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Abstract 

STT efficiency of p-MTJs with the free layer diame-

ter d from 10 to 30 nm was evaluated using LLG mi-

cro-magnetic simulation. The STT efficiency for MTJs 

with the etch-damaged sidewall increases with a de-

crease in d, which is different from that without the 

damage. The STT efficiency for MTJs with the conical 

shape slightly decreases with a decrease in d. 

 

1. Introduction 

Spin Transfer Torque (STT) MRAM is one of the prom-

ising candidates for a new class of non-volatile 

memory[1-4].  To scale STT-MRAM, it is essential to 

realize the high STT efficiency /Ic0 for MTJs with the di-

ameter of the free layer d below 30 nm, where  is the 

thermal stability factor and Ic0 is the threshold current.  

CoFeB/MgO based MTJs with perpendicular anisotropy 

(p-MTJs) [5] is expected to realize high STT efficiency in 

the region of the MTJ diameter below 30nm[6,7].  Re-

cently, for CoFeB/MgO based p-MTJs with d of less than 

40 nm, Sun et al. reported that STT efficiency increases 

with a decrease in d[8]. This article suggested that this is 

attributed to an edge-fringe-field related reduction in de-

magnetization energy. On the other hand, several reports 

suggested that etching damage has an effect on the proper-

ties of MTJs, such as coercive force or MR ratio[9, 10].  

In addition, the real shape of a MTJ is not completely cy-

lindrical. Therefore, it is possible that these factors can af-

fect the STT efficiency.  In this article, we investigate the 

effect of etching damage and the shape on STT efficiency 

using LLG micromagnetic simulation.   

 

2. Method 

The film stack of p-MTJs was CoFeB(1.3 nm)/MgO(1 

nm)/antiferromagnetic-coupled reference layer. The satura-

tion magnetization Ms, perpendicular anisotropy constant 

Ku, and the damping constant  of the CoFeB free layer 

were 1257 emu/cm3, 1.0x107 erg/cm3 and 0.005, respec-

tively.  Although the real antiferromagnetic-coupled ref-

erence layer consists of lots of magnetic/nonmagnetic 

films[11], we approximated it by a simple ferromagnetic 

(FM1)/Ru(0.8 nm)/ferromagnetic (FM2) tri-layer for cal-

culations. The thickness, Ms, Ku and  of the FM1 layer 

were 2.2 nm, 1.05 emu/cm3, 1.3x107 erg/cm3 and 0.1, re-

spectively.  The thickness, Ms, Ku, and  of the FM2 layer 

were 3.3 nm, 0.8 emu/cm3, 1.3x107 erg/cm3 and 0.1, re-

spectively.  The spin polarization of three ferromagnetic 

layers was 0.6.  

In case of studying the effect of etching damage, we 

reduced Ms of three ferromagnetic layers with the width of 

2 nm near the pillar sidewall as shown in Fig.1 (b). In case 

of evaluating the STT efficiency of the MTJ whose shape is 

conical, we used the model structure that the diameter of 

the free layer was 1 nm smaller than that of the reference 

layer as shown in Fig.1 (c).  

 

 

 

 

 

 

 

 

 

 

     Figure 1  MTJ pillar structure used in simulation 

 

We used the commercially available LLG codes for our 

simulation[12]. The spin torque coefficient for MTJs given 

by Slonczewski[13] is used in this simulator. The lateral 

cell size was fixed to 2 x 2 nm for the cylindrical shaped 

MTJs and 1 x 1 nm for the conical shaped MTJs. The time 

step for numerical time integration was 0.025 ps. All cal-

culations were executed at T = 0 K. 

   When the diameter of a MTJ is enough small, the rela-

tionship between the switching time tSW, and switching 

current density J is expressed by the well-known mac-

ro-spin theory[14], 

(J/Jc0 -1) tSW = ln(/20)/Heff,                 (1) 

where Jc0 is the threshold current density,  is the gyro-

magnetic constant, Heff, is the effective anisotropy magnetic 

field, and 0 is the initial misalignment angle of magnetiza-

tion of the free layer to the easy axis.  We calculated tSW 

changing J, and evaluated Jc0 and Heff by fitting the calcu-

lated data. Then, using the equation /Ic0 

=(MsHefftf)/(2kBTJc0), we evaluated the STT efficiency, 

where kB is the Boltzmann constant and tf is the thickness of 

the free layer.  
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3. Results and Discussion 

   Figure 2 compares Jc0 Heff, and /Ic0 of MTJs between 

with etching damage and without etching damage. In all 

cases, Jc0 and Heff increased with a decrease in d as shown 

in Fig. 2 (a)-(b). These are attributed to a decrease in the 

net demagnetization field perpendicular to the film plane 

when the pillar diameter decreases[15].  /Ic0 for MTJs 

without etching damage was nearly constant as a function 

of d as shown in Fig.2 (c), which indicates that a decrease 

in the net demagnetization has the effect on both Jc0 and 

Heff at the same level.  On the other hand, /Ic0 for MTJs 

with Ms reduction near the pillar sidewall increased with a 

decrease in d as shown in Fig. 3 (c).  While Ms reduction 

decreases the demagnetization field near the pillar sidewall 

and locally increases the perpendicular anisotropy constant, 

it reduces the net magnetization of a free layer.  Therefore, 

an increase in Jc0 is smaller than that in , resulting in an 

increase in STT efficiency with a decrease in d.  Compar-

ing our results with the previous experiments[8], the de-

pendence of STT efficiency on d was reproduced. However, 

Jc0 in the previous experiments[8] is not strongly dependent 

on d.  According to the suggestion in the previous article, 

we calculated Jc0 as a function of d when the exchange 

stiffness constant of the bottom interface layer in the free 

layer was reduced.  As a result, an increase in Jc0 with a 

decrease in d was smaller, but an increase in STT efficiency 

was also smaller.  This results indicate that there may be 

other mechanism beyond the previous model[8]. 

   Figure 3 shows Jc0 Heff, and /Ic0 of MTJs when the 

pillar shape was modeled to be conical.  Jc0 and Heff was 

not strongly depend on d, which was different trend from 

those in Fig.2.  STT efficiency slightly decreased at d = 10 

nm. This may be due to the reduction in the stray field from 

the reference layer which is strong at the edge of the pillar. 

 

4. Conclusion 

   We evaluated the STT efficiency as a function of d 
(from 30nm to 10nm) when Ms near the MTJ pillar sidewall 

decreased or the shape of the MTJ was conical, using LLG 

micromagnetic simulation. The STT efficiency of MTJs 

with the small Ms region increased with a decrease in d.  

On the other hand, the STT efficiency of MTJs with the 

conical pillar shape slightly decreased when d was very 

small.  Although the former results reproduced the trend 

in the previous experiments, the trend of Jc0 was not repro-

duced, indicating that there may be other mechanism be-

yond the previous model. 
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Figure 2  Dependence of Jc0, Heff, and STT efficiency on diameter d of the free layer in p-MTJs for parallel to an-

ti-parallel magnetization reversal when Ms near the pillar wall decreses. The pillar shape is cylindrical. (a) Jc0, (b) Heff, 

(c) STT efficiency.  (● No damage, ■ 0.8Ms near the pillar wall, ◆ 0.5Ms near the pillar wall) 

Figure 3  Dependence of Jc0, Heff, and STT efficiency on d of the free layer in p-MTJs for parallel to anti-parallel mag-

netization reversal when the pillar shape is conical. . (a) Jc0, (b) Heff, (c) STT efficiency (● MTJ shape is cylindrical. ■ 

MTJ shape is conical.) 
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