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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 magnetofA&ibt),

an atomic force microscope/magnetic force microsc@d&M) and superconducting quantum
interference device. The AGM and MFM show that trapped magnetization vortices appear in
structures with low aspect ratigength/width=1.5, 2, but not in structures with high aspect ratio
(length/width=3,4. 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. Z00 American Institute of Physics.
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Magnetic films patterned into nanometer scale can servéerent aspect ratios length/width W)= 1.5, 2, and 3 for a
as a means of storing informatidMagnetic random access width=100 nm. The switching behavior of the bits is shown
memory, such a device under development, is based on tHe be strongly dependent on the aspect ratio. An aspect ration
magnetoresistancéMR) of these patterned elements. To of 1.5 has a low remanence and a distorted hysteresis curve.
compete and succeed as a new memory technology, higi-he magnetic response at aspect ratio 1.5, and a smaller de-
density cells are required. Performance of these MR eledree at aspect ratio 2, is due to the formation of magnetiza-
ments will depend critically on the switching characteristicstion vortices. Structures with higher aspect ratibyv=3, do
from one state to another. Understanding the switching bedot display this behavior, as can be seen by the singular
havior of bits as a function of bit size is essential to push thdransition in their hysteresis curve. This gradual transition
density limits of the technology. The switching characteris-fom vortex intermediate state to singular transition with in-
tics depend sensitively on the geometry of the (biement ~ C'€@SiNg aspect ratio is due to fewer bits going through an
length, width, and film thicknes@nd the material properties intermediate vortex state with increasing aspect ratio. This

(exchange constant, crystalline anisotropy, )& In this behallwor will be seen in the section summarizing the MFM
letter, we report on a systematic study of magnetic switchindesu_l_tﬁ' tizati wudied funct ¢ ;
characteristics for patterned magnetic film arrays at nanom- € magnetization was studied as a function ot aspec

eter scale with different geometries; different widths 100,[?2]0 uﬁlr:fv} ml;:roerag[rr]le:ltihS|an11IatLor:izba}[;send otn LLG fcgu?'
200, and 600 nm at different aspect ratios 1.5, 2, 3, and 4. ons. as fou at the magnetization at aspect ratio
L/W=1 has no easy axis to rotate and the magnetic flux

A 15 nm thick cobalt film was deposited using magne- . .
. . . . closes on itself leaving low moment and remanetuetex
tron sputtering on 150 nm thick silicon oxide layer atop a Lo : : .
statg, while increasing the aspect ratio provides a well-

silicon substrate. Controlled arrays of nanoscale bits werg .. . ; . .
fabricated utilizing electron beam lithography and followed%e‘cm(ad anisotropy axiswhich hinders flux closure through

by ion milling. Each array consists of 4Bits. The spacing

between bits was varied with bit width and ranged from 0.5 1o
to 5 um. The easy axis of the material lies along the length 1.04
of the bit. We have investigated different arrays with differ-
ent aspect ratios 1.5, 2, 3, and 4 and different bit widths 100, o 0
200, and 600 nm. The arrays of the patterned bits were stud- = ;4]
ied using a Quantum Design superconducting quantum inter- =
faces device magnetometer and an alternating gradient mag- 0.51 (a) UW=1.5
netometer(AGM). A Digital Instrument Dimension 3000- 0. (o) /W= 2
atomic/magnetic force microsco&FM) is used to provide (c) UW=3
direct remanent state information of each individual bit. -1.54+— : r . . . .

Figure 1 shows the switching field characteristics of dif- -1500 -1000 -500 0 500 1000 1500

H (Oe)
dAuthor to whom correspondence should be addressed; electronic maiFIG. 1. The magnetic hysteresis loops as a function of applied magnetic
e.girgis@fz-juelich.de field for an element with 100 nm width at different aspect ratios.
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FIG. 2. The switching field vs length/width ratio for elements with different 1.0
widths.
051
vortex formation. However, bit width also plays a role in the 2 00
formation of vortex states. At the widths of 100 and 200 nm, |
vortices are observed at aspect ratios of 1.5 and 2, but not of 05
3 and 4. However, bits of width 600 nm display a weak LUW=1.5
tendency for vortex formation at aspect ratib.5, which 1.0

completely disappear at higher aspect ratios. This means that [ ' ‘

there is a strong relation between the vortices and aspect

ratio and element width. (b)
Figure 2 displays the switching field as a function of the

aspect ratio for different widths100, 200, and 600 nm. The FIG. 3. (a) The MFM image for an element with 200 w300 nm dimen-

relatively flat behavior of the 600 nm bits, with respect to thesion (L/W=1.5). (b) The magnetic hysteresis loop vs applied magnetic

aspect ratio, reflects the stability of these bits to vortex for-field-

mation. In contrast, bits of width 100 nm, and to a smaller

degree of 200 nm width, have a higher propensity for vortexmajority of bits entering a vortex state. Figure 4 shows an

formation. This explains the curved behavior in Fig. 2 aspect ratio of 2, a lower percentage of bits is found in a
In the Stoner—Wohlfarth single domain mofedwitch-  vortex state, and the rest in the single domain state. This

ing characteristics of a single domain element are simplexplains the higher remanence and sharper hysteresis

determined by their geometric factors and magnetizatlon ~ curve? ! Figure 5 presents an aspect ratio of 3, which has

For rectangular thin film elements with the switching field in

the easy axis directioftjc can be approximated by that of a

flat ellipsoid and expressed as

Hc=t/w f(e),
and
e=(1-W?/L?)¥2 D

whereL, W, andt are the element length, width, and thick-
ness, respectively, and=W=>t; f(e) contains complete el-
liptic integrals, which are functions ok} only. For a fixed
aspect ratid_/W the single domairHc should be inversely
proportional to the element widtW/. When compared with
our results, this single domain model is not followed, for low

aspect ratio bits. This again explains that these bits have a 109
multidomain remanent vortex state. gis

MFM allows a visual picture of these bits at '
H _applied=0(0¢). Figures 3-5 show the MFM images for é 0.0-
different aspect ratios1.5, 2, 3 for width=200 nm. In these
figures we compare the AGM resultthe magnetization be- -0.57
havion with the MFM images. Figure 3 shows the aspect AT LW=2
ratio=1.5, where a few bits are found in the single domain ’ , . , , .
state in which the North and South poles appear as white and -1000  -500 0 500 1000
dark dots, while the rest of the bits are found in a low mo- (b) H (Oe)

ment vortex state. This explains the trapping in the magneti-

zation curve as shown in Fig(l3. The early switching be- g 4. (a) The MFM image for element with 200 nrv00 nm dimension

havior of these low aspect ratio bits is due to the vastL/w=2). (b) The magnetic hysteresis loop vs applied magnetic field.
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size are aligned along their easy axis. These results are com-
patible with the AGM results and explain the relation be-
tween the magnetization behavior and the aspect ratio.

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