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Spin degeneracy in antiferromagnets
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time-reversal (   ) symmetry broken via magnetization -symmetry

Kramers spin degeneracy

Spin-orbit interaction allows for spin splitting
 Other more robust effects?



Non-collinear Antiferromagnets
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With spin-orbit coupling

Without spin-orbit coupling
SHE: J. Železný et al., PRL 119, 187204 (2017)

Berry curvature: = 𝑖 𝛻𝒌𝑢𝑛𝒌 × 𝛻𝒌𝑢𝑛𝒌

Ω𝑛 𝒌 = −Ω𝑛 −𝒌

-symmetry: Ω𝑛 𝒌 = Ω𝑛 −𝒌

-symmetry

-symmetry

Ω𝑛 𝒌



Anomalous Hall effect in non-collinear Mn3Sn
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TN ≈ 420 KP63/mmc

S. Nakatsuji et al., Nature 527, 212 (2015)

Finite net magnetic moment controlled via external magnetic field



Anomalous Hall effect in non-collinear Mn3Sn
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Finite and sizeable anomalous Hall conductivity

Hysteresis due to control of spin orientation by external magnetic field
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Charge to Spin current conversion Mn3Sn
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Charge to Spin current Spin to Charge current
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Anomalous Hall effect in RuO2
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Charge-to-Spin current conversion RuO2
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Altermagnetic magnons
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RuO2

Other excitations?

Splitting of magnon bands



Appetizer
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Find the duck!

By City Foodsters - Cutting the Peking Duck skin tableside auf flickr, CC BY 2.0, 
https://commons.wikimedia.org/w/index.php?curid=59070550
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spin current              charge current

All-electrical Spin Current Generation and Detection

direct spin Hall effect (SHE)

charge current spin current

electrical access 𝑱𝐬 = 𝛼SH
ℏ

2𝑒
𝑱q × 𝒔

pure spin current

inverse spin Hall effect (ISHE)

𝑱q = 𝛼SH
2𝑒

ℏ
𝑱𝐬 × 𝒔

pure charge current
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All-Electrical Magnon Transport

Electrically controlled magnon accumulation/depletion in thermal magnon gas
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Antiferromagnetic Magnons
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Easy axis antiferromagnet Easy plane antiferromagnet2 magnon modes in AFMs

a-modeb-mode

Left-circular polarized

spin +1

Right-circular polarized

spin -1

R. Cheng et al., Sci. Rep. 6, 24223 (2016).
Rezende et al., JAP 126, 151101 (2019).
K. Nakata et al., J. Phys. D 50, 114004 (2017).
M.W. Daniels et al., Phys. Rev. B 98, 134450 (2018).
K Shen, JAP 129, 223906 (2021).
J. Han et al., Nat. Mater. (2023).

0 2 4 6
0

5

10

15

20

25

30

f 
(T

H
z
)

k (109/m)

a-Fe2O3

wk
+

wk
-

2 spin states

𝑗mag

𝑗s

linear polarized linear polarized



Antiferromagnetic Magnons Described via Pseudospin

Pseudospin S
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A. Kamra

General concept also applicable to other bosonic systems, e.g. photons, phonons



Antiferromagnetic Magnons Described via Pseudospin

Pseudospin S

• Pseudospin S direction 
determines the polarization 
state of the magnon modes 
and their superpositions

• Finite magnon spin is given 
by z component of S

• Mapping of up- and down-
spin states similar to Bloch 
sphere description of a two-
level system

T. Wimmer et al., Phys. Rev. Lett. 125 , 247204 (2020).
A. Kamra et al., Phys. Rev. B 102, 174445 (2020).

27

A. Kamra

General concept also applicable to other bosonic systems, e.g. photons, phonons



Mode Coupling Ω and Pseudospin Diffusion Equation

Diffusive pseudospin transport equation: 

S : pseudospin density vector
𝐷: diffusion constant
𝜏𝑠: spin lifetime

Ω: coherent coupling between ‘spin-up’ and ‘spin-down’ modes →
precession frequency of pseudospin

Mode coupling Ω induced via breaking of rotational
symmetry about the Neel vector 𝒏

s

s𝑚2

𝑚1

Ω

𝛀

What happens when they couple?
28T. Wimmer et al., Phys. Rev. Lett. 125 , 247204 (2020).

A. Kamra et al., Phys. Rev. B 102, 174445 (2020).



Mode Coupling Ω and Pseudospin Diffusion Equation

S : pseudospin density vector
𝐷: diffusion constant
𝜏𝑠: spin lifetime

Ω: coherent coupling between ‘spin-up’ and ‘spin-down’ modes →
precession frequency of pseudospin

𝛀

What happens when they couple?
29

Diffusive pseudospin transport equation: 

T. Wimmer et al., Phys. Rev. Lett. 125 , 247204 (2020).
A. Kamra et al., Phys. Rev. B 102, 174445 (2020).



Pseudospin Precession Frequency in Hematite and 1D Solution of 
Pseudospin Diffusion Equation

T. Wimmer et al., Phys. Rev. Lett. 125 , 247204 (2020).
A. Kamra et al., Phys. Rev. B 102, 174445 (2020).

Steady state solution in 1-D:

𝑠𝑧(𝑧) =
𝑗𝑠0𝜆𝑠

𝐷 𝑎2+𝑏2
𝑒
−𝑎𝑧

𝜆𝑠 𝑏 cos
𝑏 𝑧

𝜆𝑠
− 𝑎 sin

𝑏 𝑧

𝜆𝑠

with 𝑎 =
1

√2
1 + 1 + Ω2𝜏𝑠

2 and b =
1

√2
−1 + 1 + Ω2𝜏𝑠

2

and 𝜆𝑠 = 𝐷𝜏𝑠 spin Diffusion Length

Boundary condition 
at injector (𝑧 = 0):

ℏΩ = ℏ෥𝜔an −𝜇0𝑚𝑛𝑒𝑡0𝐻

𝑚𝑛𝑒𝑡0: canted magnetic moment at zero external field 
→ DMI-induced canting

𝜔𝑎𝑛: easy-plane anisotropy energy

In hematite: coupling Ω determined by easy-
plane anisotropy and DMI induced canting

Pseudospin precession frequency:
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Sample Layout and Properties: Pt/𝛼-Fe2O3(hematite) 

𝑡Pt = 5 nm
𝑡Fe2O3

= 15 nm

𝑉det
el =

𝑉det(+𝐼) − 𝑉det(−𝐼)

2

Normalization: 𝑅det
el =

𝑉det

𝐼inj
⋅
𝐴inj

𝐴det

magnetic easy-plane (c-
plane) with slight canting due 
to DMI

𝑚𝑛𝑒𝑡𝑚1 𝑚2

31

• hexagonal (0001) orientation 
• grown via pulsed laser deposition (PLD) on sapphire 𝐴𝑙2𝑂3
• 15nm thick
• shows NO Morin transition

Spins oriented in-plane for all temperatures  
→ magnetic easy-plane film

ferromagnetic behaviour due to canted 
moment and easy plane anisotropy 

c-axis
(0001) 

vanishing Morin transition observed for thin hematite also in: 
J. Han et al., Nature Nanotechnology 15, 1748-3395 (2020).

𝛼-Fe2O3

T. Wimmer



Antiferromagnetic Magnon Hanle Effect

Ω = 0
𝑠𝑧 > 0

Ω0 > 0
𝑠𝑧 = 0

Ω > Ω0

𝑠𝑧 < 0

Δ𝑅det
el ∝ 𝑠𝑧(𝑧)
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S

Ω = ෥𝜔𝑎𝑛 −
𝑚𝑛𝑒𝑡0

ℏ
𝜇0𝐻𝑐 = 0

𝜇0𝐻𝑐 =
ℏ෥𝜔𝑎𝑛

𝑚𝑛𝑒𝑡0

T. Wimmer et al., Phys. Rev. Lett. 125 , 247204 (2020).
A. Kamra et al., Phys. Rev. B 102, 174445 (2020).
A. Ross et al., Appl. Phys. Lett. 117, 242405 (2020).
K. Shen, Journal of Applied Physics 129, 223906 (2021).
V. Brehm et al., Phys. Rev.. B 107, 184404 (2023).

Jedema et al., Nature 416, 713 (2002).



Nonreciprocal Pseudospin Diffusion Equation
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Diffusive pseudospin transport equation: 

𝜕𝝁𝑠
𝜕𝑡

= 𝐷𝛻2𝝁𝑠 −
𝝁𝑠
𝜏𝑠

+ 𝝁𝑠 × 𝜔ෝ𝒙 − 𝑙
𝜕𝝁𝒔
𝜕𝑧

× 𝛿𝜔ෝ𝒙 Antisymmetric component of the k-
resolved pseudofield 𝝎(𝒌)

𝝁𝑠 𝑧 = 𝝁𝑠
sym

𝑧 + 𝝁𝑠
asym

𝑧

Inj → Det Det → InjJ. Gückelhorn, et al., PRL 130, 216703 (2023).

𝜇𝑠𝑧 +𝑑 = 𝜇𝑠𝑧
sym

𝑑 + 𝜇𝑠𝑧
asym

𝑑 𝜇𝑠𝑧 −𝑑 = 𝜇𝑠𝑧
sym

𝑑 − 𝜇𝑠𝑧
asym

𝑑

A. Kamra



Magnetic Field Dependence
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𝜇0𝐻 < 𝜇0𝐻𝑐

𝜇0𝐻 > 𝜇0𝐻𝑐

Symmetric signal has maximum at 𝝁𝟎𝑯𝒄

Antisymmetric signal changes sign at 𝝁𝟎𝑯𝒄

𝝁𝑠 𝑧 = 𝝁𝑠
sym

𝑧 + 𝝁𝑠
asym

𝑧

J. Gückelhorn, et al., PRL 130, 216703 (2023).



Symmetric/Antisymmetric Spin Signal
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𝑅sym
el = 𝑅el +𝑑 + 𝑅el −𝑑 /2

𝑅asym
el = 𝑅el +𝑑 − 𝑅el −𝑑 /2

𝑅sym
el = Δ𝑅sym

el sin2 𝜑

𝑅asym
el = Δ𝑅asym

el sin3 𝜑

Extract amplitudes via fit: 

J. Gückelhorn, et al., PRL 130, 216703 (2023).

J. Gückelhorn



Magnetic Field Dependence
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𝜇0𝐻 < 𝜇0𝐻𝑐 𝜇0𝐻 > 𝜇0𝐻𝑐

𝜇0𝐻𝑐

Good agreement between theory and experiment

Microscopic
Origin?

Role of low energy magnons: J. Gückelhorn et al., Phys. Rev. B 105, 094440 (2022).

J. Gückelhorn, et al., PRL 130, 216703 (2023).
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Angular momentum transport metallic FMs
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heavy metal (HM): Pt
magnetically ordered insulator (MOI): YIG

FM1: Ni
FM2: Ni
Diamagnetic insulator (DI): YAG

current reversal:

𝑉det =
𝑉det(+𝐼) − 𝑉det(−𝐼)

2

S.T.B. Goennenwein et al., APL 107, 172405 (2015).
K. Ganzhorn. PhD Thesis (2018).

R. Schlitz et al., arXiv:2311.05290 (Accepted in PRL 2024).



Model
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Injector Detector
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• Magnetization defines the two spin states

R. Schlitz et al., arXiv:2311.05290 (Accepted in PRL 2024).



Model
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Injector Detector

• Inherent magnetization eliminates all 
spin accumulation transverse to it
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Model
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Injector Detector

µel: electron spin chemical potential
λel: electron spin decay length
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R. Schlitz et al., arXiv:2311.05290 (Accepted in PRL 2024).



Model
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𝐰 > 𝟐𝛌𝐦

µel: electron spin chemical potential
λel: electron spin decay length
µm: magnon chemical potential
λm: magnon decay length

Injector Detector
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Model
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µel: electron spin chemical potential
λel: electron spin decay length
µm: magnon chemical potential
λm: magnon decay length
jm−m: angular momentum transport

Injector Detector
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Model
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µel: electron spin chemical potential
λel: electron spin decay length
µm: magnon chemical potential
λm: magnon decay length
jm−m: angular momentum transport
js: electron spin current

Injector Detector
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𝐰 > 𝟐𝛌𝐦

𝐭 ≪ 𝟐𝛌𝐦

𝑴1,2|| 𝒛 𝑴1,2|| − 𝒛 𝑴1,2|| 𝒛

Ni-Ni/YAG, 2T, 280K

R. Schlitz et al., arXiv:2311.05290 (Accepted in PRL 2024).
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𝐰 > 𝟐𝛌𝐦

𝐭 ≪ 𝟐𝛌𝐦

𝑴1,2|| 𝒛 𝑴1,2|| − 𝒛 𝑴1,2|| 𝒛

Ni-Ni/YAG, 2T, 280K

Ferromagnetic materials: 
• Ni-Ni 
• Py(Ni80Fe20)-Py
• CoFe(Co25Fe75)-CoFe
Mixed Configurations:
• Ni-Py
• CoFe-Py

Non-Ferromagnetic 
materials: 
• Pt-Pt 
Mixed Configurations:
• CoFe-Pt

universal effect!

R. Schlitz et al., arXiv:2311.05290 (Accepted in PRL 2024).



Transport mechanism
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dipolar coupling phonon mediated coupling

η𝑠 𝑑 = 𝑐1𝑒
−
𝑑
λη𝑠 𝑑 =

𝑐1
𝑑 + 𝑐2

R. Schlitz et al., arXiv:2311.05290 (Accepted in PRL 2024).



Transport mechanism
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dipolar coupling phonon mediated coupling
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𝐼det
𝐼inj
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𝑉det
𝑉inj

spin transfer efficiency

η𝑠 𝑑 =
𝑐1

𝑑 + 𝑐2

R. Schlitz et al., arXiv:2311.05290 (Accepted in PRL 2024).



Summary
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• Pseudospin dynamics and antiferromagnetic magnon Hanle effect
• First observation of nonreciprocal spin transport in an antiferromagnet
• Influence of nonreciprocity on magnon Hanle and Pseudospin 

dynamics T. Wimmer et al., Phys. Rev. Lett. 125 , 247204 (2020).
A. Kamra et al., Phys. Rev. B 102, 174445 (2020).

J. Gückelhorn et al., Phys. Rev. B 105, 094440 (2022).
J. Gückelhorn et al., PRL 130, 216703  (2023).

M. Scheufele et al., APL Materials (2023).

• Angular momentum transport between two separated FM strips
• Dipolar coupling between thermal magnons dominant mechanism

R. Schlitz et al., arXiv:2311.05290 (accepted for publication in PRL 2024).

Easy-plane antiferromagnet 𝜶-𝐅𝒆𝟐𝑶𝟑(hematite) Angular momentum transport via magnons in metallic ferromagnets
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