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Hall Interferometers for quantum computation

Jo et al. Physical Review Letters 126, 146803 (2021)

VBS2

𝑩 ↑

Carrega et al. Nat Rev Phys 3, 698–711 (2021)

VBS1
Dashti et al. Physical Review B 100, 035405 (2019)

➢ Integrability into traditional circuitry

➢ Single Electron Sources for localized carriers

➢ Chirality: coherence lengths > 10 μm (20 mK)

➢ Graphene: Dirac fermions + Valleytronics



Properties of Graphene

K K’

Dirac cones

Castro Neto et al.
Rev. Mod. Phys. 81, 109 (2007)
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Tight-binding Hamiltonian in momentum space:

K

K’

→ If M=0: Dirac fermions, 𝒗𝑭 =
𝟑𝒂𝒕

𝟐ℏ

→ 4-component wave function

Ψ𝐾/𝐾′ = (𝜓𝐴
𝐾 , 𝜓𝐵

𝐾 , 𝜓𝐴
𝐾′ , 𝜓𝐵

𝐾′)
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Quantum Hall Effect

GaAs:

➢ 𝑞 → 𝑞 +
𝑒𝐴

ℏ
, 𝐴 = (0, 𝑥, 0)

➢ Bulk: 𝐸𝑛 = 𝐸0 + 𝑛ℏ𝜔𝑐

➢ Edges: 𝑣𝑔 =
1

ℏ

𝜕𝐸𝑛(𝑞)

𝜕𝑞

Coherent
transport

Graphene:
E

q

E

q

𝐵 ⊥ 2DEG:

➢ Bulk: 𝐸𝑛 = ± 𝑀2 + 𝑛 ℏ𝜔𝑐
2

▪ Valley degenerate

▪ Both above and below 𝐸𝐹

➢ Valley admixing at the edges

𝐵 ⊥ Graphene layer: Armchair

Zigzag

𝐸𝑔𝑎𝑝 = 2𝑀

Electron-like

Hole-like

Valley-
dependent
evolution

K+K’

K+K’

Γ

𝐾/𝐾′



Numerical simulation - Initialization

𝐿
Physical system:

B.C.:

ቐ
𝜓𝐴/𝐵
𝐾+𝐾′ 0, 𝑦 = 0

𝜓𝐴/𝐵
𝐾+𝐾′ 𝐿, 𝑦 = 0 2
𝐿

Simulated space:

𝜑𝐴/𝐵 𝑥, 𝑦 = ቐ
𝑒𝑖𝐾𝑥𝑥𝜓𝐴/𝐵

𝐾 𝑥, 𝑦 0 ≤ 𝑥 ≤ 𝐿

𝑒𝑖𝐾𝑥
′𝑥𝜓𝐴/𝐵

𝐾′ −𝑥, 𝑦 − 𝐿 ≤ 𝑥 ≤ 0

x

y

B.C.:    Continuous + Periodic

Eigenstate:

𝜑𝐴/𝐵
𝑛,𝑘 𝑥, 𝑦 = 𝜙𝐴/𝐵

𝑛 𝑥, 𝑞 ⋅ 𝑒𝑖𝑞𝑦

𝐻𝑒𝑓𝑓
𝜙𝐴
𝑛

𝜙𝐵
𝑛 = 𝐸

𝜙𝐴
𝑛

𝜙𝐵
𝑛

Localized on x

Delocalized
on y

Localized Wave-packet:

𝜑𝐴/𝐵 𝑥, 𝑦 =
1

2𝜋
𝑑𝑞 𝐹(𝑞) 𝜙𝐴/𝐵

𝑛 𝑥, 𝑘 𝑒𝑖𝑞𝑦

F

E

𝜑

yE0
y0

𝜎𝑦 ∝
1

𝜎𝐸

Localized at

𝑥0 = −
ℏ𝑞0
𝑒𝐵

, 𝑦0

𝐸 ≈ 𝑣𝐹𝑞



Numerical simulation - Evolution

𝐻 = 𝑉 𝑥 , 𝑦 + 𝑀𝜎𝑧 − ℏ𝑣𝐹 𝑞𝑥𝜎𝑥 + 𝑞𝑦𝜎𝑦 −
ℏ𝑣𝐹

𝑙𝑚
2 𝑥 𝜎𝑦,      𝑙𝑚 =

ℏ

𝑒𝐵

𝑉 𝑥 , 𝑦 𝑇 𝑞𝑥, 𝑞𝑦 𝑉𝐵 𝑥

𝑈 𝛿𝑡 = exp −
𝑖 𝐻𝑒𝑓𝑓𝛿𝑡

ℏ
≈

≈ 𝐹−1 exp −
𝑖 𝑇𝛿𝑡

ℏ
𝐹 exp −

𝑖𝑉𝐵𝛿𝑡

ℏ
exp −

𝑖𝑉𝛿𝑡

ℏ

Trotter-Suzuki factorization
+ Split-Step Fourier method

Real spaceMomentum space

𝜑𝐴 𝑁𝛿𝑡

𝜑𝐵 𝑁𝛿𝑡
= 𝑈 𝛿𝑡

𝑁 𝜑𝐴 0

𝜑𝐵 0

Evolution couples the 
sublattice degrees of 

freedom
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Moving along junctions

𝜎𝑦 = 30 nm → 𝜎𝐸 ≈ 7.63 meV (6𝜎𝐸 ≈ 45.78 meV)

➢ Interchannel mixing: el-like + hole-like states

➢ Cyclotron radius: 𝑟𝑐 =
𝑝

𝑞 𝐵
≈

|𝐸0−𝑉|

𝑣𝐹 𝑞 𝐵

𝐸𝑚𝑎𝑥

𝐸𝑚𝑖𝑛

1) Edge States → 𝑙𝑚 ≫ 𝑟𝑐

ΔV = 100 meV, E0= 51.4 meV
𝑆 = ∞

2) Snake States  → 𝑟𝑐 ≫ 𝑙𝑚

ΔV = 500 meV, E0= 241 meV
𝑆 = 0.33 nm−1

𝑉 𝑥 = Δ𝑉
1

𝑒−𝑆𝑥 + 1
ΔV = 5 eV, E0= 77.5 meV
𝑆 = ∞,  Δ𝑦 = 200 nm

3) Klein tunneling

Forghieri et al., Phys. Rev. B 106, 165402 (2022)
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MZI with Quantum Point Contacts

𝑇 𝐸 = 1 − 𝑅 𝐸 =

=
1

𝑒
−𝛼(𝐸−𝐸𝑄𝑃𝐶)+1

➢ Channels with 
same chirality

➢ Can transmit
below the barrier

Open

Closed
Overlap

➢ High visibility (> GaAs)
➢ Localization → Phase averaging

T

Aharonov-Bohm phase: Δ𝜑 =
𝑒𝜙 𝐵

ℏ

81% (98.8%)

73% (95%)

𝐹𝑎𝑣𝑔 Δ𝑙 = 𝐹𝑅 ∗ 𝐹𝐿 Δ𝑙 =

∝ 𝑒−Δ𝑙
2/4 𝜎𝑅

2+𝜎𝐿
2

Δ𝜃 =
2𝜋Δ𝑙

𝐿

Dephasing

+
Averaging



MZI with Valley Beam Splitters

𝑀 ≠ 0 :
➢ Equilibration along edges
➢ 𝑇, 𝑅 only depend on 𝑀, 𝑆

𝐴 = 𝐿𝑥𝛿𝑥 + 𝐿𝑦𝛿𝑦

𝛿𝑦

𝛿𝑥
➢ Minimal phase averaging

➢ Varing 𝐿𝑦: 𝑓 = 𝑒𝐵 𝛿𝑦 /ℏ

➢ Frequency changes with 𝐿𝑥

Non-trivial channel shape
+

Drop in visibility



Future perspectives
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➢Detailed characterization of VBS

➢Analysis of recombination processes

along channels

➢Two-particle interferometry

➢Longer simulations with HPC resources
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