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Spin Momentum Locking: Quantum Spin Hall Effect

Challenges:
• Materials with unique spin and magnetic properties

nm Length scales and mesoscopic sizes

Frustrated Magnetism 

Ground state properties

Novel insulating states:

Circulating currents in twisted 

bilayer graphene

Canted antiferromagnetic states in graphene

From SC Zhang
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Spin liquids
Novel excitation

Particles with spin 
and no charge

Balents – Nature review

Challenges:
• How to probe dispersion
• Density of states
• Quantum statistics

Non Abelian Statistics

𝜓 𝑟1, 𝑟2 ≠ 𝑒𝑖𝜑𝜓 𝑟2, 𝑟1

Topological 

Superconductors

Magnons as a New Probe of Correlated Electron Physics



Quantized thermal Hall 

effect

Magnons

Challenges:
• How to detect spin chemical 

potential and current

Transport of novel excitations
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Magnons in Quantum 
Hall Ferromagnets

Low T – High B

A New Magnon 
Scattering Platform

Room T – Low B

Today:



Quantum Hall Systems: Collective Excitations

Skyrmions: charge e

Composite Fermions: charge e

Anyons – Fractional charge

Non-Abelions:
Charge e/4

Non Abelian Statistics

𝜓 𝑟1, 𝑟2 ≠ 𝑒𝑖𝜑𝜓 𝑟2, 𝑟1



Quantum Hall Magnons

Extremely low 
Magnetization



Quantum Hall Ferromagnets
Formation of Landau Levels.
Each level is 4 fold degenerate for 
spin and valley

Magnetic field

Breaking of spin 
and valley 
degeneracy
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Magnons
Spin wave

B
ω = 𝑔μ 𝐵(𝐵 + 𝑀)

Kittel Law



n=-1 n=0n=1

Quantum Hall Magnons

Gapped spin excitations below Zeeman energy



n=-1 n=0n=1

Quantum Hall Magnons

M. Kharitonov, Phase diagram for the ν=0 quantum Hall state in monolayer 

graphene. Phys. Rev. B. 85, 155439 (2012).

D. Wei. T. van der Sar, B. I. Halperin, AY et al, Science (2018)
See also P. Stepanov et al, Nat. Phys. 2018

Gapped spin excitations below Zeeman energy
Gapless spin excitations

Spontaneous breaking of U(1) symmetry



n=-1 n=0n=1

Quantum Hall Magnons

• Electrically Tunable Magnetic Order
• Weak spin orbit interaction – long lived spin excitations

Gapped spin excitations below Zeeman energy
Gapless spin excitations

Spontaneous breaking of U(1) symmetry



Universal Peltier and 

Seebeck coefficieAnts

Magnons

Transport of novel excitations

Challenges:
• How to generate and detect spin 

transport in quantum Hall 
ferromagnets?

Quantum Hall Magnons



n=-1

n=1

Quantum Hall Magnons

D. Wei. T. van der Sar, B. I. Halperin, AY et al, Science (2018)

Magnons: 
• Collective spin excitations 
• Gapped at finite field
• In QH systems, gap energy equals BARE Zeeman energy
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D. Wei. T. van der Sar, B. I. Halperin, AY et al, Science (2018)
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D. Wei. T. van der Sar, B. I. Halperin, AY et al, Science (2018)



Quantum Hall Magnons

Below the 
magnon gap

𝐸𝑧 = 𝑔𝜇𝐵𝐵

magnon gap at:

D. Wei. T. van der Sar, B. I. Halperin, AY et al, Science (2018)



Quantum Hall Magnons

Below the 
magnon gap

Above the 
magnon gap

𝐸𝑧 = 𝑔𝜇𝐵𝐵

magnon gap at:

D. Wei. T. van der Sar, B. I. Halperin, AY et al, Science (2018)



Quantum Hall Magnons

Below the 
magnon gap

Above the 
magnon gap

𝐸𝑧 = 𝑔𝜇𝐵𝐵

magnon gap at:

D. Wei. T. van der Sar, B. I. Halperin, AY et al, Science (2018)



Quantum Hall Magnons

Below the 
magnon gap

Above the 
magnon gap

𝐸𝑧 = 𝑔𝜇𝐵𝐵

magnon gap at:

Decrease 
Conductance

Increase 
Conductance

Increase: 
Same edge

Decrease: 
Opposite edge

D. Wei. T. van der Sar, B. I. Halperin, AY et al, Science (2018)



Quantum Hall Magnons

Above the 
magnon gap

magnon gap at:
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Quantum Hall Magnons

Distance of magnon propagation 
determines dominant process

Increase: 
Same edge

Decrease: 
Opposite edge

D. Wei. T. van der Sar, B. I. Halperin, AY et al, Science (2018)



Non Local Experiments

𝜇

0

𝑉1

𝑉2

D. Wei. T. van der Sar, B. I. Halperin, AY et al, Science (2018)



Magnon Scattering Experiments

D. Wei. T. van der Sar, B. I. Halperin, AY et al, Science (2018)
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Magnon Scattering Experiments
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magnon gap at:
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Magnon Scattering Experiments



Scattering Platforms

• Can we perform a scattering 
experiment with magnons?



Magnon Scattering Platform

T. Zhou, AY et al, arXiv:2004.07763



1) Launch coherent waves with well defined energy and momentum 
2) Detect scattered waves, ideally, both amplitude and phase
3) Appreciable interaction of magnons with the target material
4) Reliable extraction of target material properties

Magnon Scattering Platform

T. Zhou, AY et al, arXiv:2004.07763



What makes NV-spins in diamond well-suited?

- Optical spin initialization and readout
- Atom-sized sensor

works over a broad temperature range

600 K

mK

~ 2 nm

diamond

- Can be within a few nm of external 
object

NV

Magnetic field

Energy

ms = -1

ms = +1

ms = 0

3 GHz

Spin energy levels

- Sensitive to magnetic & electric fields, and temperature

ms = 0

ms = ±1



10 µm

10 µm

200 µm

diamond~2µm

SiO2 mask

Single NV

P. Maletinsky, AY et. al. Nature Nano (2012)

Fabricating Tips

Wave guiding of 
light



• NV centers are phase sensitive sensors.

• Frequency set by drive 
• Wavelength set by dispersion
• Phase determined from 

interference

Imaging Propagating Magnons

Position dependent phase

𝐵𝑒𝑖𝜔𝑡+𝑖𝑘𝑥

T. Zhou, AY et al, arXiv:2004.07763
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• NV centers are phase sensitive sensors.

• Frequency set by drive 
• Wavelength set by dispersion
• Phase determined from 

interference

Magnon Dispersion

Position dependent phase

𝐵𝑒𝑖𝜔𝑡+𝑖𝑘𝑥

See also experiments using BLS T. Zhou, AY et al, arXiv:2004.07763



• NV centers are phase sensitive sensors.

• Frequency set by drive 
• Wavelength set by dispersion
• Phase determined from 

interference

Scattered Amplitude Map

Excite only with strip line

T. Zhou, AY et al, arXiv:2004.07763



• NV centers are phase sensitive sensors.

• Frequency set by drive 
• Wavelength set by dispersion
• Phase determined from 

interference

Excite Both strip line and Antenna

Scattered Phase Map

T. Zhou, AY et al, arXiv:2004.07763



Looking for the time dependent component

Model and Reconstruction

𝐇 = 𝐻0 ො𝐲 + 𝐡𝑒−𝑖𝜔𝑡 , 𝐌 = 𝑀𝑆 ො𝐲 +𝐦𝑒−𝑖𝜔𝑡

∇ × 𝐡 = 0, ∇ ⋅ (𝐡 + 4𝜋𝐦) = 0

Magnetostatics Maxwell’s equations – Valid when 𝜆𝑣𝑎𝑐𝑢𝑢𝑚 ≫ 𝜆𝑚𝑒𝑑𝑖𝑢𝑚

𝐦𝟎

δ𝐦

𝐦 = 𝐦𝟎 + δ𝐦𝒕𝒂𝒓𝒈𝒆𝒕

∇2ψ = 4𝜋∇ ⋅ δ𝐦𝒕𝒂𝒓𝒈𝒆𝒕

𝐦𝟎
δ𝐦𝒕𝒂𝒓𝒈𝒆𝒕 ∇ ⋅ δ𝐦𝒕𝒂𝒓𝒈𝒆𝒕

𝐡 = −∇ψ

Example: Magnetized Disc



Model and Reconstruction

RealIm RealIm
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