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Spin-Orbit Torque MRAM (SOT-MRAM) Physics

Spin Hall Decoupled Switching, Sub-Nanosecond Latency, and On-Chip Embedded Cache Integration

EXECUTIVE ABSTRACT & SUMMARY FINDINGS: While Spin-Transfer Torque MRAM (STT-MRAM) succeeded in replacing
embedded flash (eFlash), its two-terminal architecture forces high write currents through the fragile MgO tunnel barrier, causing
endurance fatigue and read disturbance. Spin-Orbit Torque MRAM (SOT-MRAM) decouples write and read channels into a
three-terminal geometry. Utilizing the Spin Hall Effect in heavy metals, SOT-MRAM delivers sub-500 picosecond switching and 10716
cycle endurance, positioning it as the primary non-volatile replacement for L1/L2 SRAM caches.

Memory Cell Read Latency Write Latency Endurance (Cycles)

6T SRAM (Baseline) 0.4ns - 0.8ns 0.4ns - 0.8ns Infinite (>10718)
eFlash (NOR) 10ns - 15ns 1us - 100us 1075 (Low)
STT-MRAM (2-Terminal) 5ns - 10ns 15ns - 35ns 1070 - 1072
SOT-MRAM (3-Terminal) 0.5ns - 1.2ns 0.2ns - 0.5ns >10716 (Near-Inf)

1. The Tunnel Barrier Dilemma in 2-Terminal STT-MRAM

In Spin-Transfer Torque MRAM, a Magnetic Tunnel Junction (MTJ) consists of a pinned reference layer, an ultra-thin insulating magnesium oxide
(MgO ~1nm) barrier, and a switchable magnetic free layer. To write a bit, a high-density spin-polarized current is driven vertically through the MgO
barrier. The transfer of spin angular momentum exerts a torque on the free layer, aligning its magnetization parallel ('0") or anti-parallel ('1').

This 2-terminal configuration forces an intrinsic engineering contradiction: achieving sub-nanosecond switching requires high write voltages
(~1.2V), which subjects the 1nm MgO barrier to extreme electric fields (>1 GV/m), accelerating dielectric breakdown and capping cell endurance at
10710 to 10712 cycles. Furthermore, during read operations, even small sensing currents risk unintentionally flipping the free layer (read
disturbance).

2. Decoupled Read/Write Paths via the Spin Hall Effect

SOT-MRAM eliminates this bottleneck by separating the write current path from the read current path across three terminals. The MTJ stack sits
directly on top of a heavy metal base channel composed of beta-tungsten (beta-W), platinum (Pt), or tantalum (Ta).

When a charge current flows laterally through the heavy metal channel, relativistic spin-orbit coupling (the Spin Hall Effect) deflects electrons with
opposite spins toward opposing surfaces. A pure, transverse spin current is injected vertically into the adjacent MTJ free layer, exerting a torque
that flips its magnetization in less than 400 picoseconds without driving a single electron through the delicate MgO tunnel barrier.
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3. Perpendicular Magnetic Anisotropy (PMA) & Precessional Switching
To achieve high thermal stability (Delta > 60 for 10-year data retention) at advanced semiconductor nodes (under 14nm), modern SOT-MRAM
utilizes Perpendicular Magnetic Anisotropy (PMA), where magnetic dipoles point vertically out of the film plane.

However, symmetry constraints in pure Spin Hall torque dictate that an in-plane lateral spin current cannot deterministically switch a perpendicular
magnetic dipole without an external in-plane magnetic bias field (H_ext). Foundries eliminate this external magnet requirement by engineering
asymmetric interfacial layers (e.g., tilted anisotropy or embedded ferromagnetic pinning bars) that provide built-in stray bias fields, enabling
deterministic zero-field precessional switching.

4. On-Chip SRAM Cache Replacement & Leakage Power Eradication

In modern server processors, CPU L1, L2, and L3 SRAM caches consume up to 40% of total die area and dissipate massive standby leakage
power through idle 6T transistor cells. SOT-MRAM offers a 3x smaller cell footprint (40-60 F/2 vs 120-150 F/2 for 6T SRAM) and zero standby
leakage power. Because writes complete in sub-500ps, SOT-MRAM enables instant power-gating of CPU execution cores without losing register
state.

CRITICAL ENGINEERING TAKEAWAYS & DEPLOYMENT DIRECTIVES:

1. SOT-MRAM decouples read and write channels to achieve >10716 write cycle endurance with zero MgO barrier fatigue.
2. Lateral spin currents generated via the Spin Hall Effect enable sub-400ps precessional switching speeds.

3. Asymmetric interfacial engineering eliminates the need for external magnetic bias fields in perpendicular (PMA) cells.

4. Replacing 6T SRAM caches with SOT-MRAM cuts on-chip cache silicon footprint by 60% and eliminates standby static leakage.

Lesty Tech Engineering Research Group e https://lesty.tech ¢ Peer-Reviewed Hardware Architecture Page 2 of 2



