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1. Introduction 

Embedding non-volatile RAM onto SoCs has attracted 
growing interest since further CMOS scaling will greatly 
increase power consumption. Magnetic random access 
memory (MRAM) is the most promising candidate due to 
its unique features such as non-volatility, high-speed opera-
tion, and unlimited read-write endurance. This paper de-
scribes our activities and future challenges with embedded 
MRAM technology. 
 
2. 2T1MTJ cell structure 
   Among several MRAM cell structures, the 2T1MTJ cell 
[1] is desirable for high-speed applications because it re-
quires no accurate current control (Table I). We have dem-
onstrated 250-MHz [2] and 32-Mb [3] macros with 
2T1MTJ cells, where writing was performed with a mag-
netic field [4]. For cost performance that is comparable or 
superior to existing memories such as eSRAM and eDRAM, 
reducing write-current to less than 0.2 mA is indispensable 
(Fig. 1). In this viewpoint, spin-transfer torque (STT) writ-
ing is promising. In particular, the domain wall (DW) mo-
tion cell is suitable since it fits well with the 2T1MTJ struc-
ture [5]. 
 
3. DW-motion MRAM 
   We found that, for DW-motion MRAMs, a perpendicu-
lar magnetic anisotropy (PMA) material is preferable to an 
in-plane magnetic anisotropy (IMA) material because it can 
achieve more efficient DW motion [6]. Figure 2 shows ana-
lytical and numerical calculation results of DW motion in 
IMA and PMA materials. The critical current density and 
critical field in PMA materials are one order of magnitude 
smaller and larger, respectively, than the IMA materials. 
Furthermore, despite an increase in critical field, the current 
density for PMA is constant [7]. These facts suggest that, 
with PMA, we can achieve small cell area with sufficient 
stability even for fine technology generations. 
   We confirmed excellent writing properties of DW-mo-
tion cells with PMA materials. Figures 3, 4, and 5 show the 
value of write-current, switching time, and thermal stability, 
respectively. In these experiments, Co/Ni laminated film 
was used as a PMA free-layer material. In Fig. 3, the 
write-current reaches less than 0.2 mA at a width of less 
than 100 nm [8]. Also, in Fig. 4, a switching time of less 
than 3 ns is obtained when ℓ = 200 nm, corresponding to 
more than 200-MHz operation when ℓ < 100 nm. In Fig. 5, 

the write-current is independent of thermal stability, in 
agreement with the theoretical analysis. 
   A typical DW-motion MRAM device structure is de-
picted in Fig. 6 [9]. The free layer consists of three regions: 
two fixed regions and one data region. For writing, we use 
a bidirectional current and move the DW in the data region. 
For reading, we use tunneling magnetoresistive (TMR) 
effect. With this cell structure, the cell size can be as small 
as 12F2. 
   We fabricated 4k-array samples (Fig. 7). An initializing 
technique to obtain a uniform magnetic state was developed 
(Fig. 8). Also, good reproducible switching was demon-
strated (Fig. 9). 
 
4. Future challenge 
   These technologies will provide us with zero standby 
power consumption SoCs. Figure 10 shows an overview of 
a future MRAM-embedded SoC, where 5T2MTJ [10], 
9T8MTJ [11], and a magnetic flip-flop (F/F) cell [12] as 
well as a 2T1MTJ cell can replace all types of the memory 
and data F/F in SoCs. 
 
5. Conclusions 
   The DW-motion MRAM with 2T1MTJ cell structure 
has potential to replace conventional embedded memories. 
We confirmed its basic properties. Our technology will 
enable zero standby power consumption SoCs. 
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Table 1: Comparison of characteristics for typical MRAM cells. 
2T1MTJ cells are suitable for high-speed applications because they 
have no risk of disturbance. 

Fig. 1: Estimated cell area as a function of write- 
current (Iw) for 2T1MTJ cell. The cell area is 
mostly proportional to the write-current and it be-
come smaller than eDRAM when Iw < 0.2 mA. 

Fig. 2: Numerical and analytical calculation results 
for critical current density (jc) and critical field (Hc) 
of DW-motion for PMA and IMA. PMA shows 
much smaller jc and much larger Hc. 

Fig. 3: Dependence of write- 
current (Iwrite) on width. Iwrite < 
0.2 mA when w < 100 nm. 

Fig. 4: Switching probability as a func-
tion of voltage for different pulse dura-
tions. 3-ns switching corresponds to 
>200 MHz when L< 100 nm. 
 

Fig. 5: Relation between Iwrite and Hc (a) and E/kBT 
and Hc. Iwrite was independent of Hc, whereas E/kBT 
was mostly proportional to Hc. Fig. 6: Typical structure of DW-motion MRAM with 

PMA materials. 

Fig. 7: Photograph and TEM image of 4k-array samples. 

Fig. 8: MFM image of 
device array. Uniform 
state was achieved. 

Fig. 9: Repeat test results of the device. 
Good reproducible switching and over-
write properties were achieved 

Fig. 10: Overview of an MRAM embedded SoC. All 
semiconductor memories and flip-flops can be re-
placed by MRAM cells with various cell structures. 
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