In this
letter, we report on a systematic study of magnetic switch
characteristics for patterned magnetic film arrays at nan
eter scale with different geometries; different widths 10
200, and 600 nm at different aspect ratios 1.5, 2, 3, and

A 15 nm thick cobalt film was deposited using magn
tron sputtering on 150 nm thick silicon oxide layer atop
silicon substrate. Controlled arrays of nanoscale bits w
fabricated utilizing electron beam lithography and follow
by ion milling. Each array consists of 108 bits. The spacing
between bits was varied with bit width and ranged from 0
to 5 mm. The easy axis of the material lies along the len
of the bit. We have investigated different arrays with diffe
ent aspect ratios 1.5, 2, 3, and 4 and different bit widths 1
200, and 600 nm. The arrays of the patterned bits were s
ied using a Quantum Design superconducting quantum in
faces device magnetometer and an alternating gradient m
netometer~AGM!. A Digital Instrument Dimension 3000
atomic/magnetic force microscope~MFM! is used to provide
direct remanent state information of each individual bit.

Figure 1 shows the switching field characteristics of d
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ferent aspect ratios length/width (L/W)51.5, 2, and 3 for a
width5100 nm. The switching behavior of the bits is show
to be strongly dependent on the aspect ratio. An aspect ra
of 1.5 has a low remanence and a distorted hysteresis cu
The magnetic response at aspect ratio 1.5, and a smalle
gree at aspect ratio 2, is due to the formation of magnet
tion vortices. Structures with higher aspect ratio,L/W53, do
not display this behavior, as can be seen by the sing
transition in their hysteresis curve. This gradual transit
from vortex intermediate state to singular transition with
creasing aspect ratio is due to fewer bits going through
intermediate vortex state with increasing aspect ratio. T
behavior will be seen in the section summarizing the MF
results.

The magnetization was studied as a function of asp
ratio using micromagnetic simulation based on LLG equ
tions. It was found that the magnetization at aspect ra
L/W51 has no easy axis to rotate and the magnetic fl
closes on itself leaving low moment and remanence~vortex
state!, while increasing the aspect ratio provides a we
defined anisotropy axis,7 which hinders flux closure through

il:FIG. 1. The magnetic hysteresis loops as a function of applied magn
field for an element with 100 nm width at different aspect ratios.
0 © 2000 American Institute of Physics
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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vortex formation. However, bit width also plays a role in t
formation of vortex states. At the widths of 100 and 200 n
vortices are observed at aspect ratios of 1.5 and 2, but n
3 and 4. However, bits of width 600 nm display a we
tendency for vortex formation at aspect ratio51.5, which
completely disappear at higher aspect ratios. This means
there is a strong relation between the vortices and as
ratio and element width.

Figure 2 displays the switching field as a function of t
aspect ratio for different widths5100, 200, and 600 nm. Th
relatively flat behavior of the 600 nm bits, with respect to t
aspect ratio, reflects the stability of these bits to vortex f
mation. In contrast, bits of width 100 nm, and to a smal
degree of 200 nm width, have a higher propensity for vor
formation. This explains the curved behavior in Fig. 2

In the Stoner–Wohlfarth single domain model,8 switch-
ing characteristics of a single domain element are sim
determined by their geometric factors and magnetizationM .
For rectangular thin film elements with the switching field
the easy axis direction,Hc can be approximated by that of
flat ellipsoid and expressed as

Hc5t/w f~e!,

and

e5~12W2/L2!1/2, ~1!

whereL, W, andt are the element length, width, and thic
ness, respectively, andL>W@t; f (e) contains complete el
liptic integrals, which are functions of (e) only. For a fixed
aspect ratioL/W the single domainHc should be inversely
proportional to the element widthW. When compared with
our results, this single domain model is not followed, for lo
aspect ratio bits. This again explains that these bits hav
multidomain remanent vortex state.

MFM allows a visual picture of these bits a
H –applied50~Oe!. Figures 3–5 show the MFM images fo
different aspect ratios51.5, 2, 3 for width5200 nm. In these
figures we compare the AGM results~the magnetization be
havior! with the MFM images. Figure 3 shows the aspe
ratio51.5, where a few bits are found in the single doma
state in which the North and South poles appear as white
dark dots, while the rest of the bits are found in a low m
ment vortex state. This explains the trapping in the magn
zation curve as shown in Fig. 3~b!. The early switching be-
havior of these low aspect ratio bits is due to the v

FIG. 2. The switching field vs length/width ratio for elements with differe
widths.
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majority of bits entering a vortex state. Figure 4 shows
aspect ratio of 2, a lower percentage of bits is found in
vortex state, and the rest in the single domain state. T
explains the higher remanence and sharper hyster
curve.9–11 Figure 5 presents an aspect ratio of 3, which h

FIG. 3. ~a! The MFM image for an element with 200 nm3300 nm dimen-
sion (L/W51.5). ~b! The magnetic hysteresis loop vs applied magne
field.

FIG. 4. ~a! The MFM image for element with 200 nm3400 nm dimension
(L/W52). ~b! The magnetic hysteresis loop vs applied magnetic field.
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no bits in a vortex state atH –applied50~Oe! and all the bits
are found in the single domain state. Note also that the So
Pole of all bits in on one direction, which means the ma
netic moment of all bits is the same direction. All bits of th

FIG. 5. ~a! The MFM image for element with 200 nm3600 nm dimension
(L/W53). ~b! The magnetic hysteresis loop vs applied magnetic field.
Downloaded 15 Dec 2006 to 134.94.122.39. Redistribution subject to AIP
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size are aligned along their easy axis. These results are c
patible with the AGM results and explain the relation b
tween the magnetization behavior and the aspect ratio.

We have described the switching characteristics of
nometer scale patterned arrays as a function of the as
ratio. We have observed magnetic vortices in these bits
which the magnetic flux closes on itself. The tendency
vortex formation is found to increase with decreasing asp
ratio and bit width. Ways around this vortex formation w
have to be studied to push this memory technology to hig
densities.
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