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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)]

𝑉𝑆 = 𝑆
∆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

{𝑚 × (𝜎𝑧,𝑥
𝑌 ×𝑚)} {𝑚 × (𝜎𝑧,𝑥

𝑋 ×𝑚)}

{𝑚 × (𝜎𝑧,𝑥
𝑍 ×𝑚)}{𝑚 × 𝜎𝑧,𝑥

𝑌 } {𝑚 × 𝜎𝑧,𝑥
𝑋 }

{𝑚 × 𝜎𝑧,𝑥
𝑍 }

[PRL106, 036601 (2011)]

𝑉𝑑𝑐 → 𝐼𝑟𝑓 𝑡 . 𝑅𝑟𝑓
𝑎𝑚𝑟(𝑡)

Types of SOT and measurement techniques 5

𝑆𝐻𝐸, 𝑅𝐸𝐸etc.

(Dresselhaus etc.)
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RuO2: spin-split bands (arXiv:2105.05820) 6
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Electronics with the altermagnet (RuO2) (Šmejkal et. al. arXiv:2204.10844) 7

(3) Unconventional time-odd spin-Hall current even in the absence of SOC 

determined by N-vector (strongly crystal axis dependent) 
Theory: PRL 126, 127701 (2021)

Exp: A. Bose. et. al. Nat. Electron. 5, 267 (2022)

(1) Longitudinal time odd spin-polarized current by the real space collinear AFM 

(strongly crystal axis dependent)
Theory: Phys Rev X 12, 011028 (2021)

(2) Anomalous Hall effect by the real space collinear AFM 
(strongly crystal axis dependent)

Theory: Sci Adv. 6, eaaz8809 (2020)



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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Time even vs time odd transverse spin currents 9
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𝑌 ∝ cos2𝜓
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𝑋 ∝ sin𝜓 cos 𝜓
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Strong temperature dependence



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
∆2

𝐻 − 𝐻0
2 + ∆2

𝑉𝐴 = 𝐴
𝐻 − 𝐻0 ∆

𝐻 − 𝐻0
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)) 11

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. PRL 129, 137201 (2022)

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

X. Chen et. al. Nat. Mat. 20, 800 (2021)



Additional experiments 12

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)

TiO2

RuO2

Py

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



Spin Nernst effect (SNE) detected by comparing transverse 

MR driven by electric current and thermal gradient

A. Bose et. al. Phys. Rev. B  105, L100408 (2022)
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What is spin Nernst effect (SNE)? 14

HM

𝐽𝑥

𝐽𝑠

Spin Hall effect (SHE)
J. Sinova et. al. RMP: 87, 1213 (2015)

1) Hall effect (Am. J. Math. 2, 287 (1879))

2) Anomalous Hall effect (Philos. Mag. 12, 157 (1881))

3) Nernst effect (thermal Hall effect) (Ann. Phys. 265, 343 (1886))

4) Quantum Hall effect (Phys. Rev. Lett. 45, 494 (1980))

5) Spin Hall effect (Science 306, 1910 (2004), Nature 176, 442 (2005))

6) Magnon Hall effect (Science 329, 297 (2010))

7) Photonic spin Hall effect (Science 1405, 339 (2013))

8) Valley Hall effect (Science 344, 6191 (2014))

9) Etc….

10) Thermal spin Hall effect (Spin Nernst effect) 

(Nat Mat. 16, 978 (2017),

Sci. Adv. 3, e1701503 (2017), 

Nat. Comm. Nov. 8L1400 2017), 

A. Bose et. al. APL 112, 162401 (2018), PRB 98 (184412) (2018), PRB 

105, L100408 (2022))

Spin Nernst effect (SNE)
A. Bose & A. Tulapurkar. JMMM 491 (2019)

HM

𝐽𝑠
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Origins of SNE 15
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Experimental detection of SNE via SMR

𝜙
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TmIG/W TmIG/W
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SMR (PRL 110, 206601 (2013))
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Origins of transverse thermal MR in TmIG/HM (Bose et. al. PRB (2022)) 17
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ANE and PNE from Mott’s expression 18

Mott relation

AHE→ANE (GaxMn1-xAs) PRL 101, 117208 (2008)

SHE→SNE PRB (R) 98, 081401(R) (2018) 

arXv:2203.17037v1

𝜌𝑥𝑦
𝐴𝐻 = 𝜆𝑀𝑍𝜌𝑥𝑥
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Role of thermal spin drag 19

Thermal spin drag (TSD)  

[C. Avci et. al. PRL, 124, 

027701 (2020)→η~10 − 15]
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(2) For d>100, ∇𝑇𝑍 (hence ∇𝑉𝑆𝑆𝐸)→0

But still 𝜂 ≫ 1 (> 30)!

(1) In our exp. ∆𝑉𝑥𝑦
𝑧 ∝ 𝑃𝑝𝑜𝑤𝑒𝑟

Negligible effect from thermal spin drag

∇𝑇𝑍 → 0



(1) TIG/W→SHE and SNE since 𝜂 ≈ 1
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(2) TIG/Pt→ SHE+SNE+MPE as 𝜂 ≫ 1

(3) TSD is negligible for TIG/Pt
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For TSD: 𝑉𝑥𝑦
𝑧,𝑑𝑟𝑎𝑔

→ 𝑃ℎ𝑒𝑎𝑡𝑒𝑟
2

In our exp.𝑉𝑥𝑦
𝑧 ∝ 𝑃𝑝𝑜𝑤𝑒𝑟
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∇𝑇𝑍 → 0,
𝑠𝑡𝑖𝑙𝑙 𝜂 > 30

(4) For TIG/W: 𝜃𝑆𝑁/𝜃𝑆𝐻 = −2.2 ± 0.6

Intrinsic effect: Ԧ𝑣 𝑘, σ = 𝑒𝐸 × Ω 𝑘, σ

𝐽𝑧,𝑥
𝑠 = 𝜎𝑧,𝑥

𝑠 𝐸𝑥
𝐸𝑥 = 𝑆∇𝑇

𝐸𝑥 = Τ𝐽𝐶 𝜎𝑥
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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)
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