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Abstract 

   We investigated the impact of sub-volume effect on 

improving the overdrive delay product Pod in sub-40nm 

p-MTJ and its beyond using LLG micro magnetic sim-

ulation. Simulation results show over 26 percent reduc-

tion of the overdrive delay product by suppressing 

sub-volume excitation. We found the overdrive delay 

product can be reduced by scaling down junction diam-

eter or enlarging exchange stiffness. These results show 

that p-MTJ of embedded MRAM should be scaled 

down under 40nm to suppress sub-volume excitation, 

not only for high-density but also for high speed pro-

graming. 

1. Introduction 

Spin transfer torque magnetic random access memory 

(STT-MRAM) with perpendicular magnetic tunnel junc-

tions (p-MTJs) is one of the promising candidates for next 

generation non-volatile working memory [1]. Suppression 

of power consumption and switching speed with a few na-

noseconds are required in the L3 or higher-level caches. In 

other words, it is necessary to decrease the product of driv-

ing power and switching delay. The switching time can be 

divided into two time regions: incubation time and transit 

time [2]. Incubation time is possible to decrease by back-

ground writing scheme as demonstrated by previous reports 

[3,4]. On the other hand, the method of decreasing transit 

time has not been found except for increasing driving cur-

rent. Our previous study reported the sub-volume excitation 

impacts on transit time in a precessional regime [5]. There-

fore the delay of transit time is significant bottleneck to 

realize high speed switching. In this paper, we investigated 

the dependence of the overdrive delay product on junction 

diameter and exchange stiffness in a precessional regime of 

magnetization reversal by using Landau-Lifshitz-Gilbert 

(LLG) micro magnetic simulations.  

2. Simulation method 

We simulated the STT magnetization reversal of 

p-MTJs which consist of CoFeB/MgO (1nm) based syn-

thetic antiferromagnetic pinned layer. Figure 1 shows 

schematic of p-MTJ structure. Saturation magnetization Ms, 

anisotropy constant Ku and damping factor α are 1.58T, 

1.0×10
7
erg/cm

3
 and 0.015, respectively. We defined the 

incubation time and the transit time as follows: incubation 

time Tin is the time when Mz decreases from 1.0 to -0.8, 

transit time Ttr is time when Mz decreases from +0.8 to -0.8 

in magnetization reversal as shown in Fig. 2. T0 is time 

before Mz decreases to zero. T0 can be globally scaled by 

the well-known macro spin theory [6]. 

T0 = ln(π/2θ0)/(I/Ic0-1)αγHeff,   (1) 

 

where I is switching current, Ic0 is the threshold current, γ is 

the gyromagnetic constant, Heff is the effective field, and θ0 

is the initial misalignment angle of magnetization of a free 

layer to the z axis. In this paper, θ0=5 degree in all simula-

tions. We estimated Ic0 (and Heff) by fitting for T0 and I us-

ing eq. (1). The overdrive I/Ic0-1 and the product of over-

drive and delay of transit time Pod ware calculated.  

3. Result and Discussion 

Figure 3 shows the junction diameter dependence of 

time evolution of Mz when overdrive I/Ic0-1=0.5. Figure 4 

shows magnetization configuration in free layer of p-MTJ 

with a diameter of 20nm, 40nm and 70nm, respectively. 

Magnetization configuration was a macro spin motion in 

the p-MTJ with a diameter of 20nm. Sub-volume excitation 

was observed in p-MTJ with a diameter over 40nm. These 

results corresponded with the experiments results [7]. Fig-

ure 5 shows the overdrive dependence of Ttr in p-MTJs. In 

the same overdrive, the value of Ttr decreased as the junc-

tion diameter was scaled down. Larger overdrive is re-

quired to realize high speed operation for p-MTJ with a 

diameter of 70nm. It has a problem from the view of low 

power operation. Therefore scaling down of junction diam-

eter is the key to reduce Pod. Figure 6 shows the junction 

diameter and Aij dependence of Ttr when I/Ic0-1=0.5 in de-

tail. In this simulation, Aij was set to 1.0, 1.9 and 

3.1μerg/cm, respectively. For p-MTJs with a diameter be-

low 20nm, Ttrs were nearly same value in each Aij. On the 

other hand, the value of Ttr decreased with an increase in 

Aij for p-MTJ with a diameter of 40nm. Figure 7 shows the 

dependence of Pod on overdrive. The value of Pod decreased 

as the junction diameter was scaled down when overdrive 

was the same. This result shows over 86% reduction of 

overdrive delay product by scaling down the junction di-

ameter from 70nm to 10nm when overdrive I/Ic0-1=0.5. For 

p-MTJ with a diameter above 40nm, the increase rate of Pod 

was larger with an increase in overdrive as shown in Fig.8. 

Figure 9 shows the dependence of Pod on overdrive for each 

junction diameter in p-MTJ. The value of Pod was inde-

pendent of the value of Aij in p-MTJ with a diameter below 

20nm. On the other hand, Pod decreased with an increase of 

Aij in p-MTJ with a diameter of 70nm. Figure 10 shows 

overdrive and Aij dependence of Pod in p-MTJ with a diam-

eter of 40nm and 70nm, respectively. It is possible to de-

crease about 26% the value of Pod in p-MTJ with a diameter 

of 40nm by increasing Aij from 1.0 to 3.1. Therefore it is 

one approach that increasing Aij by annealing at 350°C to 

realize high-speed and low power switching of p-MTJ since 

sub-volume excitation is suppressed[8]. 
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4. Conclusions 

   In summary, we investigated the impact of 

sub-volume effect on improving the overdrive delay prod-

uct Pod in sub-40nm p-MTJ and by using LLG micro mag-

netic simulation. Simulation results show over 26 percent 

reduction of the overdrive delay product by suppressing 

sub-volume excitation. We found the overdrive delay 

product can be reduced by scaling down junction diameter 

or enlarging exchange stiffness. These results show that 

p-MTJ of embedded MRAM should be scaled down under 

40nm that is safety size from sub-volume effect, not only 

for high-density but also for high speed programing. 
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Fig. 5 Overdrive dependence of transit 

time when Aij=1.9uerg/cm. 
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Fig. 7 Overdrive and junction diameter 

dependence of Pod. 

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

0.0 0.5 1.0 1.5 2.0 2.5
Over drive (I/Ic0-1)

d=10nm
d=20nm
d=40nm
d=70nm

(O
v

er
d

ri
v

e)
∙(

D
el

a
y

) 
[n

s]

-86%

 
Fig. 8 Junction diameter dependence of 

Pod increasing rate. 
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Fig. 4 Time evolution of magnetization configuration in free layer of p-MTJs 

(a)d=20nm, (b)d=40nm and (c)d=70nm. 
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Fig. 6 Junction diameter and Aij depend-

ence of transit time when I/Ic0=0.5. 
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Fig. 10 Overdrive and Aij dependence of Pod in p-MTJ (a)d=40nm (b)d=70nm.  
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Fig. 9 Dependence of Pod on overdrive 

for each junction diameter in p-MTJ. 
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Fig. 1 Schematic of p-MTJ structure in this 

simulation. 
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Fig. 3 Time evolution of Mz in magneti-

zation reversal when I/Ic0 -1=0.5. 
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Fig. 2 The definition of incubation time 

Tin, T0 and transit time Ttr. 
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