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Abstract 
 

The results of magnetization configuration and 
switching behavior of sub-micron magnetic elements 
having various shapes are presented in this paper. The 
shapes include rectangle, hexagon, and Pac-man-like. 
Sputter deposition, e-beam patterning, and lift-off 
processes were used to fabricate an array of magnetic 
elements. Magnetic configuration and switching behavior 
of magnetic elements with various shapes were 
characterized by a magnetic force microscope. For the 
rectangular element, an unrepeatable switching behavior 
was observed due to magnetic defects involved during the 
magnetization reversal process and an array of 
hexagonal elements shows a wide switching field 
distribution. Both vortex and onion states are stable 
magnetization configurations in a ring element. An onion 
state becomes unstable with decreasing the ratio of inner 
to outer diameter of the ring and increasing thickness of 
the ring. On the other hand, a single domain was 
observed in the Pac-man element, while the modified 
Pac-man shows a bi-domain configuration. A reversal 
magnetization process in the modified Pac-man element 
is driven by the vortex core movement. An array of the 
Pac-man elements shows the highest switching field, but 
the narrowest switching field distribution as compared to 
rectangular and hexagonal elements of the same overall 
dimensions. Finally, We conclude the PM element has the 
most potential for a magnetic memory element in future 
MRAM devices. 
  
1. Introduction 
 

For decades, dynamic random access memory 
(DRAM) has completely fulfilled its role as computer 
memory. However, DRAM, has to be refreshed about a 
hundred times per second to retain information on a huge 
capacitor built on a transistor, and the information even 
disappears whenever power is off.  DRAM may not meet 
demands for future electronic memory devices because of 

volatility, high power consumption, and difficulty in 
integration of capacitor at small feature size. Even though 
the huge market for non-volatile memory is currently 
occupied by the flash memories, a low writing speed, 
high writing voltage, limited endurance, and high 
fabrication cost will limit their future applications in non-
volatile memory devices.  

On the other hand, new types of non-volatile memory 
have been introduced. These non-volatile memories 
include ferroelectrics random access memory (FRAM) 
[1,2], Ovonic unified memory (OUM) [3,4], and magnetic 
random access memory (MRAM) [5,6], as summarized in 
table I. FRAM, which uses the polarity switching of 
ferroelectric materials by an electric field, shows a low 
power consumption and fewer mask processes than flash 
memory for integration with CMOS. However, FRAM 
has a fatigue problem and difficulty in high-density 
integration. In addition, the reading is a destructive 
process and the endurance is low. For OUM, a large 
resistance difference between the crystalline and 
amorphous phase of chalcogenides by quick electric 
heating is used to store information. This memory shows 
a low operation current and high compatibility with 
CMOS processes. However, OUM may be limited in 
some specific applications because of its low endurance 
and slow switching process. On the other hand, MRAM 
test devices show an almost unlimited endurance with a 
non-destructive read-write operation as well as a very fast 
access rate. Recent MRAM devices use two 
ferromagnetic films to sandwich an ultra-thin insulator, 
called a magnetic tunneling junction (MTJ). The MTJ is 
used as the memory component of MRAM. The 
information can be stored as “0” or “1” by the resistance 
difference in the MTJ’s, which depends upon the 
magnetization direction of the two magnetic layers.  
     In order to successfully implement MTJ MRAM 
devices, there are several issues to address: repeatability 
of magnetization switching, uniformity of junction 
resistance over a 300 mm wafer size, and thermal stability 
of electric and magnetic properties up to 400 oC, which is 
compatible with the CMOS process. A prototype 256 kbit 
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Figure 1.  (a) AFM images of 32 nm thick Co 
rectangular element. MFM images at remanent state after 
saturating at 440 Oe, followed by a negative magnetic 
field of (b) 0 Oe, (c) 170 Oe, (d) 252 Oe, (e) 271 Oe, and 
(f) 331 Oe. 

MRAM test chip, with a variation of junction resistance 
less than 5 % over a 200 mm wafer, was fabricated by 
Motorola [7]. The insertion of a Fe-O layer between the 
barrier and free electrode layers of the MTJ improved 
thermal stability up to 380 oC [8].  However, the 
unrepeatable switching behavior of a submicron-sized 
magnetic element still remains as an obstacle to the 
densification of information data storage [9-12]. As a 
magnetic element size decreases to deep-submicron, the 
control of magnetic switching behavior becomes more 
difficult. This is attributed to lateral surface roughness 
caused by limited lithographic resolution [13-15].  
     In this paper, we present the results of magnetization 
configuration and switching behavior of sub-micron 
magnetic elements having various shapes and propose an 
optimized magnetic element shape for MRAM 
applications. The shapes in this study include rectangle, 
hexagon, and a new shape, called “Pac-man.” Arrays of 
sub-micron magnetic elements were prepared by electron 
beam lithography, sputter deposition and lift-off or ion 
milling processes. A scanning electron microscope (SEM), 
atomic force microscope (AFM), and magnetic force 
microscopy (MFM) were used to characterize the arrays 
of sub-micron magnetic elements. 
 
2. Results and Discussion 
 
2.1 Rectangle and hexagon elements 

 
Most elements for magnetic random access memory 

(MRAM) devices have been linear in shape with modified 
ends such as a hexagon or an ellipse, not only because 
these are simple to pattern, but have shown much fewer 
magnetic defects such as edge domains [9], 360o domain 
walls [10], and localized vortices [11].  However, one of 
the most serious problems in the elements currently 
issued for commercialization of MRAM devices is a wide 
switching field distribution (SFD) due to the small end 
shape variation between elements caused by limited 
lithographic resolution. This problem can be compounded 
further when the element size decreases down to the 
deep-submicron. This is because the effect of lateral 
roughness on the demagnetizing field of a magnetic 
element is significant. A wide SFD should potentially 
have a higher risk for MRAM cells to fail since it 
provides a narrow margin of selectivity for these cells.  

Figure 1 shows AFM and MFM images of a 
rectangular cobalt element of 0.5 µm × 1.5 µm with a 
thickness of 32nm, observed at remanent state after 
saturating the element at 440 Oe and bringing it back to 
(b) 0, (c) −170, (d) −252, (e) −271, and (f) −331 Oe. 
Figure 1 (a) is an AFM image showing topology of the 
rectangular element. As shown in Figure1, the 
magnetization configuration of the rectangular Co 

element at remanent state depends upon a previous 
switching history because of magnetic defects evolving 
during the switching process. Thus, the switching history 
dependence of magnetization configuration will result in 
switching field distribution of the magnetic element.  

An array of 100 hexagonal permalloy elements with a 
dimension of 0.25 µm × 0.75 µm with a thickness of 30 
nm was scanned by a MFM to observe magnetic domain 

configurations. Applied negative fields, prior to bringing 
the array to remanent state, were (b) −60 Oe, (c) −100 Oe, 
(d) −150 Oe, (e) −180 Oe, and (f) −225 Oe. As shown in 
Figure 2, even though an individual hexagonal element 
shows repeatable magnetic switching, the switching of an 
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Figure 2.  (a) AFM images of an array of 30 nm thick 
permalloy hexagon elements. MFM images at remanent 
state after saturating at 440 Oe, followed by a negative 
magnetic field of (b) 60, (c) 100, (d) 150, (e) 180, and (f) 
225 Oe. 
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array of hexagonal elements occurs in a wide range of 
applied fields from 60 Oe to 225 Oe. Magnetic charges 
built up at the sharp ends of the element alingn along the 
easy direction, consequently causing a high 
demagnetizing field along the easy direction.  Therefore, 
a small change in the sharp end leads to a large change in 
the amount and direction of charges. Accordingly, a large 
variation in the demagnetizing field strength will result, 
leading to a wide SFD in the array of hexagonal elements.  
 
2.2 Disk and ring elements 

 
As an alternative, circular magnetic elements with 

vortex magnetization configurations, such as a disk 
[16,17] or ring [18,19] element, have been proposed for 
MRAM applications. According to micromagnetic 
computer simulation, a stable vortex magnetization 
configuration exists in the circular magnetic elements 
with an appropriate thickness [16,20]. Since it forms a 
closed magnetic domain, there is no magnetic charge at 
the edge of the element, thus no stray field. Therefore, the 
circular magnetic element would not show any localized 
vortex, 360o domain walls, or edge domains. In order to 
successfully implement the circular magnetic element for 
MRAM device applications, there is a need to switch 
magnetization not driven by a vortex core movement. 
This is because the vortex core in deep-submicron 
element makes a domain configuration unstable and the 
movement of the vortex core is a much slower switching 
process than coherent rotation. Thus, the disk-type 
element would not be a preferred choice for the MRAM 
device.   

 
 
 
 

 C1 C2 C3 C4 C5 C6 C7 

RI 
0.4 
µm 

0.6 
µm 

0.8 
µm 

1.0 
µm 

1.2 
µm 

1.4 
µm 

1.6 
µm 

RI/O 0.2 0.3 0.4 0.5 0.6 0.7 0.8 
RO 2.0 µm 

 
 
 
 
 
Instead, ring-shaped magnetic elements have gained 
interest for applications in magnetic memory devices due 
to their unique stable magnetization configurations. 

Two stable vortex configurations, clockwise and 
counterclockwise vortices, have been known to exist in a 
ring element at remanent state, similar to disk elements.  
For MRAM applications, two stable vortices would be 

used as two distinct bit states, 0 or 1. However, specially 
designed conducting wires are required, as suggested in a 
vertical MRAM structure [18], to achieve pure vortex 
switching. In order to avoid the complex wiring system, 
an idea on magnetic switching of ring elements by an in-
plane magnetic field was sought. Thus, an asymmetric 
ring element was proposed by J. A. C. Bland et al. [19, 
20] to meet the in-plane field switching.  In this shape, 
magntetization reversal occurs by the motion of domain 
walls nucleated at a notch or naturally produced defect 
during the fabrication process. Recently, two stable 
magnetization configurations, namely “onion” states, 
were observed at remanent state in a narrow ring element 
[21]. The onion state has two symmetrical single domains 
with head-to-head (HTH) domain walls. A ring element 
with the onion state rather than the vortex state is more 
favorable for two-bit states in MRAM devices because it 
is easier to switch the onion state configuration by an in-
plane applied field [21].   

Scanning electron microscopy (SEM) images of 
permalloy ring elements are shown in Figure 3 (a), and 
the dimensions of the ring elements are detailed in Figure 
3 (b). Figure 4 shows the MFM images of the permalloy 
ring elements with an outer diameter of 2 µm and a 
thickness of (a) 40 nm or (b) 65 nm at remanent state after 
saturating at 5000 Oe. Two distinct types of magntic 
domain configuraitons were observed in the MFM images 
as shown Figure 4: vortex and onion states. Since the 
vortex state is a closed magnetic flux, magnetic flux do 
not appear in a ring element. Therefore, there is no 
magnetic flux image observed in elements C1, C2, C3, 
and C4 in Figure 4(b). It was found in this study that the 

magnetization state of a ring element is strongly 
dependent on the ratio of the inner and outer diameter 
(RI/O) and the thickness. As shown in Figure 4, the onion 
state is stable in 40 nm thick ring elements with RI/O 
greater than 0.4, otherwise the vortex state is stable. On 
the contrary, for the 65 nm thick ring element, the onion 

C1 C2 C3 C4 C5 C6 C7C1 C2 C3 C4 C5 C6 C7

C7C4 C5 C6C3C2C1
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Figure 4. MFM images of 40 nm (a) and 60 nm thick 
(b) permalloy ring elements with an outer diameter of 
2.0 µm at remanent states after saturating at 5000 Oe. 

(a) 

(b)

Figure 3.  (a) SEM images of 40 nm thick permalloy 
ring elements and (b) the dimensions of the ring 
elements. 
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state is stable for  RI/O greater than 0.6, while the vortex 
state is favorable for RI/O less than 0.5. This can be 
explained by the exchange and magnetostatic energies. 
Magnetic flux produced at the HTH domain wall 
increases when decreasing the RI/O (increaing the ring 
width) and increasing the ring thickness, resulting in an 
increase in the magnetostatic energy of the ring element. 
Consequantly, an onion state becomes unstable with 
decreasing RI/O and increasing thickness of the ring.  

Figure 5. (a) Definition and dimensions of PM element 
and (b) SEM image of 40 nm thick permalloy PM 
element. 

(b) 
Figure 6.  AFM/MFM images of an array of 40 nm (a) 
and 60 nm (b) permalloy PM elements. 

 Interstingly, it was found that the location of a HTH 
domain wall of an onion state is inconsistant between 
elements. It is attributed to physical defects existing in 
ring elements. These defects are energetically favorable 
sites for the HTH domain walls. It was observed that the 
effect of physical defects on the onion state magnetizaton 
configuration is more serious as the RI/O decreases. An 
unrepeatible switching process is expected in an onion 
state, which will result in a wide SFD between elements. 

 
2.3 Pac-man element 
 

Magnetization configuration and SFD of PM elements 
were studied.  This magnetic element is shaped as a ring 
with an open slot toward the center, as described in 
Figure 5 (a). It has a round slot end having two-slot lines 
tangent to a small imaginary circle (0.25 µm) at the 
element center. SEM images of the PM element is shown 
in Figure 5 (b). AFM and MFM images of an array of 
permalloy PM elements at as-patterned state are shown in 
Figure 6 (a) for 40 nm thick elements and (b) for 65 nm.  

50 Oe of a magnetic field was applied during deposition 
to induce an anisotrioy in the element. Single domain 
configurations are observed by MFM images.  However, 
a single domain state is unstable for the modified PM 
element with a sharp slot end shape as shown in Figure 7 
(a). Instead, a bi-domain state is favorable to exist. 
Micromagnetic computer simulation using the Landau-
Lifshitz-Gilbert equation confirmed the reversal process 
occurs by a vortex core movement as shown in Figure 7 
(b). An abrupt drop in the magnetization value 
corresponds to the nucleation of a vortex core. Figure 7 
(b) shows the domain configuration of a modified PM 
element is not a bi-domain state at remanent state. This is 
not in agreement with our experimental results. It may be 
attributed to the simulation performed at 0 K.  

Note the modified PM element shown in Figure 7 has 
an angle of 90 o between slot lines, but the PM elements 
in Figure 5 and 6 have 180 o. The angle dependence of 
magnetic domain configuration for PM elements is 
described elsewhere [22]. Since the magnetic switching 
process by a vortex core movement is slower than that 
occurred by a coherent rotation, the modified PM element 
is not the desired shape for MRAM applications.  

High selectivity is expected in the PM element with a 
round slot end as compared to conversational hexagonal 
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element because the domain configuration of the PM 
element resembles a C-domain state [23].  

Finally, we confirmed that the SFD of an array of the 
PM elements is narrower than the hexagonal and 
rectangular elements with the overall same dimension. 
These results are described elsewhere [22].  

 
3. Summary 

 
Various shapes of magnetic elements were studied for 

magnetization configuration and switching behaviors for 
MRAM applications. An unrepeatable switching process 
was observed in rectangular elements, and a wide SFD of 
an array of hexagonal elements is attributed to small end 
shape variations. Ring elements with a narrow width 
show a stable onion state, but a non-uniform 
magnetization configuration was observed due to the 
small lateral roughness. A PM element proposed in this 
study possesses a single domain configuration and a 
narrower SFD as compared to the linear elements, 

rectangle and hexagon, with the same overall dimensions. 
The C-domain configuration of the PM element 
potentially provides a high selectivity with an orthogonal 
conducting wire configuration. We conclude the PM 
element has the most potential for a magnetic memory 
element in future MRAM devices. 

(b) 
Figure 7.  (a) AFM/MFM images of as-patterned 
array of 40 nm thick modified permalloy PM element. 
(b) Micromagnetic computer simulation results of the 
modified PM element using LLG equation. Reversal 
process is driven by the vortex core movement. 
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