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Qubit on Majorana Island

Topological Qubit on Majorana Island

Two parallel, �oating TS wires coupled by trivial SC
→ Box with 4 MZMs + charging energy

→ Charge quantization: box parity constraint
γ1γ2γ3γ4 ∼ (−1)ng

⇒ Write as e�ective spin-1/2, qubit:

x̂ = iγ1γ2 ∼ iγ3γ4
ẑ = iγ2γ3 ∼ iγ1γ4 , ŷ = iγ3γ1 ∼ iγ2γ4

Majorana Box Qubit (MBQ): fractionalized spin-1/2,
non-locally encoded in MZMs → long coherence times

Addressing: couple to leads/dots, cotunneling across box

Ht,e� = d†2(t0 + t1ẑ)d3 + h.c. , ẑ = iγ2γ3

2↔ 3 : go via box (∼ t1ẑ) or external interference link (∼ t0)
phase-coherent connector for readout & manipulation

Dimensions of box: squeezed `H': LW � ξ, but LR . Lφ
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ẑ = iγ2γ3 ∼ iγ1γ4 , ŷ = iγ3γ1 ∼ iγ2γ4
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MBQ: Readout via QDs
MBQ: Full Single-Qubit Control

MBQ: Readout via Quantum Dots

Charge double-dot in single-electron regime: {|1d〉 , |2d〉}
- Detuning: ε(q1 − q2) , Tunneling: (t0 + t1ẑ) |1d〉 〈2d |+ h.c.

→ Hybridized double-dot: frequency ωz =
√
ε2 + |t0 + t1z |2

QDs: Spectral, charge or quantum capacitance readout

- Spectrum: dressed states of resonator + MBQ (ωz)
→ scan resonator transmission Iout(ω) / phase shift ∆φω
→ position of resonances ω = Ωz ↔ MBQ state z = ±

alt.: dot charge shifts 〈q1,2〉z / di�. capacitance C1/2,z
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Frey et al., PRL (2012)/Liu et al., PRL (2014), Reilly et al., APL (2007), Colless et al., PRL (2013)
[details: arXiv:1610.05289, Plugge et al. NJP (2017), ...] 4 / 9
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→ Hybridized double-dot: frequency ωz =
√
ε2 + |t0 + t1z |2

QDs: Spectral, charge or quantum capacitance readout

- Spectrum: dressed states of resonator + MBQ (ωz)
→ scan resonator transmission Iout(ω) / phase shift ∆φω
→ position of resonances ω = Ωz ↔ MBQ state z = ±

alt.: dot charge shifts 〈q1,2〉z / di�. capacitance C1/2,z

d

S
TS

TS

ϕ

γ4 γ3

γ1 γ2
1

2

d

S
TS

TS

resonator

ϕ

γ4 γ3

γ1 γ2
1

2

d e

S
TS

TS

input/drive

Iin(ω) Iout(ω)resonator

ϕ

γ4 γ3

γ1 γ2

1

2

output/analyze

f
Iout

ω

I0

Ω+ Ω−

|1〉|0〉

ω0 Ω+ Ω−

|1〉|0〉

ω0

∆φ

δφ
0

−π
2

π
2

0
ω

δΩ

d

S
TS

TS

input/drive

Iin(ω) Iout(ω)
resonator

ϕ

γ4 γ3

γ1 γ2
1

2

output/analyze

0.520 0.525 0.530 0.535
ng ,1

5.35

5.40

5.45

5.50

ε tot,1/2

Frey et al., PRL (2012)/Liu et al., PRL (2014), Reilly et al., APL (2007), Colless et al., PRL (2013)
[details: arXiv:1610.05289, Plugge et al. NJP (2017), ...] 4 / 9



MBQ: De�nition & Addressing
MBQ: Readout & Operation

MBQ Networks

MBQ: Readout via QDs
MBQ: Full Single-Qubit Control

MBQ: Readout via Quantum Dots

Charge double-dot in single-electron regime: {|1d〉 , |2d〉}
- Detuning: ε(q1 − q2) , Tunneling: (t0 + t1ẑ) |1d〉 〈2d |+ h.c.
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QDs: Spectral, charge or quantum capacitance readout
- Spectrum: dressed states of resonator + MBQ (ωz)
→ scan resonator transmission Iout(ω) / phase shift ∆φω
→ position of resonances ω = Ωz ↔ MBQ state z = ±

alt.: dot charge shifts 〈q1,2〉z / di�. capacitance C1/2,z
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→ Hybridized double-dot: frequency ωz =
√
ε2 + |t0 + t1z |2

QDs: Spectral, charge or quantum capacitance readout
- Spectrum: dressed states of resonator + MBQ (ωz)
→ scan resonator transmission Iout(ω) / phase shift ∆φω
→ position of resonances ω = Ωz ↔ MBQ state z = ±

alt.: dot charge shifts 〈q1,2〉z / di�. capacitance C1/2,z

d

S
TS

TS

ϕ

γ4 γ3

γ1 γ2
1

2

d

S
TS

TS

resonator

ϕ

γ4 γ3

γ1 γ2
1

2

d e

S
TS

TS

input/drive

Iin(ω) Iout(ω)resonator

ϕ

γ4 γ3

γ1 γ2

1

2

output/analyze

f
Iout

ω

I0

Ω+ Ω−

|1〉|0〉

ω0 Ω+ Ω−

|1〉|0〉

ω0

∆φ

δφ
0

−π
2

π
2

0
ω

δΩ

d

S
TS

TS

input/drive

Iin(ω) Iout(ω)
resonator

ϕ

γ4 γ3

γ1 γ2
1

2

output/analyze

0.520 0.525 0.530 0.535
ng ,1

5.35

5.40

5.45

5.50

ε tot,1/2

Frey et al., PRL (2012)/Liu et al., PRL (2014), Reilly et al., APL (2007), Colless et al., PRL (2013)
[details: arXiv:1610.05289, Plugge et al. NJP (2017), ...] 4 / 9



MBQ: De�nition & Addressing
MBQ: Readout & Operation

MBQ Networks

MBQ: Readout via QDs
MBQ: Full Single-Qubit Control

MBQ: Readout via Quantum Dots

Charge double-dot in single-electron regime: {|1d〉 , |2d〉}
- Detuning: ε(q1 − q2) , Tunneling: (t0 + t1ẑ) |1d〉 〈2d |+ h.c.
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MBQ: Readout via QDs
MBQ: Full Single-Qubit Control

MBQ: Full Single-Qubit Control

Need access to multiple Pauli ops, but: far side of MBQ?

⇒ Full MBQ: 3 TS wires + 3 QDs (+ readout, gates, ...)

→ unique identi�cation: Pauli operator ↔ pair of QDs

Control: con�rmed single-electron pumping between QDs

- cut link, t0 = 0 : protected Pauli �ip (detail-independent)
- with link, t0 6= 0 : semi-protected qubit rotation
→ de�nite qubit axis ∼ from choice of QDs
�ne-tune: Re(t∗0 t1) = 0→ no dynamical phase on MBQ
→ geometric phase θ = Im(t1/t0) → gate P̂z(θ) = e iθẑ
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QDs 3 & 1 : ŷ = iγ3γ1
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Joint-Parity Readout of MBQs

QDs 4 & 5 , coupled via MBQs a & b → ring exchange
detuning ∼ ε , tunneling ∼ (taẑa + tb ẑb)

→ Hybridized double dot: ωzazb =
√
ε2 + |taza + tbzb|2

⇒ Joint-parity readout 〈ẑaẑb〉 = ± of adjacent MBQs

- QD choice identi�es participating MBQs & Pauli ops.
→ Protected, ancilla-free stabilizer measurements
→ Resilient decoherence-free subspaces zazb = +(−)

Simple Bell test experiments to verify MBQ operation

Prepare xa,b = ±, Measure zazb = ±, Check za/xa, zb/xb
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Two-Qubit QC & Measurement-based Cli�ords

2× 2 array of MBQs: 2 data qubits, 2 ancilla∗ qubits
→ Single-MBQ operation & Joint-parity of adjacent MBQs

4 → 5: ẑC ẑA1

1 → 2: x̂C

2 → 3: ẑC

1 → 3: ŷC

8 → 9: x̂A1x̂T

6 → 7: x̂A1

7 → 8: ẑA1

6 → 8: ŷA1

12 → 13: ẑT ẑA2

9 → 10: ẑT

10 → 11: x̂T

9 → 11: ŷT

3 → 14: x̂A2x̂C

14 → 15: ẑA2

15 → 16: x̂A2

14 → 16: ŷA2
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Ŝz = diag(1, i) ' e−iπẑ/4
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〈ẑC ẑA1〉
→ a2

|±A1〉

b

|yA1〉

|ψC〉

〈x̂A1〉 → b2
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Ŝx|ψC〉x̂
(c1c2)
C〈x̂Cx̂A2〉

→ c1

Preskill lecture notes / Nielsen Chuang 7 / 9



MBQ: De�nition & Addressing
MBQ: Readout & Operation

MBQ Networks

Joint-Parity Readout
Two-Qubit Quantum Computer
Summary, Outlook & Conclusions

Two-Qubit QC & Measurement-based Cli�ords

2× 2 array of MBQs: 2 data qubits, 2 ancilla∗ qubits
→ Single-MBQ operation & Joint-parity of adjacent MBQs

4 → 5: ẑC ẑA1
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Conclusions

Proof-of-principle demonstration of topological qubit

- in a parallel-wire geometry (no �classic� braiding)
- small-scale but interesting experiments (. 10 qubits)
- with prospect towards large-scale arrays

2 MBQs: joint-parity readout (stabilizer), Bell tests

2× 2 MBQs: protected Cli�ord gates, towards scalability
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