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Outlines

Band structure of RuO2 (arXiv: 2204.10844v1 (2022))
• Spin-split bands contributing to exotic electronic 

transport properties 

Measurement techniques
• ST-FMR (PRL106, 036601 (2011))

• In-plane 2nd harmonics Hall (PRB 89, 144425 (2014))

2

Background and motivation
• Conventional vs unconventional spin current

Conventional SHE Unconventional: WTe2,RuO2

Experimental detection of the “tilted spin current” 

in RuO2 (Nat. Electron. 5, 267 (2022))
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Types of SOT and measurement techniques

𝜏𝑖𝑝 → 𝑅𝐴𝐻𝐸(𝑡) → 𝑀(𝑡) × 𝐻𝑒𝑓𝑓(𝑡)

𝜏𝑜𝑝 → : 𝐸𝑃𝐻𝐸(𝑡) → 𝑀(𝑡) × 𝐻𝑒𝑓𝑓(𝑡) × 𝑀(𝑡)

In-plane 2nd Harmonic Hall ST-FMR

Constants D and F depend on Hext

𝐷𝐷𝐿
𝑌 cos𝜙 + 𝐹𝐹𝐿

𝑌 cos𝜙 cos 2𝜙

+𝐷𝐷𝐿
𝑋 sin𝜙 + 𝐹𝐹𝐿

𝑋 sin𝜙 cos 2𝜙

+𝐷𝐷𝐿
𝑍 cos 2𝜙 + 𝐹𝐹𝐿

𝑍

𝑉𝑋𝑌
2𝜔 →

[PRB 89, 144425 (2014),       arXiv:2108.09150 (2021)]
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∆2

𝐻 − 𝐻0
2 + ∆2

In-plane torques

𝑉𝐴 = 𝐴
𝐻 − 𝐻0 ∆

𝐻 − 𝐻0
2 + ∆2

Out-plane torques

𝑆 = 𝑆𝐷𝐿
𝑌 cos𝜙 sin 2𝜙 + 𝑆𝐷𝐿

𝑋 sin𝜙 sin 2𝜙 + 𝑆𝐹𝐿
𝑍 sin 2𝜙

𝐴 = 𝐴𝐹𝐿
𝑌 cos𝜙 sin 2𝜙 + 𝐴𝐹𝐿

𝑋 sin𝜙 sin 2𝜙 + 𝐴𝐷𝐿
𝑍 sin 2𝜙
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Γ𝐷𝐿 → 𝑚 × 𝜎𝑧,𝑥
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𝑆𝐻𝐸, 𝑅𝐸𝐸etc.

(Dresselhaus etc.)
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𝑉𝑑𝑐 → 𝐼𝑟𝑓 𝑡 . 𝑅𝑟𝑓
𝑎𝑚𝑟(𝑡)
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Electronics with the altermagnet (RuO2) (Šmejkal et. al. arXiv:2204.10844)

(2) Crystal axis dependent AHE 
Sci Adv. 6, eaaz8809 (2020)

Ex

(1) Spin polarized current when E→[110]
Nat Comm 12, 7061 (2021), Phys Rev X 12, 011028 (2021)

Ex

(3)

Transverse pure JS from spin-

split bands, polarized along 𝑵

Theory: PRL 126, 127701 (2021)

Exp: A. Bose. et. al. Nat. Electron. 

5, 267 (2022)

How to detect it?
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arXiv:2112.
06805 etc.



Tilted spin-current generated by RuO2 (A. Bose et. al. Nat. Elecl.5, 267 (2022))

𝜉𝐷𝐿,𝐸
𝑌 = 𝐶1. sin𝜃𝑠(sin𝜃𝑠 𝐜𝐨𝐬𝝍) 𝐜𝐨𝐬𝝍 + 𝐶0

𝜉𝐷𝐿,𝐸
𝑍 = 𝐶1. sin𝜃𝑠 (cos𝜃𝑠) 𝐜𝐨𝐬𝝍

𝜉𝐷𝐿,𝐸
𝑋 = 𝐶1. sin𝜃𝑠(sin𝜃𝑠 𝐬𝐢𝐧𝝍) 𝐜𝐨𝐬𝝍
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Spin-torque measurements by ST-FMR and SHH

𝑉𝑋𝑌
2𝜔 = 𝐶 + 𝐷𝐷𝐿

𝑌 cos𝜙 +
𝐹𝐹𝐿
𝑌 cos𝜙 cos 2𝜙 + 𝐷𝐷𝐿

𝑍 cos 2𝜙
+ 𝐹𝐹𝐿

𝑋 sin𝜙 cos 2𝜙 + 𝐷𝐷𝐿
𝑌 sin𝜙

𝑆 = 𝑆𝐷𝐿
𝑌 cos𝜙 + 𝑆𝐷𝐿

𝑋 sin𝜙 + 𝑆𝐹𝐿
𝑍 sin 2𝜙

𝐴 = 𝐴𝐹𝐿
𝑌 cos𝜙 + 𝐴𝐹𝐿

𝑋 sin𝜙 + 𝑆𝐹𝐿
𝑍 sin 2𝜙

𝑉𝑆 = 𝑆
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𝐻 − 𝐻0 ∆
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2 + ∆2
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𝐷𝐷𝐿
𝑌 cos𝜙 + 𝐹𝐹𝐿

𝑌 cos𝜙 cos 2𝜙 + 𝑫𝑫𝑳
𝒁 𝐜𝐨𝐬 2𝝓

(SHE) 𝐷𝐷𝐿
𝑌 cos𝜙 + 𝐹𝐹𝐿

𝑌 cos𝜙 cos 2𝜙 𝐻𝑂𝑒

(SHE) 𝑆𝐷𝐿
𝑌 cos𝜙 sin 2𝜙

(SHE) 𝑆𝐷𝐿
𝑌 cos𝜙 sin 2𝜙 𝐻𝑂𝑒 𝐴𝐹𝐿

𝑌 cos𝜙 sin 2𝜙

𝐴𝐹𝐿
𝑌 cos𝜙 + 𝑆𝐹𝐿

𝑍 sin 2𝜙



Detection of the tilted spin current in RuO2
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( A. Bose et. al. Nat. Electron. 5, 267 (2022)) 9

The tilted spin-current is a consequence of the novel spin-split bands of the emerging new type of anti-ferromagnet

𝜓 = 0, 30, 45, 60, 90,120 𝑒𝑡𝑐.

S. Karube, et. al. arXiv:2111.07487 

H. Bai, et. al. PRL 128, 197202 (2022)



Additional experiments 10

RuO2 IrO2

a 4.543 4.545

b 4.543 4.545

c 3.140 3.190

Isostructural

1. Isostructural (101) IrO2 cannot produce op-DLT 

that (101) RuO2 exhibits suggesting the importance 

of AF-ordering.

Summary

3. Bulk origin of the spin current from RuO2 thickness 

dependence and Ir spacer insertion.

4. Signature of T-odd spin current from strong 

temperature dependence of op-DLT.

2. Strong dependence of OP-DLT with crystal axis 

and crystal planes.

(e)
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RuO2
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A. Bose et. al. ACS Appl. Mater. 
Interfaces 12, 55411 (2020)



Predicted spin-Hall conductivities



Complete probable angular of spin-torques in (101) plane

Spin-flow direction: 𝑁 × 𝐽𝐶 = 𝑁𝑦 ො𝑦 + 𝑁𝑧 Ƹ𝑧 × cos𝜙 ො𝑥 + cos𝜙 ො𝑦 𝐽𝐶 ∝ Ƹ𝑧 cos𝜙

Spin vector: 𝑁 × 𝐽𝐶 = 𝑁∥ sin𝜙 𝜙∥ + 𝑁⊥cos𝜙 𝜙⊥ +𝑁𝑧 Ƹ𝑧
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In-plane damping-like torque from m-SHE ∝ cos2𝜙

In-plane Dresselhaus-like torque from m-SHE ∝ sin𝜙 cos𝜙

Out-of-plane damping-like torque from m-SHE ∝ cos𝜙

Angular dependence of imparted torque: 
Angular dependence of spin current x angular dependence of spin flow direction 

Satoshi Iihama et. al. Nature Electronics 1, 120 (2021)

Taniguchi, T., Grollier, J. & Stiles, M. D. Phys. Rev. Applied 3, 044001 (2015)
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