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Fig. 1. Schematic of SOT-MRAM memory cell: (a) PMA structure, where TE and BE denote top electrode and bottom electrode,

respectively; (b) IMA structure.
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Fig. 2. Schematic of the influence of bias magnetic field on the performance of SOT-MRAM: (a) Shift of the magnetic hysteresis

loop and coercivity asymmetry induced by the bias field; (b) asymmetry critical switching current densities under the bias field;

(c) schematic of energy barrier without bias field; (d) asymmetry of energy barrier between P and AP states in the presence of bias

field.
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Table 1. Some parameters of micromagnetic simu-
lations.
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Fig. 3. Schematic of the micromagnetic simulation structures: (a) PMA structure; (b) IMA structure; (c¢) switching dynamics charac-

teristics for the PMA and IMA structures; the gray region denotes the heavy metal layer, and the blue region represents the free layer.
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Fig. 4. Modulation of the critical switching current density and bias ratio in the PMA structure under external uniform magnetic

fields: (a) Dependence of critical switching current density and bias ratio on H,; (b) dependence of critical switching current density

and bias ratio on H, with uyH, = 60 mT; (c) dependence of critical switching current density and bias ratio on H, with uyH, = 60 mT.
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Fig. 5. Effect of external magnetic field on the critical switching current density and bias ratio of the IMA structure with different

easy-axis angles (¢): (a) Dependence of J, and 8J/J,,, on H,, H, and H, for ¢ = 0°; (b) the corresponding curves for ¢ = 90°%

Ve
(c) the corresponding curves for ¢ = 30° (note: an auxiliary field of yyH, = 20 mT is applied during the H, and H, scans at ¢ = 0°

to assist deterministic magnetization switching; for the H, scans at ¢ = 90°, a current pulse width of 7 = 5 ns is used).
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Fig. 6. Influence of bias field poH, = 15 mT: (a) Magnetic hysteresis loop of the free layer in PMA structure under the influence of

toH, = 15 mT; (b) m, - J curve of the free layer in PMA structure under the influence of ygH; = 15 mT with yyH, = 30 mT.
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Fig. 7. Schematic of SOT-MRAM storage cell with PMA structure containing magnetic filling: (a) Front view; (b) top view.
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Fig. 8. Characterization of the local magnetic field distribution and the position-dependent compensation effect on switching cur-

rent bias: (a) Magnetic field distribution in the gray rectangular area in Fig. 7(b); (b) distribution curves of magnetic field compon-

ents in all directions along the X position at Y = 0 nm; (c) critical switching current density and bias ratio at positions P;—Py.
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Fig. 9. Optimized local magnetic field distribution and performance comparison between the proposed and conventional architectures:
(a) Magnetic field distribution around the MTJ when the center is offset to (30, -52); (b) distribution profiles of magnetic field com-

ponents along the X-axis at ¥ = —52 nm; (c) comparison of critical switching current density and bias ratio between the proposed

magnetic filling architecture (Proposed) at the optimized position (30, -52) and the conventional architecture (Conventional).
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Fig. 10. Influence of magnetic layer thickness and spacing on the local magnetic field distribution: (a) Schematic of the relative co-
ordinate system established on the free layer plane (with the origin at the geometric center of the heavy metal layer and a unit
length of 1 nm); (b) variation of magnetic field components at (26, 0) as a function of magnetic layer thickness H with a fixed spa-
cing T = 150 nm; (c¢) variation of magnetic field components at (26, 0) as a function of magnetic layer spacing T with a fixed thick-

ness H =19 nm.
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Fig. 11. Proportional scaling validation and performance comparison of the PMA structure: (a) Schematic of the geometric struc-
ture used for validating the proportional scaling performance; (b)—(e) comparison of critical switching current density and bias ra-
tio between the conventional architecture (Conventional) and the proposed magnetic filling architecture (Proposed) with identical
dimensions, where (b) scaled to 80%, (c) scaled to 60%, (d) scaled to 40%, (e) scaled to 20%.
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Fig. B1. Schematic of SOT-MRAM storage cell with IMA structure containing magnetic filling: (a) Front view; (b) top view.
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Fig. B2. Characterization of the local magnetic field distribution and the position-dependent compensation effect on switching cur-

rent bias: (a) Magnetic field distribution in the gray rectangular area in Fig. B1(b); (b) distribution curves of magnetic field com-

ponents in all directions along the green dashed line in Fig. B2(a); (c¢) comparison of critical switching current density and bias ra-

tio between the proposed magnetic filling architecture (Proposed) at the optimized position (25, —25) and the conventional architec-

ture (Conventional).
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Influence of magnetic fields on the performance of spin-orbit
torque magnetic random-access memory"
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Abstract

Spin-orbit torque magnetic random-access memory (SOT-MRAM) possesses high speed, ultrahigh
endurance and excellent compatibility with advanced semiconductor manufacturing processes, and is considered
to be a promising non-volatile memory technology. However, the free layer in the magnetic tunnel junction
(MTJ) is affected by an intrinsic bias field (H;) originating from the stray field of reference layer and interlayer
coupling associated with surface roughness. The bias field gives rise to a pronounced asymmetry in the critical
current density for magnetization switching between the two resistance states, thereby increasing the overall
energy consumption. Recent solutions typically introduce additional magnetic layers within the MTJ stack to
compensate for H,. However, such an approach increases manufacturing costs and limits their practicality in
wafer-scale manufacturing. To address the issue of asymmetry, we propose a method that avoids modifying the
original MTJ stack. The basic idea is to regulate the write current via local stray magnetic field engineering,
which involves filling magnetic materials into designated vertical interconnect access (VIA) channels during the
back-end-of-line (BEOL) process. Taking the well-studied perpendicular magnetic anisotropy (PMA) SOT-MTJ
as an example, where the undesired H; is typically oriented along the z-axis, micromagnetic simulations show
that inserting an in-plane ferromagnetic layer can significantly reduce the write-current asymmetry and provide
the auxiliary field for deterministic switching as well. Furthermore, by slightly shifting the MTJ away from its
original centered position, the bias-compensation effect can be further optimized, reducing the write-current bias
ratio from 21.6% in the conventional design to 1.3%. Notably, this approach implements field-free switching—a
critical feature for SOT-MTJ applications targeting high integration density. The concept is also applicable for

SOT-MTJs with in-plane magnetic anisotropy. Finally, the down-scaling analyses demonstrate excellent
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compatibility: even when scaled at 20% of the original size (MTJ diameter =~ 10 nm), the write-current bias
ratio remains at a low level of 0.1%, indicating that our design is effective across MTJs and highly suitable for

high-density integration with advanced technology nodes.

T 0 1.2 = 24
Je(P—AP)
©1.015
[ —Jear—p)
Heavy Reference 09} \ -0-8J/Jae  ]18
metal llg«yer. -25 3 \
arrier \
layer Jagor g j 0.655 S
\ < § Free layer Gl 0.6 } 0.555 057 1190 T
§ a \ S|z
—50 S 2
< \
™ 0.3t N 16
—75 S
z Magnetic 0 o o
filling Conventional Proposed

Y
layer
k, 4 X /nm
r

Keywords: spin-orbit torque, magnetic random-access memory, symmetric switching current, advanced

technology node

DOI: 10.7498/aps.75.20251720 CSTR: 32037.14.aps.75.20251720

060807-15


http://doi.org/10.7498/aps.75.20251720
https://cstr.cn/32037.14.aps.75.20251720
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

R B - SUE e R A AR R RE R
X & RAEW BB RN

Influence of magnetic fields on the performance of spin—orbit torque magnetic random-access memory
LIU Jiaxin ~ ZHOU Yuqing  SHI Guoyi  CAl Kaiming

5] Fi{ &, Citation: Acta Physica Sinica, 75, 060807 (2026) DOI: 10.7498/aps.75.20251720

CSTR: 32037.14.aps.75.20251720

TELR L View online: https://doi.org/10.7498/aps.75.20251720

A ZE View table of contents: http://wulixb.iphy.ac.cn

AT RRROSGER A HA SCEE
Articles you may be interested in

FET AR JE W Te, 1 F eI RS 0E 5 B

Magnetization switching driven by spin—orbit torque of Weyl semimetal WTe,

YIBR2EAR. 2024, 73(1): 018501  https://doi.org/10.7498/aps.73.20231836

FEBIEHE BBl 1 A A% T K Sl i A 58 2 e

The magnetization reversal driven by spin—orbit-assisted spin—transfer torque

PyFEEEAR. 2023, 72(8): 087202  https:/doi.org/10.7498/aps.72.20222433

FLT M 5 Jm Dy/Pu[ Co/ Pl 22 JZ RELRY) I BEBAE JE
Investigation of spin—orbit torques in rare—earth Dy/Pt/[Co/Pt]; magnetic multilayers

PyFEEEAR. 2025, 74(13): 137203 hitps:/doi.ore/10.7498/aps.74.20250186

SrRuO R A F HEBIE 3 H R B () it 1 3 2

Crystal orientation regulation of spin—orbit torque efficiency and magnetization switching in SrRuO; thin films

PyFEEEAR. 2024, 73(11): 117701 https:/doi.ore/10.7498/aps.73.20240367

BT CBRIER TCA N B A EE R G RE TE A U A

Analysis of spin—orbit torque magnetic tunnel junction model without external magnetic field assistance based on antiferromagnetism

YrE2E 4. 2023, 72(19): 198504  https://doi.org/10.7498/aps.72.20230901

BT T HERGVERPRLE A BERIE RIS

Research progress of spin orbit torque of two—dimensional magnetic materials

YrH2E 4. 2024, 73(1): 017502 https:/doi.org/10.7498/aps.73.20231244


https://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.75.20251720
http://wulixb.iphy.ac.cn
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20231836
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20231836
https://doi.org/10.7498/aps.73.20231836
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.72.20222433
https://doi.org/10.7498/aps.72.20222433
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.74.20250186
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.74.20250186
https://doi.org/10.7498/aps.74.20250186
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20240367
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20240367
https://doi.org/10.7498/aps.73.20240367
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.72.20230901
https://doi.org/10.7498/aps.72.20230901
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20231244
https://doi.org/10.7498/aps.73.20231244

	1 引　言
	2 写入电流偏置的影响与磁场调制
	2.1 写入电流偏置的影响
	2.2 磁场对PMA与IMA结构的写入电流影响

	3 含磁性填充的新型SOT-MRAM架构模拟
	4 器件微缩性能验证
	5 结　论
	附录A 磁性填充层的功耗收益评估
	附录B IMA结构中磁性填充层的偏置补偿分析
	参考文献

