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Problem addressed

Semiconductor hole spin qubits

Hendrickx  et al. Nature Materials(2024)
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Goal : To have high coherence time(𝑇2

∗) while maintain high gate 
speeds



Low magnetic field operation

Extends coherence time ( 𝑇2
∗) Reduces the gate speed

Singlet-Triplet(ST) qubits: System of two spin 
➢ controlled by exchange interaction(J)
➢ High gate speed at low B field
➢ Large J  exposes to charge noise when driven

This work demonstrate
➢ Highly coherent ST qubit in germanium at low B and low J
➢ Resonant driving                         Modulating  J                         𝑇2

∗ = 1.9μ𝑠 , gate fidelity = 99.68%
➢ driving continuously                       Dressed ST qubit                       𝑇2

∗ = 20.3μ𝑠 , gate fidelity = 99.63%

Possible solutions



Work in details ……

Device layout

B= 20mT 

Charge stability diagram Energy diagram

Operate device in (1,1) charge configuration and initialize the spins in their ground state I↓↓ >

At point R. Readout performed it distinguish other excited spin states  I ↑ ↑> , I↓ ↑ >   I ↑ ↓ >

If  I↓↓ > then slowing ramp of the detuning into S(2,0)



Read out : Spin to charge conversion

I↓↓ >ground state Intialized

Identity gate 𝑋𝜋 𝑔𝑎𝑡𝑒 𝑡𝑜 𝑄𝐷1 

I↓↓ >

Singlet state: S(2,0)

I ↑ ↓ >

Blocked state (1,1)

(2,1) charge state by 
loading one electron to 
QD1



Spin flip transition frequencies

Applied broadband (chirped) voltage drive to vP2 around frequency 𝑓𝑐ℎ𝑖𝑟𝑝

Obtained symmetric point  at ε = 10mV , less sensitive to the detuning

At this point , spin transition frequencies of the spin as 𝑓𝑄1 = 112.9 𝑀𝐻𝑧  𝑔 = 0.41 

 𝑓𝑄2 = 128.3 𝑀𝐻𝑧  𝑔 = 0.44 

Rabi chevron pattern



First approach : Modulating the exchange interaction (J)               resonantly driven ST qubit 

𝐻𝑎𝑚𝑖𝑙𝑡𝑜𝑛𝑖𝑎𝑛,
 𝐻𝑟𝑒𝑠

𝑆𝑇

ℎ
= 1

2
(𝑓𝑆𝑇𝜎𝑍 +𝐽𝐴𝐶(𝑡)𝜎𝑋)

𝑓𝑆𝑇 = (
∆𝐸𝑍

ℎ
)2  + (𝐽𝐷𝐶)2    = 15.65𝑀𝐻𝑧

𝐽𝐴𝐶 𝑡   = 𝐴𝐽 cos(2𝜋𝑓𝑑𝑡)

Drive tone applied to vB12

Rabi chevron pattern Exponential dependence 
of the Rabi oscillation



Single-Qubit gate fidelity

Performed Randomized benchmarking using Clifford gate set.

Upto 485 Clifford gates and 100 randomizations

Qubit lifetime and Gate fidelity



Dressed ST qubit: continuous application of resonant  exchange drive 

Approach 1: two- tone drive 
Pump tone : 𝑓𝑝𝑢𝑚𝑝 = 𝑓𝑆𝑇, 𝐴𝑝𝑢𝑚𝑝 𝑣𝑎𝑟𝑦𝑖𝑛𝑔,                             Dressing of ST qubit
Weaker probe tone : 𝐴𝑝𝑟𝑜𝑏𝑒 = 0.3𝑚𝑉, 𝑓𝑝𝑟𝑜𝑏𝑒 𝑣𝑎𝑟𝑦𝑖𝑛𝑔 Induces transitions in dressed qubit
 ∆𝑓 = 𝑓𝑝𝑟𝑜𝑏𝑒 − 𝑓𝑆𝑇

𝐷𝑟𝑖𝑣𝑒 𝑡𝑒𝑟𝑚, Δν 𝑡 ~  𝐴𝑝𝑟𝑜𝑏𝑒cos(2𝜋∆𝑓𝑡)

Rabi oscillation with three prominent features where the oscilations are perturbed
 ∆𝑓 = 0 , increase in effective Rabi drive amplitude 
 ∆𝑓 = ±Ω𝑆𝑇 , resonant driving in the dressed qubit subspace takes place.
 This effect is called ‘Mollow triplet’

𝐻𝑎𝑚𝑖𝑙𝑡𝑜𝑛𝑖𝑎𝑛,
 𝐻𝑑𝑟𝑒𝑠𝑠𝑒𝑑

𝑆𝑇

ℎ
= 1

2
(Ω𝑆𝑇𝜏𝑍 +Δ𝜐 (𝑡)𝜏𝑋)



Dressed ST qubit

Approach 2: Frequency modulation 

periodically modulate  𝑓𝑑 𝑡  𝑎𝑟𝑜𝑢𝑛𝑑 𝑓𝑆𝑇

Drive term , Δν 𝑡 ~  ∆𝜈𝐹𝑀cos(2𝜋 𝑓𝐹𝑀𝑡 + 𝜙𝐹𝑀) 

When 𝑓𝐹𝑀 𝑠𝑐𝑎𝑛𝑛𝑒𝑑 around Ω𝑆𝑇 ,
 rabi chevron pattern is observed with Rabi freq. 
of Ω𝑆𝑇

𝐹𝑀 = 0.75𝑀𝐻𝑧 𝑓𝑜𝑟 ∆𝜈𝐹𝑀 = 1.5𝑀𝐻𝑧



Qubit lifetime Gate fidelity

Dressed ST qubit lifetime  and gate fidelity

Initial in dressed singlet state
Drive the system for a time 𝑡𝑤,𝐹𝑀 

Readout of the dressed singlet population
Fit to the exponential decay gives the T1 time 

For T2 Hahn ,  
𝑋π

𝐹𝑀 𝑒𝑐ℎ𝑜 𝑝𝑢𝑙𝑠𝑒 𝑖𝑠 𝑖𝑛𝑠𝑒𝑟𝑡𝑒𝑑 𝑖𝑛 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑡ℎ𝑒 
initialization and readout .
This leads to refocus the state and 𝑇2

𝐻 = 56𝑢𝑠



Conclusion
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