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Abstract — We are developing spin-orbit torque (SOT-) MRAM using antiferromagnetic topological materials as the free layer, aiming
for high speed and low power consumption. We successfully integrated for the first time a top-pinned perpendicular MTJ on an 8-inch
wafer using a full-scale CMOS-compatible process. The fabricated chip is a 512kbit array with 100 nm MTJs. We used Mn3Sn, a
topological noncollinear antiferromagnetic metal, as the free layer. Mn3Sn was deposited by sputtering on Ta-SOT and was confirmed
to be sufficiently ordered by 400C annealing. Evaluation of single bits within the array showed hysteresis with a TMR of about 89%.
The switching current density was 8.4 MA/cm? at 10 ns, significantly reduced compared to existing CoFeB free layers. The pulse-width
dependence of the measured switching current density and that of the simulation suggested that switching is possible in the sub-

nanosecond regime with a reasonable reversal current.

Index Terms—SOT-MRAM, Topological material, Magnetic tunnel junction, CMOS-compatible

I. INTRODUCTION

Antiferromagnetic materials do not have stray magnetic
fields, are resistant to external magnetic fields, and are
expected to operate at high speeds in the terahertz range, which
is why they have consistently attracted significant attention for
device applications. However, in antiferromagnets, especially
collinear antiferromagnets, detecting their magnetic state is
extremely difficult, and to utilize collinearity, nearly perfect
crystals are usually required. On the other hand, research on
topological materials, which originated from Nobel Prize-
winning work such as the quantum Hall effect and the theory of
topological phase transitions, has become active. Topological
materials are generally those whose electronic states are
described by topological invariants, and various types of
materials have currently been discovered. The material Mn3Sn
[1] adopted in this study is classified as a Weyl semimetal
among topological materials and is a non-collinear
antiferromagnet in which magnetic Mn atoms form a kagome
lattice, with a magnetic easy plane within the kagome plane.
Furthermore, the presence of ferromagnetic order of higher-
order cluster magnetic octupoles results in the manifestation of
a giant anomalous Hall effect and magneto-optical Kerr effect
[2], etc. Regarding magnetization dynamics, picosecond-order
switching has been confirmed [3]-[4], and applications to
memory devices operating at high speed and low power
consumption are expected.

In this paper, we report on the development results of SOT-
MRAM using Mn3Sn (TL-RAM), one of the topological non-
collinear antiferromagnets. Mn3Sn itself is expected to allow
picosecond switching, and high-speed SOT-switching is also
expected as a device [5]-[6]; however, for readout, only small
TMR has been experimentally reported in the tunnel junction
Mn3Sn/MgO/Mn3Sn [7]. Theoretically, TMR exceeding
1000% is suggested due to momentum-dependent spin
polarization on the Fermi surface [8], but it is necessary to
ensure crystalline alignment at the interface, making it
extremely difficult to realize in MTJs sputtered as poly-

crystalline films on CMOS substrates. We aim to develop a
memory device that can achieve both high-speed switching and
large TMR, proposing an MTJ with Mn3Sn/CoFeB as the free
layer, simultaneously including a tunnel junction of
perpendicular magnetization CoFeB with MgO. A 512 kbit
SOT-MRAM including the MTJ as a 1-bit cell was fabricated
on an 8-inch wafer using a CMOS-compatible process. The
characteristics of this SOT-MRAM were investigated.

II. EXPERIMENT

We prepared a 512kbit array as a vehicle for the development
of TL-MRAM. This 512kbit array consists of 32 sub-arrays of
16kbit each (Fig. 1(a)). Each 1-bit cell contains two transistors,
connected by a common bit line (Fig. 1(b)). The MTJ film was
sputtered on an 8-inch CMOS wafer at the 180 nm node and
then annealed at 400°C to order the Mn3Sn. The stack of the
SOT-MTIJ device basically consists of Ta, Mn3Sn/CoFeB, MgO,
and CoFeB, as SOT-layer, free layer, insulator, and pinned layer,
respectively (Fig. 2). A single perpendicular ferromagnetic
layer was employed here as a pinned layer. The MTJ was
formed with sizes of 80, 100, and 160 nm using electron beam
lithography, and etched using ICP + milling, followed by SOT
processing. In the MTJ processing, conditions were optimized
to prevent redeposition on the sidewalls near MgO layer. The
SOT width was set to a size expanded by 110 nm on both sides
relative to the MTIJ, taking alignment accuracy into
consideration. For the evaluation of array operation, a home-
made memory tester was used.

III. RESULTS

First, we discuss the results of current writing for a typical
single bit within the 512kbit array. Figure 3 shows the results of
repeating current writing 10 times on the same 160nm-sized
MT]J with an assist magnetic field Hx of 0.3 kOe. This device
shows a TMR of 67% on average and 84% at maximum. The
squareness of the hysteresis curves of this device is not so good.
After the transition from the parallel state to the antiparallel
state at positive current values, there is some fluctuation in the



antiparallel state resistance. This suggests that the MTJ size is
large and includes multiple magnetic domains. This fluctuation
is expected to be resolved by reducing the MTJ size to about
50nm or less. In addition, the switching current Ic was 571 pA.
Considering a wide SOT with alignment taken into account, the
current density is calculated as 7.5 MA/cm?. Compared to re-
ports on MTJs using CoFeB [10]-[11], the switching current
density has been significantly reduced.

To investigate the high-speed switching of Mn3Sn, the
switching current density was measured by varying the write
pulse widths to 10, 20, and 50 ns, and 100 us for a 1-bit cell in
the array. The results are shown in Figure 4. Over a wide range
of 10 ns to 100 us, it is the area where thermal assistance is used
to switch the area. The figure shows the simulation results for
the thermal stability index A~33. For pulses shorter than 10 ns,
CoFeB enters the precession region, causing a sharp increase in
switching current. The results of this simulation are also illus-
trated in illustrations. However, in the case of Mn3Sn, no in-
crease in switching current is observed up to the sub-nanosec-
ond region [10]. The MTJ proposed here uses a free layer of
Mn3Sn/CoFeB. In this case, the pulse width dependence of the
switching current is expected to be the average dependency of
Mn3Sn and CoFeB respectively. Therefore, even for a 1 ns
write pulse, a significant increase in switching current may not
occur. In other words, it could become a high-speed memory
device with 1 nanosecond speed, comparable to SRAM.

IV. CONCLUSION

We have fabricated the world's first SOT-MRAM using MTJs
(TL-RAM) that include topological materials. As the
topological material, we used Mn3Sn, a non-collinear
antiferromagnet. To achieve both the high-speed switching
characteristics of Mn3Sn and a large TMR as an MTJ, we
adopted a structure combining Mn3Sn with CoFeB as a free
layer. Using this MTJ as a 1-bit cell, we fabricated a 512 kbit
array as a memory device using a CMOS-compatible process.
The 1-bit cell exhibited 89% of TMR, and the switching current
density for a 10 ns write pulse was demonstrated to be 8.4
MA/cm?. Regarding writing, simulations corresponding to
Mn3Sn and CoFeB were performed, showing the potential for
high-speed operation in the MTJ we proposed. In the future, by
optimizing the MTJ structure and CMOS-compatible process,
the feasibility of realizing even faster and lower power SOT-
MRAM is suggested.
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