
Generation of tilted spin current by the 
collinear antiferromagnet RuO2

Arnab Bose
Johannes Gutenberg Universität Mainz, Germany (M. Klaeui group)

Cornell University, NY, US (Buhrman-Ralph group)

A. Bose et. al. Nat. Electron. 5, 267 (2022)
A. Bose & D. C. Ralph. Research Briefings 

www.nature.com/articles/s41928-022-00758-22023 May 

Altermagnet workshop



Outlines

• Strategies

• Measurement techniques (ST-FMR, In-plane 2nd harmonics Hall)
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Background and motivation
• Conventional vs unconventional spin current

Conventional SHE Unconventional: WTe2,RuO2

Band structure of RuO2

• Spin-split bands contributing to exotic electronic transport 

properties (unique property of an altermagnet)

Experimental detection of to exotic electronic transport 

properties via electrical measurements
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RuO2

Altermagnetic RuO2: spin-split bands (Phys. Rev. X. 12, 031042 (2022)) 4



Electronics with the altermagnet (RuO2) (Phys. Rev. X 12, 040501 (2022)) 5

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

determined by N-vector (strongly crystal axis dependent) 
Theory: Phys. Rev Lett 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)

Exp: Nat. Electron5, 735 (2022), arXiv:2012.15651



Tilted spin-current vs. unconventional torque (Nat. Elecl.5, 267 (2022)) 6
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𝜉𝐷𝐿,𝐸
𝑍 = 𝐶1. sin𝜃𝑠 (cos𝜃𝑠) 𝐜𝐨𝐬𝝍

𝜉𝐷𝐿,𝐸
𝑋 = 𝐶1. sin𝜃𝑠(sin𝜃𝑠 𝐬𝐢𝐧𝝍) 𝐜𝐨𝐬𝝍

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



Time even vs time odd transverse spin currents 7
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𝑌 ∝ cos2𝜓
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𝜉𝐷𝐿
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Γ ≈ 50 𝑒𝑉 for 𝜌 = 270 𝜇Ω − 𝑐𝑚
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Strong temperature dependence
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Spin-torque measurements by ST-FMR 8

(SHE) 𝑆𝐷𝐿
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Γ𝐷𝐿 → 𝑚 × 𝜎𝑧,𝑥
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In-plane torques

𝑉𝐴 = 𝐴
𝐻 − 𝐻0 ∆

𝐻 − 𝐻0
2 + ∆2

Out-plane torques

𝑆 = (𝑆𝐷𝐿
𝑌 cos𝜙 + 𝑆𝐷𝐿

𝑋 sin𝜙 + 𝑆𝐹𝐿
𝑍 ) sin 2𝜙

𝐴 = (𝐴𝐹𝐿
𝑌 cos𝜙 + 𝐴𝐹𝐿
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Angular ST-FMR (𝜙→0 to 360 degree)

m(t)



Spin-torque measurements by 2nd harmonic Hall 9
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Experimental detection of the tilted spin current in RuO2
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The tilted spin-current is a consequence of the novel spin-split bands of the emerging altermagnet

𝜓 = 0, 30, 45, 60, 90,120 𝑒𝑡𝑐.



Additional experiments 11

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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A. Bose et. al. SOT by IrO2. ACS Appl. 

Mater. Interfaces 12, 55411 (2020)

A. Bose et. al. Nature Elecltron.5, 267 (2022)
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𝑅𝑥𝑦 𝜃 , 𝜑 = 𝑅0 + 𝑅𝑃 sin 2𝜑 sin
2 𝜃 + 𝑅𝐴 cos 𝜃
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𝜕𝜃
𝜃=90°,𝜑

= −𝑅𝐴
𝜕𝑅

𝜕𝜑
𝜃=90°,𝜑

= 2𝑅𝑃 cos 2𝜑
Since in-plane magnet: 𝜃 = 90°

𝑑𝜑 ~
𝐵𝑦 cos𝜑

𝐵𝑒𝑥𝑡
sin𝜔𝑡 𝑑𝜃 ~

𝐵𝑧 cos𝜑

𝐵𝑒𝑥𝑡+𝐵𝑘
sin𝜔𝑡 Γ𝐷𝐿 → 𝑚 × (𝜎𝑌 ×𝑚) → 𝐵𝐷𝐿 = 𝐵𝑧cos𝜑

Γ𝐹𝐿 → 𝑚 × 𝜎𝑌 → 𝐵𝐹𝐿 = 𝐵𝑦cos𝜑

𝑉𝑥𝑦(𝜔𝑡) = 𝑅𝑥𝑦 )𝜃 + 𝑑𝜃(𝑡), 𝜑 + 𝑑𝜑(𝑡 𝐼0 𝑠𝑖𝑛 𝜔𝑡

𝑉𝑥𝑦 𝜔𝑡 = 𝐼0/2 1 − cos 2𝜔𝑡
−𝑅𝐴 𝐵𝑧

𝐵𝑒𝑥𝑡+𝐵𝑘
cos𝜑 +

2𝑅𝑝 𝐵𝑦

𝐵𝑒𝑥𝑡
cos𝜑 cos 2𝜑 + 𝐼0 𝑠𝑖𝑛 𝜔𝑡 𝑅 𝜃, 𝜑

For: 𝜎 = 𝜎𝑌 → 𝑉2𝜔 → 𝐷𝐷𝐿
𝑌 cos𝜙 + 𝐹𝐹𝐿

𝑌 cos𝜙 cos 2𝜙

For: 𝜎 = 𝜎𝑋 → 𝑉2𝜔 → 𝐷𝐷𝐿
𝑋 sin𝜙 + 𝐹𝐹𝐿

𝑋 sin𝜙 cos 2𝜙

For: 𝜎 = 𝜎𝑍 → 𝑉2𝜔 → 𝐹𝐹𝐿
𝑍 +𝐷𝐷𝐿

𝑍 cos 2𝜙

Γ𝐷𝐿 → 𝑚 × 𝜎𝑧,𝑥
𝑋,𝑌,𝑍 ×𝑚

Γ𝐹𝐿 → 𝑚 × 𝜎𝑧,𝑥
𝑋,𝑌,𝑍
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𝑑 ෝ𝑚

𝑑𝑡
= −𝛾0 ෝ𝑚 × 𝐻𝑒𝑓𝑓 + 𝛼 ෝ𝑚 ×

𝑑 ෝ𝑚

𝑑𝑡

Precession Damping

LLG. (En. 1)

Evaluate it by 
multiplying
ෝ𝑚 × (En 1) 

𝑑 ෝ𝑚

𝑑𝑡
= −𝛾 ෝ𝑚 × 𝐻𝑒𝑓𝑓 − 𝛼𝛾 ෝ𝑚 × ෝ𝑚 × 𝐻𝑒𝑓𝑓

LLG:
(En. 2)

𝐻𝑒𝑓𝑓 = 𝐻𝑒𝑥𝑡 +
−1

𝜇0𝑉𝑜𝑙.𝑀𝑠

𝛿𝐸𝑚𝑎𝑔

𝛿 ෝ𝑚

= 𝐻𝑒𝑥𝑡 + 𝐻∥𝑚𝑥 ො𝑥 − 𝐻⊥𝑚𝑧 Ƹ𝑧

𝐻𝑒𝑓𝑓 = 𝐻𝑒𝑥𝑡 ො𝑥 + 𝐻∥𝑚𝑥 ො𝑥 − 𝐻⊥𝑚𝑧 Ƹ𝑧 + ℎ𝑦 ො𝑦 + ℎ𝑧 Ƹ𝑧

Action of ac magnetic field: (ℎ𝑦 ො𝑦, ℎ𝑧 Ƹ𝑧)

superimposed on a dc field: 𝐻𝑒𝑥𝑡 ො𝑥

𝛿 ሶ𝑚𝑦′ = −𝜔1 𝛿𝑚𝑧′ − 𝛼𝜔2 𝛿𝑚𝑦′ + 𝛾ℎ𝑧′ + 𝛼𝛾ℎ𝑦′ (3a)

𝛿 ሶ𝑚𝑧′ = 𝜔2 𝛿𝑚𝑦′ − 𝛼𝜔1 𝛿𝑚𝑧′ − 𝛾ℎ𝑦′ + 𝛼𝛾ℎ𝑧′ (3a)

LLG linearized: small fluctuation: 𝑚 ≈ 𝑚𝑥, 𝑚𝑦 → 0,𝑚𝑧 → 0

ℎ𝑦′ = ℎ𝑦′𝑒
−𝑖𝜔𝑡 , ℎ𝑧′ = ℎ𝑧′𝑒

−𝑖𝜔𝑡 , 𝛿𝑚𝑦′ = 𝐴𝑒−𝑖𝜔𝑡 , 𝛿𝑚𝑧′ =

𝐵𝑒−𝑖𝜔𝑡

𝐴
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−𝑖𝛼𝜔 + (1 + 𝛼2)𝜔2

)−𝜔2 + 1 + 𝛼2 𝜔1𝜔2 − 𝑖𝛼𝜔(𝜔1 + 𝜔1

ℎ𝑦′

ℎ𝑧′

𝐴
𝐵

=
𝜒11
𝐻 𝜒12

𝐻

𝜒21
𝐻 𝜒22

𝐻

ℎ𝑦′

ℎ𝑧′

𝜔1 = 𝛾(𝐻⊥ + 𝐻∥ + 𝐻0 )

𝜔2 = 𝛾(𝐻∥ + 𝐻0 )



𝐴
𝐵

= 𝛾

−𝑖𝛼𝜔 + (1 + 𝛼2)𝜔1

)−𝜔2 + 1 + 𝛼2 𝜔1𝜔2 − 𝑖𝛼𝜔(𝜔1 + 𝜔1

−𝑖𝜔

)−𝜔2 + 1 + 𝛼2 𝜔1𝜔2 − 𝑖𝛼𝜔(𝜔1 + 𝜔1

𝑖𝜔

)−𝜔2 + 1 + 𝛼2 𝜔1𝜔2 − 𝑖𝛼𝜔(𝜔1 + 𝜔1

−𝑖𝛼𝜔 + (1 + 𝛼2)𝜔2
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𝐴
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𝐻 𝜒12

𝐻

𝜒21
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ℎ𝑦′

ℎ𝑧′
𝜔1 = 𝛾(𝐻⊥ + 𝐻∥ + 𝐻0 ) ; 𝜔2 = 𝛾(𝐻∥ + 𝐻0 )

FMR → ST-FMR

𝜒11
𝐻 =

−𝑖𝛼𝜔 + 𝜔1

)−𝜔2 + 𝜔1𝜔2 − 𝑖𝛼𝜔(𝜔1 + 𝜔1
𝜒11
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𝜔2 − 𝜔1𝜔2
2 + 𝛼2𝜔2 𝜔1 + 𝜔2

2

At resonance: 
𝜔2 − 𝜔1𝜔2

2 = 0
𝜔2 = 𝜔1𝜔2

(Kittel’s equation)
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𝜔1,0

𝜔2,0

𝛾

𝛼 𝜔1,0 + 𝜔2,0

∆𝐻

2
[

𝐻𝑒𝑥𝑡 − 𝐻𝑟

𝐻𝑒𝑥𝑡 − 𝐻𝑟
2 +

∆𝐻
2

2 + 𝑖

∆𝐻
2

𝐻𝑒𝑥𝑡 − 𝐻𝑟
2 +

∆𝐻
2

2

𝜒12
𝐻 𝐻𝑒𝑥𝑡 ≈

−𝛾

𝛼 𝜔1,0+𝜔2,0

∆𝐻

2
[

∆𝐻

2

𝐻𝑒𝑥𝑡−𝐻𝑟 2+
∆𝐻

2

2 − 𝑖
𝐻𝑒𝑥𝑡−𝐻𝑟

𝐻𝑒𝑥𝑡−𝐻𝑟 2+
∆𝐻

2

2 ] = −𝜒21
𝐻 𝐻𝑒𝑥𝑡

𝜒22
𝐻 𝐻𝑒𝑥𝑡 ≈

𝜔2,0

𝜔1,0

𝛾

𝛼 𝜔1,0 + 𝜔2,0

∆𝐻

2
[

(𝐻𝑒𝑥𝑡 − 𝐻𝑟)

(𝐻𝑒𝑥𝑡 − 𝐻𝑟)
2+

∆𝐻
2

2 + 𝑖

∆𝐻
2

(𝐻𝑒𝑥𝑡 − 𝐻𝑟)
2+

∆𝐻
2

2]

𝜒𝐻 =Re

A

A

S

S



=

A

A

S

S

ℎ𝑦′

ℎ𝑍′

𝛿𝑚𝑦′

𝛿𝑚𝑧′

Susceptibility tensor for the field

FM

JX

𝐻𝑌
𝑂𝑒

Magnet oscillates in 3d

FM

𝑉𝑥𝑥
𝑚𝑖𝑥 =

𝐼𝑟𝑓

2
𝑅𝑒 𝑚

𝑑𝑅

𝑑𝑚

For in-plane magnet: 
𝑑𝑅

𝑑𝑚𝑧
= 0

With AMR detection (𝑅𝑥𝑥 ∝ cos2𝜑) 
we are sensitive to the Δ𝜙 only

𝑉𝑥𝑥
𝑚𝑖𝑥 = ൞

𝐹𝐴
𝑦
sin 2𝜑 cos𝜑

𝐹𝐴
𝑥 sin 2𝜑 sin𝜑

𝐹𝑆
𝑧 sin 2𝜑. 1

Γ𝐹𝐿 → 𝑚 × 𝜎𝑧,𝑥
𝑋,𝑌,𝑍

𝑤ℎ𝑒𝑛 𝐻𝑧 (t)

ST-FMR



=

A

A

S

S

ℎ𝑦′

ℎ𝑍′

𝛿𝑚𝑦′

𝛿𝑚𝑧′

Susceptibility tensor for the field

𝑑 ෝ𝑚

𝑑𝑡
= −𝛾 ෝ𝑚 × 𝐻𝑛𝑒𝑡 +𝛼𝛾 ෝ𝑚 × 𝐻𝑛𝑒𝑡 × ෝ𝑚 +Γ𝐷𝐿 ෝ𝑚 × (𝝈 × ෝ𝒎)+ Γ𝐹𝐿 ෝ𝑚 × 𝜎

FMR from damping like torque (DLT)

Effective field 

for DLT

Effective field

ෝ𝑚 × (𝝈𝒙 × ෝ𝒎)

ෝ𝑚 × (𝝈𝒚 × ෝ𝒎)

ෝ𝑚 × (𝝈𝒛 × ෝ𝒎)

sin𝜑 ℎ𝑧
cos𝜑 ℎ𝑧

1 (In-plane)

0 200 400

-4

0

4

8

V
 (


V
)



H (mT)

(DL)VS

(DL)VA

fit

=

A

A

S

S

𝝈𝒚

𝝈𝒛

𝛿𝑚𝑦′

𝛿𝑚𝑧′

Susceptibility tensor for the spin-current

𝜑

𝑆 = (𝑆𝐷𝐿
𝑌 cos𝜙 + 𝑆𝐷𝐿

𝑋 sin𝜙 + 𝑆𝐹𝐿
𝑍 ) sin 2𝜙

𝐴 = (𝐴𝐹𝐿
𝑌 cos𝜙 + 𝐴𝐹𝐿

𝑋 sin𝜙 + 𝐴𝐷𝐿
𝑍 ) sin 2𝜙

Angular ST-FMR (𝜙→0 to 360 degree)

ST-FMR



𝐸
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Types of SOT and measurement techniques

IP-torque: 𝐸𝐴𝐻𝐸 → 𝑀 × 𝐸𝑥

OP-torque: 𝐸𝐴𝑀𝑅,𝑃𝐻𝐸 → 𝑀 × 𝐸𝑥 ×𝑀

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)]

Γ𝐷𝐿 → 𝑚 × 𝜎𝑧,𝑥
𝑋,𝑌,𝑍 ×𝑚

Γ𝐹𝐿 → 𝑚 × 𝜎𝑧,𝑥
𝑋,𝑌,𝑍

𝑆𝐻𝐸, 𝑅𝐸𝐸etc.

(Dresselhaus etc.)

(Unconventional,WTe2,RuO2)


