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A zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAb s  t ract-Permallo y (Ni loFe,,) squares (3  0 nm 
thick and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAw zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBApn wide; lSw<200 pn) and circular 
disks (30  nm thick a n d r  pm diameter; 14.5200 pm) 
preparedon a GaAs (100)  substrate were observed i n  
both the i r  demagnetized and remanent s ta tes  by  
magnetic force microscopy (MFM) associated with 
non-contact  atomic force microscopy (NC-AFM). 
The squares ( 2 S w  pn) exhibi ted convent ional  
closure domains and the corner plays a very 
important role i n  creating new walls. The circular 
disks,  nu the o the r  hand, formed e i ther  vortex 
domain (54 .S20 pn) or  mult i-domain zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 5 0 e  pn) 
states.  The magnet izat ion rotat ion i s  observed by 
MFM to  change according to the s ize and shape o f  
the elements. The MFM observat ions are supported 
by micromagnetic calculat ions which conf i rm the 
effect of the corner on the domain wall fo rmat ion .  

Index Terms-Mesoscopic structures, magnetic 
cal cul at i  o n, force mi cros co p y , 

magnetic domain evo lu t ion .  
mi cro mag ne ti c 

I. INTRODUCTION 

A great deal of attention has been paid to artificially fabricated 
mesoscopic magnetic structures [11-[71. Square [I], [21, [41-[61 
and circular dots [3], [7] provide especially good examples 
because of their potential for various kinds of applications in 
magnetoelectronics and devices [8]. Arrays of mesoscopic dots zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
are also relevant for macroscopic measurements of microscopic 
behavior such as quantum tunneling [91. In such array 
structures, however, it is very difficult to avoid magnetic 
interactions with the neighboring structures. To clarify the 
magnetic domain configurations in a single structure, a well 
separated set of mesoscopic dots should be examined. 

The domain configuration is determined by the competition 
among various contributions to the free energy [lo]. For 
instance, it has been reported that the uniaxial anisotropy has an 
important role in giving rise to magnetic domains in Fe (001) 
square elements [4]. To highlight shape effects, a low 
anisotropy material is appropriate. 

In this study, in order to concentrate on the size and shape 
effects on Qmain formation we fabricated a wide size range of 
permalloy (Ni8"Fez,,) small squares (30 nm thick andw pm wide: 
l<wWaOO pm) and circular disks (30 nm thick andr pm 
diameter: lSi5200 pm) prepared on a GaAs (100) substrate. 
Scanning probe microscopy (SPM, Digital Instruments, 
Nanoscope zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAm) was used to reveal the role of both the size and 
shape of the structures in the formation of domain walls, and 
this was supported by micromagnetic calculations. 

11. EXPERIMENTAL PROCEDURE 

A 3 nm Ad30 nm Ni,,Fq, continuous film structure was 
deposited on a GaAs (100) substrate in ultrahigh vacuum 
(U"). The permalloy layers were deposited at a rate of 0.25 
nm/min. The pressure &ring the growth was 5.0x10-y Torr, 
while the substrate was held at 300 K. The film was then 
annealed at 400 K for 30 minutes to remove the .uniaxial 
anisotropy induced during the growth. The permalloy elements 
of variable size ( E w ,  &ZOO pm) were fabricated by electron 
beam lithography and optimized pattern transfer techniques 
based on a combination of both dry and wet etching. 

The permalloy structum were observed in both their 
demagnetized andremaneut states by magnetic forcemicroscopy 
(MFM) together with non-contact magnetic force microscopy 
(NC-AFM). A commercial Si probe (Digital Instruments, 
Pointprobe magnetic force sensor MESP) coated with CoCr 
was used and the distance between probe and sample was set as 
5 nm for NC-AFM tapping mode and 100 nm for MFM 
measurement [ 111. The tip of this probe was magnetized before 
each observation. The magnetic probe typically has a spring 
constant of 2.8 Nlm and a resonance fquency of 75 kHz. The 
resolving power of these two forms of microscopy was 
approximately 10 nm for NC-AFM and 100 nm for MFM, 
respectively. 

111. RE~ULTS AND DISCUSSION 

With squares, we found three classes of magnetic domain 
structure in the demagnetized states as shown in Fig. 1: (a) a 
single domain at w=l bm, (b) a four-wall closure domain 
structure in the range of 25wwb pm and (c) complex domain 
structures with the formation of new domains from one comer 
(10s~ pm). Figure l(b), for example, shows both MFM 

Fig. 1. MFM images and corresponding schematic magnetic domain 
configurations of permalloy squares of the size w-- (a) i pm, (b) 5 y m ,  (c) 
10 pin, and (d) 20 pm. Artificial effects caused by the surroundlngs are 

h U p : / / h o m e r . p h y . c a m . ~ ~ . ~ ~ ~ ~ H o ~ ~ , h t m l ;  J.A.C. Bland, 44.1221. also seen on Ulese pictures as periodical lines. For the I pm square, 
137436, fax 44-1223-350266, jacbl @phy.cem.uc.uk. significant rounding of the element shape occurs due to the patterning 

process. 
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fig. 2. MFM zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAimages and corresponding schematic magnetic domain 
configurations of permalloy circular disks of the size ,= (a) 1 pm, (b) S zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
pm, (c) I0 pm and (d) 20 pm. 

images and schematic domain configurations of the permalloy 
square of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAw=5 p m  and a typical closure domain can be seen as 
expected [ 11, [ 121. It should be noted that the domain wall is not 
straight, which suggests that the magnetization in this sample 
has a rotatingcomponent. From the resultsfor squareelements 
with w=IO pm, new magnetic domains appear from the comers 
of the squares and provide new complex closure domain 
structures (see Fig. l(c)). With increased zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAw ,  the nucleation of 
new domains is found to occur from the corners, reducing the 
magnetostatic energy in the samples. Since this also occursin 
their remanent states, it can be inferred that the domain walls 
connected with the corners are energetically stable. 

Comparing Fig. l(b)and(c), the non-straight wallsarefound 
at the corners of the squares, while the straight ones are seen in 
the middle; This result suggests that the magnetization is 
aligned at the cornersparallel to the edgesdueto the reductionof 
the magnetostatic energy at the edges. In the larger size samples, 
these rotation regions are negligible compared with the length 
of the straight walls. 

Figure 2 shows the domain evolution with diameter in the 
case of circular disks in the demagnetizedstates. The first stage 
is (a) a single domain (1262 pm). At the next stage, circular 
vortex domain structures are observed zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(55620 pm) as shown in 
Fig. 2(b)-(d), since the permalloy samples have no nystal- 
induced anisotropy. The larger diameter samples finally show 
complex domain structures with walls (50Sw pm) [13]. In the 
remanent states, however, since one particular magnetization 
direction is enhanced by the appliedmagnetic fielddirection in 
plane, circular dots with small diameter (105620 pm) also 
exhibit several domain walls. 

Comparing theresults forthese two shapes, weconcludethat 
the magnetization in a certainsize ofparticles tends to rotatein 
order to reduce the exchange energy in the demagnetizedstates. 
However, in the presence of acorner, the domain configuration 
is mainly determinedby the competition between the exchange 
field and the demagnetizing field. When an external magnetic 
field is applied, one particular magnetization direction parallel 
to the field is enhanced As a result, domains with the 
magnetization direction parallel to the field direction expandin 
size. Such a tendency, as well as domain wall nucleation for 
favorably aligned domains, can also he observed in the remanent 
states. We found that the wall nucleation is dependent on both 
the field direction and the presence of the comers, suggesting 
that the comers play a very important role in the. wall 
nucleation, 

Fig. 3. Micromagnetic simulations for (a) a permallay square ( w 5  pm) and 
(d) a circular disk (FS pm) together with several intermediate s i t es :  a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
square with rounded corners rr= (b) 0.9 pm and (c) 1.8 pm. Black lines 
connected with the corners correspond to magnetic domain walls. 

IV. NUMERICAL CALCULATIONS 

A micromagnetic numerical calculation was carried out to 
confirm the critical point for domain wall formation using a 
finite difference method. The system was divided into 30 nm 
cubic cells. The demagnetization field, magnetic anisotropy 
field and the exchange field were calculated at the position of 
each cell which was assumed to possess a constant magnitude of 
magnetization M,. Themagnetization was assumed to point in 
any direction. M, was randomly aligned at the first stage and 
each magnetization rotated in the direction such as to reducethe 
total energyat the position. The total energy of the samples was 
also calculated and the stable domain configuration was defined 
at the minimum energy. 

The results of numericalsimulations areshown inFig. 3. In 
these pictures, the magnitude of the gradient of the 
magnetization is shown by the gray scale. Since the 
magnetization in thedomain walls is rapidly rotating, the walls 
areshown as blacklines, corresponding to a high gradientvalue. 
The resultsforthe zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 pm square andcirculardisk forexampleare 
almost the same as the MFM images as shown in Pig. 3(a)and 
(a), respectively. In o&r to determine the existelice of the 
rotating magnetization components, we also calculated the 
domain configurations of roundedsquares, in which eachcomer 
was shaped as a quarter circle. The domain configurations of 
these intermediate structures arealso shown in Fig, 3(b) and(c). 
It should be noted that the black lines become wider with 
increasing diameter of the rounded comem r,. This means that 
the domain wall width increases with rc, suggesting that the 
walls are stable anywherewithin the darklines. The widthnear 
the comer, especially, increases dramatically, which supports 
the observation ofrotating domain walls using MFM (seeFig. 
I@)). 

Figure 4 shows the calculated domain wall width wd in the 
middleofthe closuredomain walls (cross-section A in  Fig. 3(a)) 
in the 5 pm squaredots with theroundedcomers(OSr,~.5 pm). 
The straight walls fromthecenterto themiddlearestablein this 
area, while the regions in which the magnetization rotates 
significantly appear at the corners. At r,=O, the wall widthoffhe 
square is calculated to be around 200 nm, when the wall width 
is defined by the magnetization rotation angle of 45". The 
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results of the micromagnetic simulations. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
45.0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc 

m zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 
I 22.5 

c zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
j 0.0 

6 

8 -22.5 
'ii 
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Fig. 4. Numerically calculated domain wall width for rounded squares 
different radius zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBArp and also the circular disks nnd fully square elements. 

simulated value is almost double that found in hulk permalloy 
1141. It should he noted that the wall width in the rounded 
squares (O<rcSOo.9 pm) is almost the same as that in the square. 
The width w d  increasesrapidly with r,, suggesting that the walls 
can he observed at anywhere within the comer region. This 
supports the observation of curved walls by MFM (see Figs. 
I(b) and (c)). 

V. CONCLUSION 

We investigated the domain configurations in a wide size 
range of permalloy (NiS(,Fe2J small squares (30 nm thick and w 
bm wide; lSwSZ00 pm) and circular disks (30 nm thick zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAand r 
pm diameter; 1LrSZOO pm) prepared on a GaAs (100) substrate 
in both their demagnetized and remanent states using MFM. 
The squares (ZSw pm) exhibited conventional closure domains 
and new walls were formedfrom the corner. The circulardisks, 
on the other hand create either vortex domain (56~30 pm) or 
multi-domain (SOSr pm) configurations. From these results, 
the magnetization in a certain element size was found to rotate 
due to the competition between the exchange and the 
magnetostatic field. The comers of the squares have a role in 
both the nucleation of new domain walls andthe stabilization of 
the walls. Using micromagnetic calculations, the effect of the 
definition of the corner on domain wall formation was assessed. 
The observed evolution in the domain structures in changing 
shape from square to circular elements is supported by the 
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