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Quantum computers look like…
AMO Solid-state From google
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Pure state and mixed state
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Relaxation and dephasing
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Figure: Nielsen & Chuang



Depolarizing process

Depolarizing:

Figure: Nielsen & Chuang
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State Fidelity

Recap:
𝐹 = 𝑇𝑟(𝜌*-+𝜌3-4)

𝐹 = 𝑇𝑟(𝜌*-+𝜌3-4) = 𝛼 𝜌*-+ 𝛼

Consider 𝜌3-4 |= | ⟩𝛼 ⟨𝛼 as a pure state 𝑇𝑟(𝜌() = 1

𝑇𝑟(𝜌() < 1

For a pure state 𝜌:

For a mixed state 𝜌:



Measurement fidelity

𝐹 = 𝑇𝑟 𝜌*-+𝜌3-4 = 𝑝5 𝛼 𝜌*-+ 𝛼 + 𝑝6 𝛽 𝜌*-+ 𝛽

𝐹 = 𝑇𝑟(𝜌*-+𝜌3-4) = 𝛼 𝜌*-+ 𝛼

Let’s think about it a bit further…

Consider 𝜌*-+ as known, but 𝜌3-4 |= | ⟩𝛼 ⟨𝛼 is unknown…
F gives “measurement fidelity”.

Faulty measurement: 𝜌3-4 |= 𝑝5| ⟩𝛼 ⟨𝛼 + A𝑝6| ⟩𝛽 ⟨𝛽



Positive operator-valued measurement

Single qubit:Outcome:

Measurement error:

Measurement fidelity:



Quantum operation/channel

|𝜌 = | ⟩𝛼 ⟨𝛼

Consider a state

Sometimes the channel is a statistical mixture of multiple operators

|Λ(𝜌) = 𝐾| ⟩𝛼 ⟨𝛼 𝐾7
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|Λ(𝜌) = 𝑝5𝐾| ⟩𝛼 ⟨𝛼 𝐾7 + 𝑝6𝐾| ⟩𝛽 ⟨ |𝛽 𝐾7
Define a quantum operation/channel
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7 + 𝐾(𝜌𝐾(

7 +⋯ 𝐾!
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defined as Kraus operators



Dephasing channel

|𝑎| ⟩0 ⟨0 + |𝑏| ⟩1 ⟨1

If 𝜌 completely loses its phase information:

Often 𝜌 loses its phase with probability (error rate) 1 − 𝑝
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Depolarizing channel
If 𝜌 completely loses its information in all directions:

Often 𝜌 loses its information with probability (error rate) 1 − 𝑝 :



Kraus operator in Pauli basis: 𝝌-matrix

Λ 𝜌 = 𝐾!𝜌𝐾!
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= F
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𝜒8: =F
%
𝑎%8𝑎%:∗ 𝜒-matrix is a 𝑑(×𝑑( dimensional complex matrix

Single qubit case:



Examples of 𝝌-matrices

• 𝜒-matrix is a matrix of coefficients. 
• It’s always symmetric.

𝐼 𝑋 𝑌 𝑍
𝐼
𝑋
𝑌
𝑍1 − 𝑝

2

1 + 𝑝
2



Examples of 𝝌-matrices
It’s difficult to use 𝜒-matrix for multiple operations

Λ 𝜌 = F
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Superoperators



Revision of state fidelity

𝐾% = 𝑎%"𝐼 + 𝑎%!𝑋 + 𝑎%(𝑌 + 𝑎%<𝑍

𝜌 =
1
2
(𝐼 + 𝑟$𝑋 + 𝑟?𝑌 + 𝑟@𝑍)

Now let’s imagine performing POVM:

𝐹 = 𝑇𝑟 𝜌𝑋 = 𝑟$

Same for density matrices (density operators)

𝑇𝑟 𝐼𝑋 = 0
𝑇𝑟 𝑌𝑋 = 0
𝑇𝑟 𝑍𝑋 = 0
𝑇𝑟 𝑋𝑋 = 1𝐹 = 𝑇𝑟 𝜌𝑌 = 𝑟?

𝐹 = 𝑇𝑟 𝜌𝑍 = 𝑟@

Operators can be decomposed into Paulis

On the 𝑥-axis:

On the 𝑦-axis:

On the 𝑧-axis:



Quantum state tomography
How to perform POVM along the 𝑥-axis? 

𝑟$ = 𝑇𝑟 𝜌𝑋 = 𝑇𝑟 𝜌𝜌"#! − 𝑇𝑟(𝜌𝜌",!)

𝑟? = 𝑇𝑟 𝜌𝑌 = 𝑇𝑟 𝜌𝜌"#%! − 𝑇𝑟(𝜌𝜌",%!)

𝑟@ = 𝑇𝑟 𝜌𝑍 = 𝑇𝑟 𝜌𝜌" − 𝑇𝑟(𝜌𝜌!)

𝐹 = 𝑇𝑟(𝜌𝜌3-4)

• 𝜌3-4 must be a physical state (not necessarily a 
pure state), with 𝑇𝑟 𝜌3-4 = 1.

• Pauli matrices cannot be prepared as they are 
not density matrices of any physical state.
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Super-operator and Pauli transfer matrix

𝜌 =
1
2
𝐼 + 𝑟$𝑋 + 𝑟?𝑌 + 𝑟@𝑍 ≝

𝑇𝑟 𝜌𝐼
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𝑇𝑟 𝜌𝑌
𝑇𝑟 𝜌𝑍

=

1
𝑟$
𝑟?
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• A 𝑑×𝑑 dimensional density matrix can be represented now as a 𝑑( dimensional vector.

• The first entry is always 1 : Trace preserving (TP).

• The other entries correspond to the projection onto x/y/z axes in Bloch sphere.



Pauli transfer matrix (quantum channel)

PTM is expressed in the Pauli operator basis, meaning it can be directly 
applied to a state vector in the super-operator format

𝜌 =
1
2
𝐼 + 𝑟$𝑋 + 𝑟?𝑌 + 𝑟@𝑍 ≝

1
𝑟$
𝑟?
𝑟@

State/measurement fidelity:



Examples of PTMs

𝐼
𝑋
𝑌
𝑍

• 𝜒-matrix is a matrix of input-output. 
• It’s not always symmetric.

𝐼 𝑋 𝑌 𝑍
Input density operator

Output density operator



PTM Application

𝐼
𝑋
𝑌
𝑍

𝐼 𝑋 𝑌 𝑍
Input density operator

Output density operator

𝜌 =
1
2 𝐼 + 𝑟$𝑋 + 𝑟?𝑌 + 𝑟@𝑍

Directly multiply

Density operator

Super operator

𝜌 =
1
2

1
𝑟$
𝑟?
𝑟@



Pauli transfer matrix

Λ((Λ! 𝜌 ) = F
=,>;!

.#

𝜒=>( 𝑃=( F
8,:;!

.#

𝜒8:! 𝑃8𝜌𝑃:)𝑃>

Λ( Λ! 𝜌 ⇒ 𝐺(𝐺!|𝜌 ≫

Λ! Λ"𝜌 M

𝐺% is the PTM of Λ%

A complete circuit:

Average gate fidelity:



Example: controlled-Z gate
Red: +1
Blue: -1

Red: +1/4
Blue: -1/4

𝝌-matrixPauli transfer matrix



Characterize a quantum process



Quantum process tomography

This can be described in either 𝜒-matrix or PTM, but 
PTM is easier.

Measure the complete input-output correlation.

Intuition: prepare different states in experiment, and 
apply the operator on them, followed by 
measurement of the outcome states.

Quantum
Channel

0, 1, (0+1), 
(0-1), (0+i1)…

Measure it 
along x/y/z



Quantum process tomography

Entry of a PTM



Quantum process tomography

Limitation: 
State Preparation and Measurement (SPAM) error

Solution: 
• Gate set tomography
• Randomized benchmarking
• Others…

Entry of a PTM



Randomized benchmarking



Depolarizing error

Assumptions:

1. The error of a gate does not depend on the previous gates (Markovian).
2. The error of different gates are the same (gate-independent). 

(Imagine the error is decoherence and all gates are equally long)

Coherent error: rotation angle, rotation axis… 
Incoherent error: dephasing, depolarizing, relaxation… 

Error: Λ



Depolarizing error

In reality, we can use Clifford group to efficiently approximate the twirling process

𝐹A = 𝐹A&'(

“Twirling” a small error with unitary operators.

Fidelity of error Λ:

𝐹A =



Clifford gates Clifford stabilizes Paulis: 
𝐶:𝑃%𝐶:

7 = 𝑃8

R. Barends et al., Nature 2014



Clifford gates



Clifford gates



Clifford gates



Clifford gates



Concatenated depolarizing channel

1-step depolarizing channel:

m-step depolarizing channel :

Outcome state:

Outcome state:



Randomized benchmarking

Sequence fidelity:

𝐹A =

Fidelity of error Λ:



Randomized benchmarking

Recall: RB measures Clifford gate fidelity.



Randomized benchmarking

𝐶B! 𝐶B(𝜌 M𝐶B<ΛΛ Λ
…

𝐹A =

A real Clifford gate 
with error



Randomized benchmarking



𝐶( 𝐶<𝐶! 𝐶C 𝑅| ⟩1

Noise channels: 𝜎%, 𝑖 = 𝑥, 𝑦, 𝑧

Single-qubit RB

…

1 0
0 𝑝𝐈

1 0
0 𝑝

0 0
0 0

0 0
0 0

𝑝 0
0 𝑝

𝐹'! = 𝐴𝑝( + 𝐵
Single exponential decay:

𝜎"
𝜎$
𝜎?
𝜎@

𝜎"
𝜎%

Simplified notation

𝑖 = 𝑥, 𝑦, 𝑧



𝑅
| ⟩1

Noise channels: 
𝜎%⨂𝜎8, 𝑖, 𝑗 = 0, 𝑥, 𝑦, 𝑧, exlc.(𝜎"⨂𝜎")

| ⟩1
𝐶C𝐶<𝐶(𝐶!

Two-qubit RB

…

1 0
0 𝑝𝐈!

0 0
0 0

0 0
0 0

𝑝𝐈( 0
0 𝑝𝐈!(

Single exponential decay:

𝐹'!⨂'! = 𝐴𝑝( + 𝐵

𝜎"⨂𝜎8
𝜎%⨂𝜎8

𝜎%⨂𝜎"
𝜎"⨂𝜎"

𝑖, 𝑗 = 𝑥, 𝑦, 𝑧

In total 
11520 elements



𝐶(! 𝐶<!𝐶!! 𝐶C! 𝑅!| ⟩1

Noise channels: 𝜎%⨂𝜎"

𝐶(( 𝐶<(𝐶!( 𝐶C( 𝑅(| ⟩1

𝜎"⨂𝜎8

𝜎%⨂𝜎8

Simultaneous RB

…

1 0
0 𝑝!𝐈!

0 0
0 0

0 0
0 0

𝑝(𝐈( 0
0 𝑝!(𝐈!(

Sequence randomly 
sampled for each qubit

J.Helsen, X.X., npj Quantum Info 2019
X.X., et al. PRX 2019
See also: J.M.Gambetta et al, PRL 2012

Three-fold exponential decay:

𝐹'!⨂'! = A*𝑝*( + A+𝑝+( + A*+𝑝*+( + 𝐵

𝜎"⨂𝜎8
𝜎%⨂𝜎8

𝜎%⨂𝜎"
𝜎"⨂𝜎"

𝑝!"" =
3
15 (𝑝#+𝑝$) +

9
15 𝑝#$



𝐶(! 𝐶<!𝐶!! 𝐶C! 𝑅!

𝐶(( 𝐶<(𝐶!( 𝐶C( 𝑅(

Simultaneous RB

…

1 0
0 𝑝!𝐈!

0 0
0 0

0 0
0 0

𝑝(𝐈( 0
0 𝑝!(𝐈!(

Sequence randomly 
sampled for each qubit

J.Helsen, X.X., npj Quantum Info 2019
X.X., et al. PRX 2019
See also: J.M.Gambetta et al, PRL 2012

No correlated errors:

Three-fold exponential decay:

𝐹'!⨂'! = A*𝑝*( + A+𝑝+( + A*+𝑝*+( + 𝐵

With correlated errors:

𝑝*+ = 𝑝* ( 𝑝+

𝑝*+ ≠ 𝑝* ( 𝑝+ General case

| ⟩1

| ⟩1

𝜎"⨂𝜎8
𝜎%⨂𝜎8

𝜎%⨂𝜎"
𝜎"⨂𝜎"

𝑝!"" =
3
15 (𝑝#+𝑝$) +

9
15 𝑝#$



Separating the three channels
1 0
0 𝑝!𝐈!

0 0
0 0

0 0
0 0

𝑝(𝐈( 0
0 𝑝!(𝐈!(

𝜎"⨂𝜎8
𝜎%⨂𝜎8

𝜎%⨂𝜎"
𝜎"⨂𝜎"

1 0
0 𝑝!

0 0
0 0

0 0
0 0

𝑝! 0
0 𝑝!

𝜎?⨂𝜎"
𝜎@⨂𝜎"

𝜎$⨂𝜎"
𝜎"⨂𝜎"𝐈#subspace

Two-qubit space

Isolate the 𝜎%⨂𝜎& term 
(SPAM bases)

Λ(𝜎%⨂𝜎8 𝜌 𝜎%⨂𝜎8)
Use additional two-qubit Pauli operators to flip 
the initial state 𝜌

1 0
0 0

0 0
0 0

0 0
0 0

0 0
0 𝑝!

!𝜌"

F
%,8
𝜒D)⨂D*(𝜎%⨂𝜎8) ] Λ(𝜎% ⨂𝜎8 𝜌 𝜎%⨂𝜎8)

𝑝$𝐈$ and 𝑝#$𝐈#$
become all 0

𝑃\𝜎

Character function: 𝜒'!⨂'"(𝜎)⨂𝜎*)
X.Xue., et al. PRX 2019



𝐶(! 𝐶<!𝐶!! 𝐶C! 𝑅!

Noise channels: +𝜎%⨂𝜎"

𝐶(( 𝐶<(𝐶!( 𝐶C( 𝑅(

+𝜎"⨂𝜎8

+𝜎%⨂𝜎8

𝑃!

𝑃(

Add Pauli operators at the beginning

Sequence randomly 
sampled for each qubit

1 0
0 𝑝!𝐈!

0 0
0 0

0 0
0 0

𝑝(𝐈( 0
0 𝑝!(𝐈!( J.Helsen, X.X., npj Quantum Info 2019

X.X., et al. PRX 2019

| ⟩1

| ⟩1

…𝜎"⨂𝜎", 𝜎"⨂𝜎@,
𝜎@⨂𝜎", 𝜎@⨂𝜎@

J.Helsen



𝐶(! 𝐶<!𝐶!! 𝐶C! 𝑅!

𝐶(( 𝐶<(𝐶!( 𝐶C( 𝑅(

𝑃!

𝑃(

Character randomized benchmarking

…

J.Helsen, X.X., npj Quantum Info 2019
X.X., et al. PRX 2019

Noise channels: −𝜎%⨂𝜎"

+𝜎"⨂𝜎8

−𝜎%⨂𝜎8

| ⟩1

| ⟩1

Sign flips

Sign flips

𝜎$⨂𝜎", 𝜎$⨂𝜎@,
𝜎?⨂𝜎", 𝜎?⨂𝜎@

J.Helsen



Quantum computation with
spin qubits in semiconductor

QuTech, Delft University of Technology, Lorentzweg 1, 2628 CJ Delft, Netherlands 

Xiao Xue
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“Quantum phenomena do not occur in a Hilbert space. 
They occur in a laboratory.”

-- Asher Peres



Future quantum computer

Semiconducter (quantum dot, donor…)
v Scaling, high density;
v Coherence; 
v “Hot” (cryo-electronics, easy wiring).

Linke, et al, PNAS 2017 

Transmon

Trapped ion

Loss, DiVincenzo, PRA 1998 

Kane, Nature 1998 

3



1 billion qubits

100 X 100 𝑚! 5 X 5 𝑚! 5 X 5 𝑚𝑚!
Trapped ions Superconducting qubits Spin qubits

100 um

50 nm2000

2000

Much smaller for 
surface trap



Transistor v.s. quantum dot

5

Transistor: 1 gate / 1 device

QDots: 2N+3 gates / N devices

All-electrical operation
• Tunable energy of electrons 
• Tunable tunnel barriers
• Electrical contacts

A good starting point
for scalability

Loss and DiVincenzo, PRA 1998

100 nm

Maurand et al, Nature Nano 2016



Intel-QuTech collaboration

6

10 years, 50 M$

Silicon spin qubits
Transmon qubits

Architecture, Cryo-CMOS,
interconnects

Achievement: quantum dot arrays made @ Intel 300 mm cleanroom

Lieven Vandersypen
Director of QuTech
PI of spin qubit group

Leo DiCarlo
PI of SC qubit group

Mike Mayberry
Vice president Intel

Jim Clark
PI Intel Quantum group



Qubits made at Intel
L. M. K. Vandersypen, M. A. Eriksson. 
Physics Today, 2019

Zwerver et al., Nature Electronics 2022Spin qubits made in Intel Fin-FET 

R. Pillarisetty, et al., IEDM 2019

300mm fabrication

7

For comparison:



Semiconductor heterostructure

8

GaAs

AlGaAs

GaAs

SiGe

Si (or Ge)

SiGe

Si

Si cap (ideally oxidized)

AlGaAs with Si dopant (p-type)

SiO2

Argument: bury the electrons deeply

- - - - - - - - - - - - - - - - - - -

- - - - - - - - - - - - - - - - - - -

- - - - - - - - - - - - - - - - - - -

For Ge, the carriers are holes instead.



Semiconductor heterostructure

9

GaAs

AlGaAs

GaAs

SiGe

Si (or Ge)

SiGe

Si

Si cap (ideally oxidized)

AlGaAs with Si dopant (p-type)

SiO2

Argument: bury the electrons deeply

- - - - -

- - - - -

- - - - -

For Ge, the carriers are holes instead.

- + -- + -- + -



Semiconductor heterostructure

10

purified 28Si
gate layer

qubits



Artificial atom
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Multiple electron energy diagram
-> orbital energy + charging energy

Outside

QD

Outside

QD

• Ideally, the dot is a quantum harmonic oscillator.
• In reality, there’s always some deviation.
• For simplicity, we often plot it as a finite square potential well.

Single electron energy diagram
-> orbital energy

R. Hanson et al., RMP 2007



Transport 
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Coulomb peaks: 

OutsideQDEnergy

2DEG2DEG

Drain
Source

+
The energy levels are controlled 
via a metal gate on top

“Single electron transistor”



Single electron spin state
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OutsideQDEnergy

2DEG2DEG

Drain
Source

Last electron

OutsideQDEnergy

2DEG2DEG

Drain
Source

Apply a magnetic field
Zeeman splitting:
𝐸! = 𝑔𝜇"𝐵!

Orbital N

g > 0 g < 0



Spin-to-charge conversion

14

OutsideQDEnergy

2DEG2DEG

Drain
Source

• Spin-up ---> 0 electron

• Spin-down ---> 1 electron



Two electrons in one dot
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Orbital N=0 Orbital N

Orbital N

They are not distinguishable.

Orbital N=0
Spin-singlet, with total spin 0.

(| ⟩↓↑ − | ⟩↑↓ )/ 2

Orbital 1

Orbital 0

| ⟩↓↓| ⟩↑↑ (| ⟩↓↑ + | ⟩↑↓ )/ 2

+ Spin-triplet 
Total spin1



Charge sensor (SET)
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QD

2DEG2DEG

Drain
Source

QDEnergy

2DEG2DEG

Drain
Source

A QD with many electrons
Degenerate states-> spin doesn’t matter

A QD with one electron
Spin qubit

All peaks shifted

Capacitive coupling
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Sensor

2DEG2DEG

Drain
Source

Sensor

2DEG2DEG

Drain
Source

Qubit

2DEG2DEG

Drain
Source

Qubit

2DEG2DEG

Drain
Source

Monitor the current through the sensor

No electron

One electron

Charge sensor (SET)



Initialization-readout cycle
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++ ++

Step 1
Initialization

Step 2
Operation

Step 3
Readout 

++
LP RP

RP Voltage

Time



Double quantum dot (DQD)
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LP

R
P

Fermi-Hubbard model

“Charge stability diagram”



Pauli spin blockade
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“Detuning”

Open barrier

(| ⟩↓↑ − | ⟩↑↓ )/ 2
allows tunneling

(0, 2) charge state

| ⟩↑↑ | ⟩↓↓

(| ⟩↓↑ + | ⟩↑↓ )/ 2
forbids tunneling

(1, 1) charge state



Two-spin energy diagram
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Zeeman energy difference:
• Non-uniform g-factor
• Different local B field

(| ⟩↓↑ − | ⟩↑↓ )/ 2

(| ⟩↓↑ + | ⟩↑↓ )/ 2

| ⟩↓↓

| ⟩↑↑

| ⟩↓↓

| ⟩↑↑

| ⟩↓↑

| ⟩↑↓

Eigenstates

Adiabatic transfer



Single-shot readout – spin-charge conversion
Spin-selective tunneling:

Pauli spin blockade:



Recap of readout

23

Elzerman readout:

Pauli spin blockade:

Fermi energy can be thermal-broadened

Need an electron reservoir

Must be operated at high field

No thermal-broadening

No need for electron reservoir

Can be operated at low field



Charge stability diagram
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LP

R
P

Device fabricaton by U. Mukhopadhyay and J.P. 
Dehollain



Charge stability diagram hextuple dot

Common methods are not scalable

Charge stability diagram quadruple dot

Controlled filling becomes challenging due to cross-capacitances and latching effects.



Cross capacitance



Qubit control
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Arbitrary waveform generatorVector source generator
(IQ modulation, 10-20 GHz)

ch3

Microwave
(single-qubit gate)

ch1 ch2

Current-meter

Barrier control 
(exchange interaction, two-qubit gate)

Chemical potential control

Readout signal



Entering therotating frame

28

Magnetic field
𝐵!

Q1: how to make the spin rotate around the x-axis?

Larmor precession: electron “spins” aroud the 𝐵!. 

A: Apply a field 𝐵#.

A: Simply applying a 𝐵# field does not work. 



Enter the rotating frame
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| ⟩0(𝑡) = 𝑒$%&!'| ⟩0(𝑡 = 0)

| ⟩1(𝑡) = 𝑒$%&"'| ⟩1(𝑡 = 0)

= 𝑒$%&!'𝑒$%(&"$&!)'| ⟩1(𝑡 = 0)

= 𝑒$%&!'𝑒$%*+#"$'| ⟩1(𝑡 = 0)

𝐸! = 𝑔𝜇"𝐵!

Q3: why is the qubit vector static in Bloch sphere?

Step 1: ignore global phase

| ⟩0(𝑡) ≝ | ⟩0(𝑡 = 0)

| ⟩1(𝑡) ≝ 𝑒$%&$'| ⟩1(𝑡 = 0)

| ⟩0(𝑡) + | ⟩1(𝑡) ≝ | ⟩0 𝑡 = 0 + 𝑒$%&$'| ⟩1(𝑡 = 0)

𝐸,

𝐸-



Enter the rotating frame
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𝐵"

Q2: Why do we use microwave to rotate the spin?

Hint: It’s an oscillating electro-magnetic field.

Simply applying a 𝐵# field does not work. 

𝐵" 𝐵#$#%&

𝐵'

For the electron, 𝐵# is osillating.



Enter the rotating frame
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Step 2: Decompose oscillating field into two rotating fields.

One will rotate in same direction as spins.

Static field in the rotating frame Oscillating twice as fast -> ignored



Enter the rotating frame
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A: Bloch sphere is plotted in the rotating frame. 

Q3: Why is the qubit vector static in Bloch sphere?

Rotating frame Laboratory frame

Precession Nutation

shaped pulse sequences that correct for dephasing, as routinely used in
NMR experiments.

The vertical electric field Fz in our quantum dot can be tuned
over a large range by increasing the voltage on G4, while reducing

the voltage on C to maintain an electron occupancy of N = 1.
Recent experiments on silicon dots have observed an anticrossing
of the spin and valley states (Fig. 5a, inset) due to spin–orbit
coupling, which occurs in a small energy window of neV to µeV,
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Figure 2 | Electron spin resonance (ESR) and Rabi oscillations. a, Pulsing scheme for qubit control and readout. The Zeeman-split electron spin levels are
plunged to energy EP using gate G4, and ESR pulses are applied to rotate the spin on the Bloch sphere. Subsequently, the electron levels are increased to
straddle the Fermi energy of reservoir R, enabling spin readout. After readout the qubit is automatically initialized in the spin-down state. b, Electron spin-up
fraction f↑ as a function of the microwave burst duration τp, with PESR = 5 dBm. c, Electron spin-up fraction f↑ as a function of ESR frequency around the
resonance frequency, ν0 = 39.1408 GHz, with τp = 8.56 µs (corresponding to the peak of the third Rabi oscillation). d, Colour map of measured spin-up
fraction f↑ , showing Rabi oscillations as a function of τp for different microwave detuning frequencies. Inset: Corresponding calculated Rabi oscillations.
All data in b–d are fitted by assuming no decay in time and using f↑ =A ×Ω2/ΩR

2 sin2(ΩRτ/2), where Ω and ΩR are the Rabi and total Rabi frequency,
respectively. The visibility A =0.7 is determined from the experimental data.
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Figure 3 | Qubit coherence. The spin state statistics are normalized with respect to the visibility to account for fluctuations between different measurements.
a, By varying the delay time τw between two πx/2 pulses (see schematic, top), Ramsey oscillations arise in the spin-up fraction f↑. Fitting the decay with
fN,↑= e−[τ/T2*]

α
, with α= 1.3, we deduce a dephasing time T2* = 120 µs. b, A Hahn-echo pulse sequence incorporates an additional π-pulse (schematic, top) and

compensates for slow drifts in the environment. The resulting spin-up fraction f↑ decay gives the spin coherence time T2
H = 1.2 ms. c, By applying a CPMG

pulse sequence (schematic, top) we can further enhance the coherence time, giving T2
CPMG= 28 ms.

NATURE NANOTECHNOLOGY DOI: 10.1038/NNANO.2014.216 LETTERS

NATURE NANOTECHNOLOGY | VOL 9 | DECEMBER 2014 | www.nature.com/naturenanotechnology 983

Veldhorst et al, Nature Nano 2014

Rabi oscillation



Z gate and dephasing
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| ⟩0(𝑡) = | ⟩0(𝑡 = 0)
./'0'%1* 2.034

| ⟩0

| ⟩1(𝑡) = 𝑒$%&$'| ⟩1(𝑡 = 0)
./'0'%1* 2.034

| ⟩1

| ⟩0(𝑡) + | ⟩1(𝑡) = | ⟩0 𝑡 = 0 + 𝑒$%&$'| ⟩1 𝑡 = 0
./'0'%1* 2.034

| ⟩0 + | ⟩1

A: Z gate. 

Q4: What if we change the qubit energy intentionally?

A rotating frame is determined by the energy 
splitting (frequency) of the qubit. 

Q5: What if the qubit energy fluctuates under environmental noise?
A: Dephasing.

| ⟩0(𝑡) + | ⟩1(𝑡) = | ⟩0 𝑡 = 0 + 𝑒$%(&$5∆&)'| ⟩1 𝑡 = 0
./'0'%1* 2.034

| ⟩0 + 𝑒$%∆&'| ⟩1

| ⟩0(𝑡) + | ⟩1(𝑡) = | ⟩0 𝑡 = 0 + 𝑒$%(&$57&('))'| ⟩1 𝑡 = 0
./'0'%1* 2.034

| ⟩0 + 𝑒$%7&(')'| ⟩1



Single-qubit gate: ESR and EDSR
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Cobalt micromagnet
enabling single-qubit gates

Electrical drive
--> 
Effective oscillating magnetic field

Oscillating B field

Electron spin resonance Electric dipole spin resonance



Frequency selectivity and Crosstalk
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𝐵"



Two-qubit gate: exchange interaction
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(| ⟩↓↑ − | ⟩↑↓ )/ 2

| ⟩↓↓

| ⟩↑↑

(| ⟩↓↑ + | ⟩↑↓ )/ 2

Eigenstates
(uncoupled)

Eigenstates
(coupled)

| ⟩↑↓

| ⟩↓↓

| ⟩↑↑

| ⟩↓↑

𝐻4#8 = 𝐽𝑆, 8 𝑆9 = 𝐽(𝑆,# 8 𝑆9# + 𝑆,: 8 𝑆9: + 𝑆,! 8 𝑆9!)



Two-qubit gates
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Conditional rotation: 

Conditional phase: 
C-Phase: 

CZ: 



Pulse sequence
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++ ++

Step 1
Initialization

Step 2
Operation

Step 3
Readout 

++
LP RP

RP Voltage

Time
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RP Voltage

Time

LP Voltage

(2,0)
(2,1)

(1,2)

(2,2)

Microwave

Pulse sequence



Error mechanism: Nuclear spins
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Overhauser field BN

Full polarization GaAs: A ~ 5.5 T
Paget, 1977

Statistical polarization GaAs dot: N ~ 106
BN = A / N1/2 ~ 5 mT

Merkulov, Efros, Rosen, PRB 2002
Khaetskii, Loss, Glazman, PRL 2002

Electron confined in QD 
Si/SiGe GaAs/AlGaAs 

hyperfine coupling ‘Small’  hyperfine  coupling 

No nuclear spin free isotopes Isotopic purification Natural:   5% Si29 

‘No’  hyperfine  coupling 

Veldhorst et al. Nat. Nano. (2014) 

𝑻𝟐
∗~𝟏𝟎𝐧𝐬 

𝑻𝟐𝐇𝐚𝐡𝐧~𝟎. 𝟓𝛍𝐬 𝑻𝟐𝐇𝐚𝐡𝐧~28  ms 

𝑻𝟐
∗~𝟏𝟐𝟎μs 

(MOS tech.  Si29 800ppm) 

𝑻𝟐
∗~𝟏µμ𝒔 

𝑻𝟐𝐇𝐚𝐡𝐧~𝟕𝟎𝛍𝐬 



Error mechanism: Nuclear spins
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𝐵"

Overhauser field BN

𝐵(

| ⟩0(𝑡) + | ⟩1(𝑡) = | ⟩0 𝑡 = 0 + 𝑒$%(&$57&('))'| ⟩1 𝑡 = 0
./'0'%1* 2.034

| ⟩0 + 𝑒$%7&(')'| ⟩1

𝛿𝐸 𝑡 = 𝑔𝜇"𝐵;(𝑡)



Materials impact on coherence time

Electron confined in QD 
Si/SiGe GaAs/AlGaAs 

hyperfine coupling ‘Small’  hyperfine  coupling 

No nuclear spin free isotopes Isotopic purification Natural:   5% Si29 

‘No’  hyperfine  coupling 

Veldhorst et al. Nat. Nano. (2014) 

𝑻𝟐
∗~𝟏𝟎𝐧𝐬 

𝑻𝟐𝐇𝐚𝐡𝐧~𝟎. 𝟓𝛍𝐬 𝑻𝟐𝐇𝐚𝐡𝐧~28  ms 

𝑻𝟐
∗~𝟏𝟐𝟎μs 

(MOS tech.  Si29 800ppm) 

𝑻𝟐
∗~𝟏µμ𝒔 

𝑻𝟐𝐇𝐚𝐡𝐧~𝟕𝟎𝛍𝐬 

Electron confined in QD 
Si/SiGe GaAs/AlGaAs 

hyperfine coupling ‘Small’  hyperfine  coupling 

No nuclear spin free isotopes Isotopic purification Natural:   5% Si29 

‘No’  hyperfine  coupling 

Veldhorst et al. Nat. Nano. (2014) 

𝑻𝟐
∗~𝟏𝟎𝐧𝐬 

𝑻𝟐𝐇𝐚𝐡𝐧~𝟎. 𝟓𝛍𝐬 𝑻𝟐𝐇𝐚𝐡𝐧~28  ms 

𝑻𝟐
∗~𝟏𝟐𝟎μs 

(MOS tech.  Si29 800ppm) 

𝑻𝟐
∗~𝟏µμ𝒔 

𝑻𝟐𝐇𝐚𝐡𝐧~𝟕𝟎𝛍𝐬 

Electron confined in QD 
Si/SiGe GaAs/AlGaAs 

hyperfine coupling ‘Small’  hyperfine  coupling 

No nuclear spin free isotopes Isotopic purification Natural:   5% Si29 

‘No’  hyperfine  coupling 

Veldhorst et al. Nat. Nano. (2014) 

𝑻𝟐
∗~𝟏𝟎𝐧𝐬 

𝑻𝟐𝐇𝐚𝐡𝐧~𝟎. 𝟓𝛍𝐬 𝑻𝟐𝐇𝐚𝐡𝐧~28  ms 

𝑻𝟐
∗~𝟏𝟐𝟎μs 

(MOS tech.  Si29 800ppm) 

𝑻𝟐
∗~𝟏µμ𝒔 

𝑻𝟐𝐇𝐚𝐡𝐧~𝟕𝟎𝛍𝐬 

GaAs Si 28Si

T2
* ~ 10 ns T2

* ~ 1 µs T2
* ~ 100 µs

Petta et al, 
Science 2005

Kawakami, Scarlino, et al, 
Nature Nano 2014

Veldhorst, et al, 
Nature Nano 2014

T2
DD < 0.2 ms T2

DD > 0.5 ms T2
DD ~ 28 ms 

42



Error mechanism: Charge noise
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Arash Sheikholeslam et al., 
Journal of Material Chemistry C 2016

𝐵"

| ⟩0 + 𝑒$%7&(#('))'| ⟩1

𝛿𝐸 𝑥(𝑡) = 𝑔𝜇"𝐵!(𝑥(𝑡))

e

Charge trap



Valleys in silicon
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Orbital splitting: >1 𝑚𝑒𝑉
Valley splitting: 0 – 300 𝜇𝑒𝑉
Zeeman splitting: 30 – 80 𝜇𝑒𝑉
1 𝐺𝐻𝑧 = 4 𝜇𝑒𝑉



Slide courtesy Mark Eriksson



Alternative: Singlet-Triplet qubit
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Demonstration of Entanglement
of Electrostatically Coupled
Singlet-Triplet Qubits
M. D. Shulman,1* O. E. Dial,1* S. P. Harvey,1 H. Bluhm,1† V. Umansky,2 A. Yacoby1‡

Quantum computers have the potential to solve certain problems faster than classical computers.
To exploit their power, it is necessary to perform interqubit operations and generate entangled
states. Spin qubits are a promising candidate for implementing a quantum processor because of
their potential for scalability and miniaturization. However, their weak interactions with the
environment, which lead to their long coherence times, make interqubit operations challenging.
We performed a controlled two-qubit operation between singlet-triplet qubits using a dynamically
decoupled sequence that maintains the two-qubit coupling while decoupling each qubit from its
fluctuating environment. Using state tomography, we measured the full density matrix of the
system and determined the concurrence and the fidelity of the generated state, providing proof of
entanglement.

Singlet-triplet (S-T0) qubits, a particular real-
ization of spin qubits (1–7), store quantum
information in the joint spin state of two

electrons (8–10). The basis states for the S-T0
qubit can be constructed from the eigenstates of
a single electron spin, |↑〉 and |↓〉. We chose |S 〉 =

(1/√2)(|↑↓〉 – |↓↑〉) and |T0〉 = (1/√2)(|↑↓〉 + |↓↑〉)
because these states are insensitive to uniform
fluctuations in the magnetic field. The qubit can
then be described as a two-level system with a
representation on the so-called Bloch sphere
(Fig. 1A). Universal quantum control is achieved
using two physically distinct operations that drive
rotations around the x and z axes of the Bloch
sphere (11). Rotations around the z axis are driv-
en by the exchange splitting, J, between |S 〉 and
|T0〉, and rotations around the x axis are driven
by a magnetic field gradient, ∆Bz, between the
electrons.

We implemented the S-T0 qubit by confining
two electrons to a double quantum dot (QD) in a
two-dimensional electron gas (2DEG) located

91 nm below the surface of a GaAs-AlGaAs het-
erostructure. We deposited local top gates using
standard electron beam lithography techniques to
locally deplete the 2DEG and form the QDs. We
operated between the states (0,2) and (1,1), where
(nL,nR) describes the state with nL(nR) electrons in
the left (right) QD. The |S 〉 and |T0〉 states, the
logical subspace for the qubit, are isolated by
applying an external magnetic field of 700 mT in
the plane of the device such that the Zeeman
splitting makes T+ = |↑↑〉 and T− = |↓↓〉 energet-
ically inaccessible. The exchange splitting, J, is
a function of the difference in energy, e, between
the levels of the left and right QDs. Pulsed DC
electric fields rapidly change e, allowing us to
switch J on, which drives rotations around the
z axis. When J is off, the qubit precesses around
the x axis due to a fixed ∆Bz, which is stabilized
to ∆Bz/2p = 30 MHz by operating the qubit as a
feedback loop between iterations of the experi-
ment (12). Dephasing of the qubit rotations re-
flects fluctuations in the magnitude of the two
control axes, J and ∆B, caused by electrical noise
and variation in the magnetic field gradient, re-
spectively. The qubit is rapidly (<50 ns) initial-
ized in |S〉 by exchanging an electron with the
nearby Fermi sea of the leads of the QD, by tun-
ing the QD potentials so that only |S〉 lies below
the Fermi energy. The qubit state is read out
using standard Pauli blockade techniques, where
e is quickly tuned to the regime where S occu-
pies (0,2) and T0 occupies (1,1), allowing the
qubit state to be determined by the proximal
charge sensor. The charge state of the qubit is
rapidly determined (∼1 ms) using standard radio
frequency techniques (13, 14) on an adjacent
sensing QD.

1Department of Physics, Harvard University, Cambridge, MA
02138, USA. 2Braun Center for Submicron Research, Depart-
ment of Condensed Matter Physics, Weizmann Institute of
Science, Rehovot 76100, Israel.

*These authors contributed equally to this work.
†Present address: 2nd Institute of Physics C, Rheinisch-
Westfälische Technische Hochschule Aachen (RWTH) Aachen
University, 52074 Aachen, Germany.
‡To whom correspondence should be addressed. E-mail:
yacoby@physics.harvard.edu
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Fig. 1. Two-qubit coupling scheme. (A) A Bloch sphere can be used to describe the
states of the effective two-level system defined by the singlet and triplet states of the
qubit, with the z axis along the S-T0 axis and the x axis along the |↑↓〉 / |↓↑〉 axes. (B)
A scanning electron microscope image of the top of the device used shows gates used
to define the S-T0 qubits (white), dedicated control leads, the approximate locations
of the electrons in the two qubits (red), and current paths for the sensing dots (green
arrows). The left qubit uses the electrons labeled LR and LL, whereas the right qubit
uses the electrons labeled RL and RR. (C) A schematic of the electronic charge
configurations for the |S〉〉 (blue) and the |T0〉〉 (red). This difference in charge con-
figuration is the basis for the electrostatic coupling between the qubits. (D) The pulse
sequence used to entangle the qubits: initialize each qubit in |S〉〉; perform a p/2
rotation around the x axis; allow the qubits to evolve under exchange for a time t/2;
perform a p rotation around the x axis, thereby decoupling the qubits from the environment but not each other; evolve under exchange for t/2; and perform state
tomography to determine the resulting density matrix (fig. S3.)
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Cphase gate through 
capacitive coupling

Demonstration of Entanglement
of Electrostatically Coupled
Singlet-Triplet Qubits
M. D. Shulman,1* O. E. Dial,1* S. P. Harvey,1 H. Bluhm,1† V. Umansky,2 A. Yacoby1‡

Quantum computers have the potential to solve certain problems faster than classical computers.
To exploit their power, it is necessary to perform interqubit operations and generate entangled
states. Spin qubits are a promising candidate for implementing a quantum processor because of
their potential for scalability and miniaturization. However, their weak interactions with the
environment, which lead to their long coherence times, make interqubit operations challenging.
We performed a controlled two-qubit operation between singlet-triplet qubits using a dynamically
decoupled sequence that maintains the two-qubit coupling while decoupling each qubit from its
fluctuating environment. Using state tomography, we measured the full density matrix of the
system and determined the concurrence and the fidelity of the generated state, providing proof of
entanglement.

Singlet-triplet (S-T0) qubits, a particular real-
ization of spin qubits (1–7), store quantum
information in the joint spin state of two

electrons (8–10). The basis states for the S-T0
qubit can be constructed from the eigenstates of
a single electron spin, |↑〉 and |↓〉. We chose |S 〉 =

(1/√2)(|↑↓〉 – |↓↑〉) and |T0〉 = (1/√2)(|↑↓〉 + |↓↑〉)
because these states are insensitive to uniform
fluctuations in the magnetic field. The qubit can
then be described as a two-level system with a
representation on the so-called Bloch sphere
(Fig. 1A). Universal quantum control is achieved
using two physically distinct operations that drive
rotations around the x and z axes of the Bloch
sphere (11). Rotations around the z axis are driv-
en by the exchange splitting, J, between |S 〉 and
|T0〉, and rotations around the x axis are driven
by a magnetic field gradient, ∆Bz, between the
electrons.

We implemented the S-T0 qubit by confining
two electrons to a double quantum dot (QD) in a
two-dimensional electron gas (2DEG) located

91 nm below the surface of a GaAs-AlGaAs het-
erostructure. We deposited local top gates using
standard electron beam lithography techniques to
locally deplete the 2DEG and form the QDs. We
operated between the states (0,2) and (1,1), where
(nL,nR) describes the state with nL(nR) electrons in
the left (right) QD. The |S 〉 and |T0〉 states, the
logical subspace for the qubit, are isolated by
applying an external magnetic field of 700 mT in
the plane of the device such that the Zeeman
splitting makes T+ = |↑↑〉 and T− = |↓↓〉 energet-
ically inaccessible. The exchange splitting, J, is
a function of the difference in energy, e, between
the levels of the left and right QDs. Pulsed DC
electric fields rapidly change e, allowing us to
switch J on, which drives rotations around the
z axis. When J is off, the qubit precesses around
the x axis due to a fixed ∆Bz, which is stabilized
to ∆Bz/2p = 30 MHz by operating the qubit as a
feedback loop between iterations of the experi-
ment (12). Dephasing of the qubit rotations re-
flects fluctuations in the magnitude of the two
control axes, J and ∆B, caused by electrical noise
and variation in the magnetic field gradient, re-
spectively. The qubit is rapidly (<50 ns) initial-
ized in |S〉 by exchanging an electron with the
nearby Fermi sea of the leads of the QD, by tun-
ing the QD potentials so that only |S〉 lies below
the Fermi energy. The qubit state is read out
using standard Pauli blockade techniques, where
e is quickly tuned to the regime where S occu-
pies (0,2) and T0 occupies (1,1), allowing the
qubit state to be determined by the proximal
charge sensor. The charge state of the qubit is
rapidly determined (∼1 ms) using standard radio
frequency techniques (13, 14) on an adjacent
sensing QD.
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states of the effective two-level system defined by the singlet and triplet states of the
qubit, with the z axis along the S-T0 axis and the x axis along the |↑↓〉 / |↓↑〉 axes. (B)
A scanning electron microscope image of the top of the device used shows gates used
to define the S-T0 qubits (white), dedicated control leads, the approximate locations
of the electrons in the two qubits (red), and current paths for the sensing dots (green
arrows). The left qubit uses the electrons labeled LR and LL, whereas the right qubit
uses the electrons labeled RL and RR. (C) A schematic of the electronic charge
configurations for the |S〉〉 (blue) and the |T0〉〉 (red). This difference in charge con-
figuration is the basis for the electrostatic coupling between the qubits. (D) The pulse
sequence used to entangle the qubits: initialize each qubit in |S〉〉; perform a p/2
rotation around the x axis; allow the qubits to evolve under exchange for a time t/2;
perform a p rotation around the x axis, thereby decoupling the qubits from the environment but not each other; evolve under exchange for t/2; and perform state
tomography to determine the resulting density matrix (fig. S3.)
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Coherent spin manipulation in an exchange-only qubit
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Initialization, two-spin coherent manipulation, and readout of a three-spin qubit are demonstrated using a
few-electron triple quantum dot. The three-spin qubit is designed to allow all operations for full qubit control
to be tuned via nearest-neighbor exchange interaction. Fast readout of charge states takes advantage of multi-
plexed reflectometry. Decoherence measured in a two-spin subspace is found to be consistent with predictions
based on gate voltage noise with a uniform power spectrum. The theory of the exchange-only qubit is devel-
oped and it is shown that initialization of only two spins suffices for operation. Requirements for full multi-
qubit control using only exchange and electrostatic interactions are outlined.

DOI: 10.1103/PhysRevB.82.075403 PACS number!s": 73.21.La, 03.67.Lx

I. INTRODUCTION

Electron spins confined in quantum dots are an attractive
basis for quantum computing because of their long coher-
ence times and potential for scaling.1–3 In the simplest
proposal,1 single spins form the logical basis, with single-
qubit operations via spin resonance.4 An alternative scheme,
with logical basis formed from singlet and triplet states of
two spins3,5,6 requires inhomogeneous static magnetic field
for full single-qubit control.7 Using three spins to represent
each qubit removes the need for an inhomogeneous field;
exchange interactions between adjacent spins suffice for all
one- and two-qubit operations.2,8 In this paper, we experi-
mentally demonstrate coherent spin manipulation within a
two-spin subspace of a three- spin qubit defined in a triple
quantum dot. This operation constitutes a rotation around
one of the two exchange-controlled axes in the qubit state
space. We demonstrate initialization, one-axis rotation, and
readout using one of two charge sensors, monitored by a
multiplexed reflectometry circuit.9,10 Gate noise is estimated
based on decoherence rates.

The interactions of three spins have been explored
experimentally11 and theoretically12 in the context of physi-
cal chemistry, where the recombination of two radicals,
originally in an unreactive triplet state, can be catalyzed by
exchange with a third spin. Few-electron triple quantum
dots13–15 have been used to realize charge reconfigurations
corresponding to the elementary operations of quantum cel-
lular automata,16 although tunable spin interactions have not
yet been demonstrated.17

II. DEVICE AND MEASUREMENT SCHEME

We first demonstrate how our device #Fig. 1!a"$ can be
operated in the three- electron regime, then discuss coherent
manipulation of the three-spin system. The device was fab-
ricated by patterning Ti/Au topgates on a GaAs/AlGaAs het-
erostructure incorporating a two-dimensional electron gas
110 nm beneath the surface. Depletion gate voltages create a
triple quantum dot together with a pair of charge sensing

quantum point contacts !QPCs".18 Gates L and R are con-
nected to coaxial lines allowing rapid voltage pulses to be
applied. The device was measured at 150 mK electron tem-
perature in a dilution refrigerator with a magnetic field B
=100 mT applied in-plane.

A frequency-multiplexed radio-frequency !RF" reflectom-
etry circuit9,10 allowed both QPCs to be measured indepen-
dently with MHz bandwidth #Fig. 1!a"$. Parallel resonant
tank circuits incorporating left and right QPCs were formed
from nearby inductors LL=910 nH and LR=750 nH to-
gether with the parasitic capacitances CL

P and CR
P of the bond

wires. Bias tees coupled to each tank circuit allowed the DC
conductances gL, gR of left and right QPCs to be measured
simultaneously with the reflectance of the RF circuit. As
each QPC was pinched off, a separate dip developed in the
reflected signal at corresponding resonant frequency fL,R
%!2!"−1!LL,RCL,R

P "−1/2 #Fig. 1!b"$. To monitor the charge
sensors, two carrier frequencies fL and fR were applied to the
single coaxial line driving both resonant circuits #Fig. 1!a"$.
The reflected signal was amplified using both cryogenic and
room temperature amplifiers, then demodulated by mixing
with local oscillators and low-pass filtered to yield voltages
VL

RF and VR
RF sensitive predominantly to gL and gR #Figs. 1!c"

and 1!d"$. To suppress back-action and reduce pulse coupling
into the readout circuit, the RF carrier was blanked on both
signal and return paths except during the readout pulse con-
figuration; no RF was applied to the readout circuit during
spin initialization and manipulation.

With gR tuned to the point of maximum charge sensitivity
gR&0.4e2 /h, the configuration of the triple dot was
monitored10 via VR

RF. Sweeping voltages VL and VR on gates
L and R, the charge stability diagram of the triple dot was
mapped out, as shown in Fig. 1!e"$. Dark transition lines are
seen to run with three different slopes, corresponding to elec-
trons added to each of the three dots.13,14 For the most nega-
tive voltages, transitions are no longer seen, indicating that
the device has been completely emptied. This allows abso-
lute electron occupancies of the three dots to be assigned to
each region of the diagram.
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gates L and R to rapidly tune !: beginning at !"!+ config-
ures the device in !1,0,2" where tunneling to the leads initial-
izes the qubit within the doublet #DSz

! $. The detuning is then
decreased to !%0 over 1 #s, configuring the device in
!1,1,1". Because this ramp time is adiabatic compared to the
characteristic hyperfine interaction strength, the spin system
enters a ground state defined by the instantaneous nuclear
configuration, for example #↑↓↑$.6,21 Pulsing the detuning
close to !+, where J23 is large, for a time $E leads to coherent
exchange of spins between the right-hand dots. Finally, the
detuning is ramped back to its original value !"!+. The
charge configuration is now determined by the outcome of
the exchange pulse: Whereas the hyperfine ground state re-
enters the #DSz

! $ doublet in the !1,0,2" configuration, a
swapped state such as #↑↑↓$ evolves into a superposition of
#DSz

$ and #Q%1/2$ states, causing the device to remain in
!1,1,1". At the end of this final ramp, the carrier is unblanked
for readout of the charge sensor. Waiting another %5 #s
reinitializes the spin state and the cycle begins again.

Averaged over %1000 cycles, the resulting voltage VR
RF is

converted to a spin state probability by calibrating it against
VR

RF values corresponding to !1,1,1" and !1,0,2" configura-
tions. The probability PD! to return to the initial spin state is
shown in Fig. 4!a" as a function of $E and ! during the
exchange pulse. As a function of $E, PD! oscillates showing
coherent rotation between spin states, and the oscillation fre-
quency, set by J23!!", increases with ! as expected from Fig.
3!a". The measured PD!!$E" is fitted for three values of ! with
an exponentially damped cosine, corresponding to dephasing
by electric fields with a white noise spectrum6,21 &Fig. 4!b"'.

The extracted J23!!" depends exponentially on !, similar to
observations at comparable exchange strength in a double
dot,7 but inconsistent with the power-law dependence found
at more negative detunings.22

Experimental PD!!$E" values in Fig. 4!b" are fit to
an exponentially damped cosine form, PD!!$E"
=Ae−&$E cos!J23$E /h+'"+B, where & is a damping coeffi-
cient reflecting decoherence presumably attributable to gate
voltage noise.21 This form is appropriate for a white noise
spectrum, and was chosen over alternative forms !with
higher powers of $E appearing in the exponent" by the qual-
ity of fit, judged by eye. A, B, and ' are phenomenological
amplitude, offset, and phase parameters. A value for the volt-
age noise spectral density of detuning, (!=)&1/2 / !dJ23 /d!"
=27%5 nV /(Hz, was obtained from a fit to the top data set
in Fig. 4!b", using an independently measured value dJ23 /d!.
The lower two curves use the same value of (! with inde-
pendently measured values of dJ23 /d!, and show equally
good agreement with the data. The origin of this surprisingly
large voltage noise, accounting for the observed rapid deco-
herence, is presently unknown. Reduced contrast !A*1" can
be attributed to pulse imperfections,7 which also cause a
small phase shift. Similar data for J12 could not be obtained
in this device due to weak tunnel coupling between left and
middle dots !see Appendix C".

In summary, we have fabricated a three-electron spin qu-
bit and demonstrated initialization, coherent spin manipula-
tion using pulsed-gate control of exchange, and state readout.
These operations do not yet constitute full qubit control,
however. For that, pulsed operation of both J12 and J23 is
needed. Furthermore, to complete a universal set of gates,
two-qubit operations will also be needed. That could be done
with nearest neighbor exchange coupling of two three-spin
qubits, as described in Refs. 2 and 23, which require that the
third spin be initialized into a known state. Capacitive cou-
pling of two three- spin qubits can also form a two qubit
gate, and does not require initializing the third spin.3 Those
tasks, along with reducing electrical noise to improve coher-
ence, remain for future work.
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APPENDIX A: ENERGY LEVELS OF THREE
EXCHANGE-COUPLED SPINS

In this Appendix we present the states and energy levels
of three electron spins as shown in Fig. 2!a", coupled by
nearest-neighbor exchange and subject to a magnetic field.
The Hamiltonian is12

H = J12)S1 · S2 −
1
4
* + J23)S2 · S3 −

1
4
* − EZ!S1

z + S2
z + S3

z" ,

!A1"

where the spins are denoted S1, S2, S3, the magnetic field is
along the z-axis, and units are chosen so that Planck’s con-
stant is )=1.
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FIG. 4. !Color online" Coherent spin exchange. !a" Probability
PD! to return to the initial #DSz

! $ state following an exchange pulse
sequence, measured as a function of ! during the exchange pulse
and pulse duration $E. Dark and bright regions respectively indicate
odd and even numbers of complete spin exchanges. !b", Points:
Measured PD! as a function of $E for values of ! indicated by
horizontal lines in !a". Lines: Fits to exponentially damped phase-
shifted cosines, corresponding to coherent rotations dephased by
electric fields with a white noise spectrum !see text". The fitted
exchange J23!!" for each curve is shown.
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!D̄Sz
". Arbitrary single-qubit operations can be achieved by

concatenating up to four exchange pulses.2

B. Tuning the exchange interaction

The device energy levels are tuned with an external mag-
netic field B and by using gate voltages to adjust the energies
of different charge configurations #NL ,NM,NR$, where NL,
NM, and NR denote electron occupancies of left, middle and
right dots respectively #see Appendix A$. Defining detuning
! as the energy difference between #2,0,1$ and #1,0,2$ con-
figurations #in units of gate voltage$, three regimes are ac-
cessible %Fig. 3#a$&. Neglecting hyperfine coupling, the en-
ergy levels are set mainly by the exchange interaction and
the Zeeman energy EZ=g"BB, where g is the electron g fac-
tor and "B is the Bohr magneton. Near !=0, the device is in
the #1,1,1$ configuration with negligible exchange. As ! is
increased, hybridization between #1,1,1$ and #1,0,2$ configu-
rations lowers the energy of !DSz

! " states, until for !#!+, the
ground state configuration becomes predominantly #1,0,2$.
An exchange splitting J23 for !#0 prevents occupation of
the #1,0,2$ configuration with !QSz

" and !DSz
" spin states and

enforces Pauli exclusion in the rightmost dot. Similarly, with
decreasing ! the energy of !D̄Sz

" states is lowered by an
amount J12, and below !=!− the ground state configuration
becomes predominantly #2,0,1$. The various configurations
are accessed by tuning gate voltages VL and VR coupled pre-
dominantly to left and right dots, respectively. The lowest-
energy configurations of three capacitively coupled dots are
modeled in Fig. 3#b$, which also illustrates the detuning axis
in gate space.

C. Coherent spin manipulation

Repeated spin state initialization, coherent manipulation,
and readout uses the following cycle of voltage pulses6 on

FIG. 2. #Color online$ An exchange-only qubit. #a$ Electron spins in three adjacent quantum dots are coupled by nearest-neighbor
exchange. #b$, The eight states of the system can be divided into a quadruplet, Q, and two doublets, D! and D, distinguished by the
multiplicity #singlet or triplet$ of the rightmost pair of spins. An alternative choice, denoted D̄ and D̄!, distinguishes the doublets according
to the multiplicity of the leftmost spin pair #dashed boxes$. #c$, Choosing an element from each doublet as the qubit basis %highlighted in #b$&,
arbitrary unitary transformations are equivalent to rotations on the Bloch sphere shown, where doublet states !D$1/2! " and !D$1/2" correspond
to north and south poles and states !D̄$1/2! " and !D̄$1/2" to poles of an axis tilted by 120°. Exchange between middle and right dots drives
rotations about the D−D! axis, while exchange between left and middle dots drives rotations about the D̄− D̄! axis. In combination, any
rotation can be accomplished.
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FIG. 3. #Color online$ #a$ Three-electron energy levels as a
function of detuning !, showing Zeeman and exchange splitting
#see Appendix A for details of calculation$. The case where left and
right inter-dot tunnel couplings are equal is plotted; the case of
strong asymmetry, corresponding to the experiment, is discussed in
Appendix C. Near zero detuning the device is configured in #1,1,1$
with negligible exchange; increasing #decreasing$ ! lowers the en-
ergy of the D! #D̄!$ doublet by exchange J23#J12$. For !#!+#!
%!−$, states in doublet D! #D̄!$ correspond to a predominant #1,0,2$
%#2,0,1$& configuration. Doublet levels corresponding to excited
charge configurations are shown as unlabeled light gray lines and
play no part in spin manipulation. #b$ Ground-state configuration of
a triple dot as a function of gate voltages VL and VR coupled to left
and right dots #Ref. 14$. The detuning axis is shown.

COHERENT SPIN MANIPULATION IN AN EXCHANGE-… PHYSICAL REVIEW B 82, 075403 #2010$

075403-3

!D̄Sz
". Arbitrary single-qubit operations can be achieved by

concatenating up to four exchange pulses.2

B. Tuning the exchange interaction

The device energy levels are tuned with an external mag-
netic field B and by using gate voltages to adjust the energies
of different charge configurations #NL ,NM,NR$, where NL,
NM, and NR denote electron occupancies of left, middle and
right dots respectively #see Appendix A$. Defining detuning
! as the energy difference between #2,0,1$ and #1,0,2$ con-
figurations #in units of gate voltage$, three regimes are ac-
cessible %Fig. 3#a$&. Neglecting hyperfine coupling, the en-
ergy levels are set mainly by the exchange interaction and
the Zeeman energy EZ=g"BB, where g is the electron g fac-
tor and "B is the Bohr magneton. Near !=0, the device is in
the #1,1,1$ configuration with negligible exchange. As ! is
increased, hybridization between #1,1,1$ and #1,0,2$ configu-
rations lowers the energy of !DSz

! " states, until for !#!+, the
ground state configuration becomes predominantly #1,0,2$.
An exchange splitting J23 for !#0 prevents occupation of
the #1,0,2$ configuration with !QSz

" and !DSz
" spin states and

enforces Pauli exclusion in the rightmost dot. Similarly, with
decreasing ! the energy of !D̄Sz

" states is lowered by an
amount J12, and below !=!− the ground state configuration
becomes predominantly #2,0,1$. The various configurations
are accessed by tuning gate voltages VL and VR coupled pre-
dominantly to left and right dots, respectively. The lowest-
energy configurations of three capacitively coupled dots are
modeled in Fig. 3#b$, which also illustrates the detuning axis
in gate space.

C. Coherent spin manipulation

Repeated spin state initialization, coherent manipulation,
and readout uses the following cycle of voltage pulses6 on

FIG. 2. #Color online$ An exchange-only qubit. #a$ Electron spins in three adjacent quantum dots are coupled by nearest-neighbor
exchange. #b$, The eight states of the system can be divided into a quadruplet, Q, and two doublets, D! and D, distinguished by the
multiplicity #singlet or triplet$ of the rightmost pair of spins. An alternative choice, denoted D̄ and D̄!, distinguishes the doublets according
to the multiplicity of the leftmost spin pair #dashed boxes$. #c$, Choosing an element from each doublet as the qubit basis %highlighted in #b$&,
arbitrary unitary transformations are equivalent to rotations on the Bloch sphere shown, where doublet states !D$1/2! " and !D$1/2" correspond
to north and south poles and states !D̄$1/2! " and !D̄$1/2" to poles of an axis tilted by 120°. Exchange between middle and right dots drives
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FIG. 3. #Color online$ #a$ Three-electron energy levels as a
function of detuning !, showing Zeeman and exchange splitting
#see Appendix A for details of calculation$. The case where left and
right inter-dot tunnel couplings are equal is plotted; the case of
strong asymmetry, corresponding to the experiment, is discussed in
Appendix C. Near zero detuning the device is configured in #1,1,1$
with negligible exchange; increasing #decreasing$ ! lowers the en-
ergy of the D! #D̄!$ doublet by exchange J23#J12$. For !#!+#!
%!−$, states in doublet D! #D̄!$ correspond to a predominant #1,0,2$
%#2,0,1$& configuration. Doublet levels corresponding to excited
charge configurations are shown as unlabeled light gray lines and
play no part in spin manipulation. #b$ Ground-state configuration of
a triple dot as a function of gate voltages VL and VR coupled to left
and right dots #Ref. 14$. The detuning axis is shown.
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to north and south poles and states !D̄$1/2! " and !D̄$1/2" to poles of an axis tilted by 120°. Exchange between middle and right dots drives
rotations about the D−D! axis, while exchange between left and middle dots drives rotations about the D̄− D̄! axis. In combination, any
rotation can be accomplished.
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FIG. 3. #Color online$ #a$ Three-electron energy levels as a
function of detuning !, showing Zeeman and exchange splitting
#see Appendix A for details of calculation$. The case where left and
right inter-dot tunnel couplings are equal is plotted; the case of
strong asymmetry, corresponding to the experiment, is discussed in
Appendix C. Near zero detuning the device is configured in #1,1,1$
with negligible exchange; increasing #decreasing$ ! lowers the en-
ergy of the D! #D̄!$ doublet by exchange J23#J12$. For !#!+#!
%!−$, states in doublet D! #D̄!$ correspond to a predominant #1,0,2$
%#2,0,1$& configuration. Doublet levels corresponding to excited
charge configurations are shown as unlabeled light gray lines and
play no part in spin manipulation. #b$ Ground-state configuration of
a triple dot as a function of gate voltages VL and VR coupled to left
and right dots #Ref. 14$. The detuning axis is shown.
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Triple-dot spin qubits:

• fast electrical control

• robust against nuclear spin fluctuations

Multi-electron spin qubits:

• high-Q exchange oscillations

• robust against electrical noise

Johannes Beil,  Andrew Higgenbotham, Charlie Marcus,
Jim Medford, Jake Taylor, Emmanuel Rashba,  Andrew Doherty, 
Stephen Bartlett, Art Gossard.
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Kane, Nature 1998



Alternative: donors
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Flip-flop qubit

Electron spin: ~1ms
Nucler spin: ~1s

G. Tosi, et al., Nat Comm 2017



Quantum computation with
spin qubits in semiconductor

QuTech, Delft University of Technology, Lorentzweg 1, 2628 CJ Delft, Netherlands 

Xiao Xue



Modular design

• Local operations in each module
• Remote couplers between modules
• Integrated electronics for control & readout

L. M. K. Vandersypen et al., npj Quantum Info (2017)
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High-fidelity operations



Materials impact on coherence time

Electron confined in QD 
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Veldhorst et al. Nat. Nano. (2014) 
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GaAs Si 28Si

T2
* ~ 10 ns T2

* ~ 1 µs T2
* ~ 100 µs

Petta et al, 
Science 2005

Kawakami, Scarlino, et al, 
Nature Nano 2014

Veldhorst, et al, 
Nature Nano 2014

T2
DD < 0.2 ms T2

DD > 0.5 ms T2
DD ~ 28 ms 
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Materials impact on fidelities
GaAs Si 28Si

1-Q gate: >99% 1-Q gate: >99.9%

Martins et al, PRL 2016
Reed, et al,  PRL 2016

Watson, et al, Nature 2018
X.X., et al, PRX 2019

Yoneda, et al, Nat Nano 2018
Huang, et al, Nature 2019

2-spin exchange: Q > 50
2-Q gate: 92.0% 2-Q gate: 98.0%
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Device

T2*:  20 µs, 10 µs (8 min avg)
Valley splitting: >140 ueV 

Charge stability diagram

Dephasing times

(2,0)
(2,1)

(1,2)

(2,2)

Symmetry line

Detuning:

Couples strongly to charge noise

Barrier control at symmetry 
point:

Improvement of coherence by a 
factor of 5~6

Symmetry point: Reed et al, PRL 2016, Martins et al, PRL 2016

purified 28Si
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Symmetry operation against charge noise

Symmetry point: Reed et al, PRL 2016, Martins et al, PRL 2016

Decoupled CPhase
Watson et al, Nature 2018

Fix the barrier pulse amplitude
Sweep the detuning
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Adiabatic CZ gate

Theory: 
Burkard et al., PRB 1999
Meunier et al., PRB 2010
Russ et al., PRB 2018

Barrier voltage

En
er

gy

J

J

Simulated fidelity : ~99.98%
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Optimize pulse shape using Gate Set Tomography

Manual 
calibration 
(Ramsey, 
allXY…)

Parameter set

Operator 
diagnosis

Qubit frequency (2x)
1Q gate duration (2x)

1Q phase shifts (1Q) (4x)

CZ amplitude

1Q phase shifts (CZ) (2x)

Gate set 
tomography

Analysis using PyGSTi (Sandia) - http://www.pigsty.info

~98% CZ gate before optimization 
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Optimize pulse shape using GST

Manual 
calibration 
(Ramsey, 
allXY…)

Parameter set

Operator 
diagnosis

Qubit frequency (2x)
1Q gate duration (2x)

1Q phase shifts (1Q) (4x)

CZ amplitude

1Q phase shifts (CZ) (2x)

Gate set 
tomography

Analysis using PyGSTi (Sandia) - http://www.pigsty.info

2x

>99.5% CZ gate after optimization 
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Two-qubit CZ fidelity of 99.65% ± 0.15%

Measured CZ

See also: 31P donors: Madzik Nature 2022
and silicon (J always-on): Noiri et al., Nature 2022
and silicon (CZ): Mills et al., arxiv preprint

R. Blume-Kohout et al., PRX Quantum 2022

Two-qubit gate set tomography

1685 such sequences in total
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Modular design

• Local operations in each module
• Remote couplers between modules
• Integrated electronics for control & readout

L. M. K. Vandersypen et al., npj Quantum Info (2017)
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Multi-qubit arrays



Delft 2012 Harvard 2011

Delft 2013

Fig. SEM photos of quadruple quantum dots:
Device A (left) and Device B (right). A Co MM is placed on top. (Tarucha)

Vandersypen:
4-qubit experiment:
We have cooled down a 4-quantum dot linear array, integrated with 4 readout dots (we won't 
need all readout dots). Before cooling down this sample, we upgraded our RF detection system. 
Previously, the performance of our RF-readout system was limited by the achieved matching 
attained by the RLC circuit formed by an inductor, the resistance of the QPC/SD and the 
parasitic capacitance. Due to the limited range of suitable commercial inductors we were not 
able to get proper matching at the most sensitive point of the QPC (~50 kOhm) or SD (~125 
kOhm). Furthermore, the internal resistance of the commercial inductors gives rise to losses. As 
a solution we made nanofabricated superconducting inductors (NbTi) on quartz substrates with 
inductances in the range of 10 nH to 8000 nH. They are mounted on the PCB sample board. 
These inductors allow us to achieve matching for a large range of parasitic capacitances, which 
should significantly enhance our measurement bandwidth, and thereby our spin readout 
fidelities.  
Two superconducting inductors have been incorporated on our 4-dot experiment pcb for 
matching at 125 kOhm. 
The parasitic capacitance of just the inductor has been estimated to be approx. 0.07 pF for an 
inductance of 3070 nH. Placing the inductors closer to the sample in the future will allow higher 
centre frequencies (beneficial for a.o. multiplexing involving many lines).

3-qubit experiment:
We went back to trouble shooting the leak in the dilution unit of the fridge used for this 
experiment (after an interruption of the activities due to the PhD defense of the student working 
on the experiment). The simple patches didn't work, so we completely disassembled the lowest 
section of the dilution unit (mixing chamber plus heat exchangers). We are in contact with 
Oxford Instruments about sending the piece back, in case we don't manage to fix the leak in a 
last attempt. 
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[113] and an inverse hopping rate of (100 µeV/h)-1 ~ 4 ps, an optimistic upper bound for 
phase coherence is a few hundred sites.  
 
Few and Universal 
 
Here we will precisely set the properties of each dot and tunnel barrier by adjusting local 
gate voltages that define the quantum dots in the 2DEG. Thereby, the influence of 
disorder is completely compensated for by the gate voltages, allowing us to make arrays 
with highly uniform tunnel couplings and on-site energies. Since the properties are 
tunable in-situ, it is also possible to create arrays with alternating bond strengths, or to 
rapidly switch the properties to study quantum quenches.  
 
An important experimental challenge is to efficiently search through the parameter space 
to find the right set of gate voltages for obtaining exactly one electron in each dot with 
the desired inter-dot tunnel couplings and with aligned electrochemical potentials. While 
most experiments on quantum dots have been done with single and double dots, in the 
last two years rather sophisticated experiments were done on triple dots as well 
[95,114], also in our group [35], and initial measurements on linear arrays with four and 
five dots have been reported too [115]. Figure 8 shows an image from our lab with four 
dots in a row, as well as two ways to go beyond 1D arrays shown by other groups. Even 
though nothing is trivial in this field, I am convinced that such structures can be 
successfully used for initial explorations of quantum magnetism. Of course we next wish 
to go well beyond a handful of dots and build say triangular spin ladders of ten, twenty or 
more dots. In order to make this possible, we are beginning to try and accelerate the 
time-consuming tuning of multi-dot devices by computer-assisted tuning methods. 
Furthermore, moving to undoped devices should allow faster tuning through reduced 
background disorder. 
 

                              
Fig. 8: Scanning electron microscope images of (a) a linear quadruple dot array from our 
group, (b,c) a triangular triple dot, used to look at charge frustration rather than spin 
frustration [116] and (d) four dots forming a plaquette [117]. 
 
For this work, we can take full advantage of the toolbox we developed for realizing spin 
qubits. Using constrictions or additional quantum dots adjacent to the dots under study, 
we can accurately measure the number of charges on each dot [118]. We have pioneered 
methods to read out multiple spins in a magnetic field in single-shot mode with high 
precision and to study arbitrary correlations between them [70,36]. Both at zero field 
and in finite magnetic field, we can use the Pauli exclusion principle to probe whether 
neighboring spins are in a singlet or a triplet configuration [69,33,]. Furthermore, by 
applying microwave excitation on resonance with the spin splitting to one of the gates, 
we can drive coherent single-spin rotations [71,72,92,100,101]. Finally, the exchange 
coupling can be pulsed on sub-ns timescales, kick-starting free evolution under the 
exchange Hamiltonian [33,36,95,98]. 

Pusan 2013
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For this work, we can take full advantage of the toolbox we developed for realizing spin 
qubits. Using constrictions or additional quantum dots adjacent to the dots under study, 
we can accurately measure the number of charges on each dot [118]. We have pioneered 
methods to read out multiple spins in a magnetic field in single-shot mode with high 
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and in finite magnetic field, we can use the Pauli exclusion principle to probe whether 
neighboring spins are in a singlet or a triplet configuration [69,33,]. Furthermore, by 
applying microwave excitation on resonance with the spin splitting to one of the gates, 
we can drive coherent single-spin rotations [71,72,92,100,101]. Finally, the exchange 
coupling can be pulsed on sub-ns timescales, kick-starting free evolution under the 
exchange Hamiltonian [33,36,95,98]. 

Grenoble 2012

Local electrodes allow 
individual tunability

Building lattices from the bottom-up



Towards larger 2D array

Note: not an 
actual device

Mortemousque, Nat Nano 2021

SiMOS/
SiGe

GaAs GaAs

GaAs

Delft 
Ongoing



Qubit arrays

1590 nm dot pitch

S. Philips, M. Mądzik, et al, arXiv:2202.09252 

Si/SiGe

Ge/SiGe

Hendrix, et al, Nature 2021

3-qubit phase correction code

3-qubit GHZ states



Single-qubit control (EDSR)

1
6

Bext



Exchange control and Bell states

1
7

J on/off ratios ≳ 100



Modular design

• Local operations in each module
• Remote couplers between modules
• Integrated electronics for control & readout

L. M. K. Vandersypen et al., npj Quantum Info (2017)
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Spin Shuttling



Virtual gates application: Shuttling
Material: Si/SiGe Charge shuttling

Mills, et al, Nat Comm 2019



Conveyor mode shuttling

26
Courtesy of Inga Seidler & Lars Schreiber (RWTH Aachen)

gate layer

silicon layer

90° 180° 270°

Seidler, et al., arxiv 2021 



Modular design

• Local operations in each module
• Remote couplers between modules
• Integrated electronics for control & readout

L. M. K. Vandersypen et al., npj Quantum Info (2017)
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Spin-photon interface



Connecting a double-dot to a resonator

P. Harvey-Collard et al., PRX 2022



Charge-photon admixing

2𝑡!

SiGe

Si
Al2O3

+ + + + Al

𝐸"

⟩|−

⟩|+

Si/SiGe growth by A. Sammak and G. Scappucci

(1,0)

(1,0)(0,1)

(0,1) Microwave
photon

Electron
charge

Electron
spin

Electric dipole coupling
𝑔! ∝ 𝐸" ∝ 𝑓" 𝑍

High-𝑍 resonator!

Theory: Benito et al., PRB 96 (2017)
High-𝑍 resonator: Samkharadze et al., PRApplied 5 (2016)

Samkharadze, Zheng, et al., Science 2018



Spin-charge admixing

𝐵!"#!$%&'

SiGe

Si
Al2O3

+ + + +

𝐵!"#!$%&'

Al

𝐸"

⟩|−, ↓

⟩|+, ↓

⟩|−, ↑

⟩|+, ↑

𝐸$

𝐸$

Si/SiGe growth by A. Sammak and G. Scappucci

Microwave
photon

Electron
charge

Electron
spin

Electric dipole coupling
𝑔! ∝ 𝐸" ∝ 𝑓" 𝑍

High-𝑍 resonator!

Theory: Benito et al., PRB 96 (2017)
High-𝑍 resonator: Samkharadze et al., PRApplied 5 (2016)

Samkharadze, Zheng, et al., Science 2018



Spin-charge admixing

𝐵!"#!$%&'

SiGe

Si
Al2O3

+ + + +

𝐵!"#!$%&'

Al
Si3N4

Co

Microwave
photon

Electron
charge

Electron
spin

Electric dipole coupling
𝑔! ∝ 𝐸" ∝ 𝑓" 𝑍

Magnetic field gradient Δ𝐵#

𝐸"

⟩|0 ≈ ⟩|−, ↓

⟩|2 = 𝛽 ⟩|−, ↑ − 𝛼 ⟩|+, ↓

⟩|1 = 𝛼 ⟩|−, ↑ + 𝛽 ⟩|+, ↓

⟩|3 ≈ ⟩|+, ↑

Effective two-level system

High-𝑍 resonator!

Si/SiGe growth by A. Sammak and G. Scappucci

𝑔% ∝ 𝑔!
Δ𝐵&

2𝑡!/ℎ − 𝑓"

𝑔%

Theory: Benito et al., PRB 96 (2017)
High-𝑍 resonator: Samkharadze et al., PRApplied 5 (2016)

> 𝜅, 𝛾%
Condition for 
strong coupling

Samkharadze, Zheng, et al., Science 2018



Vacuum Rabi splitting

𝜖 = 0 𝑔' = 2

=

2𝑔!

Resonant coupling to spin

Samkharadze, Zheng, et al., Science 2018



Remote spin-spin coupling
P. Harvey-Collard et al., PRX 2022

F. Borjans et al., Nature (2020)
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Spin-spin dispersive coupling



Modular design

• Local operations in each module
• Remote couplers between modules
• Integrated electronics for control & readout

L. M. K. Vandersypen et al., npj Quantum Info (2017)
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Quantum-classical interface



1 billion qubits

100 X 100 𝑚7 5 X 5 𝑚7 5 X 5 𝑚𝑚7
Trapped ions Superconducting qubits Spin qubits

100 um

50 nm2000

2000

Much smaller for 
surface trap



Superconducting qubits

38

DiCarlo group (Delft)
C. Dickel, et al, PRB 2018 

Wallraff group (ETH)
P. Magnard, et al, PRL 2020 

Chip-to-chip entanglement (fidelity: 73%) 

Fridge-to-fridge entanglement (fidelity: 79.5%)

Cleland group (U Chicago)
Y. Zhong, et al, Nature 2021 Chip-to-chip GHZ state transfer (fidelity: 65.6%)



A ‘supreme’ quantum computer

39

Fridge

Qubits

Google Sycamore quantum processor

Bardin, et al., ISSCC (2019)
Arute, et al., Nature (2019)

Control
&
Readout



Delft lab



ΙQ modulation right now

Q

Arbitrary waveform generator 
(AWG, Keysight)

Vector microwave source
(Keysight)



Way forward: cryo-electronics

20-100mK 

1-4K 

300K 

MUX	 DEMUX	

Quantum	Processor	

T	Sensors	Bias	/	References	

Digital	control	(ASIC/FPGA)	

O
P

TI
C

A
L 

G
U

ID
E

 

TDC ADC ADC DAC DAC 

APD 

Integrated electronics
1% accuracy in all parameters

100 mK
0.5 mW

4 K
2 W

60  K

E.Charbon, et al., “Cryo-CMOS for Quantum Computing”,
IEDM 2016.



Cryo-CMOS approach
Use 3K stage for qubit control using cryo-CMOS integrated circuits.

Qubits and control 
in an integrated system

with Charbon & Sebastiano groups at QuTech
and  with Pellerano et al from Intel

ISSCC 2020



Horse Ridge
Horse Ridge, Oregon
(very cold)

Self heating characterization Horse Ridge 
at 3 K

Qubits
at 10 mK

with Charbon & Sebastiano groups at QuTech
and  with Pellerano et al from Intel

ISSCC 2020
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Horse Ridge micrograph

Intel 22 nm FFL Technology

• 4 Transmitters (Each with 32 Channels 
Multiplexed) = 128 qubits.

• Supports 2-20 GHz Microwave Output
(transmons and spin qubits)

• Power Consumption = 
330 mW (digital, clock, 1GHz, 5 times 
lower at 200MHz), 54 mW (analog)

• SNR > 44 dB (25 MHz bandwidth)

2 mm with Charbon & Sebastiano groups at QuTech
and  with Pellerano et al from Intel

ISSCC 2020



Fidelity benchmark
AllXY State tomography

RT setup: Tektronix AWG 5014C 
+ Keysight VSG E8267D

99.71%

99.69%
with Charbon & Sebastiano groups at QuTech

and  with Pellerano et al from Intel
X. Xue, et al., Nature 2021



Cryo-CMOS: “Horse Ridge”

X. Xue, B. Patra, et al., Nature (2021)
with Charbon & Sebastiano et al @QuTech
and Intel Quantum 

Horse Ridge 
at 3 K

Qubits
at 10 mK

Qubits
at 1-4 K

Urdampilleta, et al., Nat Nano 2019 (Grenoble) High-fidelity readout up to 1K
Petit, et al., Nature 2020 (Delft) Universal two-qubit operations above 1K
Yang, et al., Nature 2020 (UNSW) Single-qubit gates above 1K
Geyer, et al., Nat Electronics 2022 (Basel)   98% single-qubit gate at 4.2K

“Hot” qubits
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Modular design

• Local operations in each module
• Remote couplers between modules
• Integrated electronics for control & readout

L. M. K. Vandersypen et al., npj Quantum Info (2017)
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“Hot” qubits



T1 and charge noise vs temperature

L.Petit, et al., PRL 2018

M. Veldhorst group @ Delft SiMOS



Coherence times vs temperature

C.H.Yang, et al., Nature 2020

A. Dzurak group @ UNSW SiMOS



Qubits at 1.1K

L. Petit, et al., Nature 2020

M. Veldhosrt group @ QuTech Delft SiMOS



Coherence times vs temperature

Two-qubit fidelityCoherence 

L. Petit, et al., Nature 2020



Maurand, et al., Nature Electronics 2022



Qubits at > 4K

Camenzind, et al., 
Nature Electronics 2022

Single-qubit fidelityCoherence 



Quantum simulation



Mukhopadhyay, 
Dehollain et. al. 

APL 2018

See also
Thalineau et al, 

APL 2013 

A 2X2 array
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Quantum dots
plaquette:
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We discuss the spontaneous magnetism of electrons constrained to the corners of a
square plaquette, with a view to applications in molecular physics and nanotechnology.
The special cases of three or five electrons have a ground-state level-crossing in strong-
coupling, U > 18t, where the ground-state of maximal spin (S = 3/2) overtakes that of
minimum spin (S = 1/2).

Keywords: Level crossing; molecular states; nanomolecule; Hubbard model.

1. Introduction

Consider a simple but nontrivial system, that of a few electrons constrained to the
four corners of a plaquette but capable of tunneling from corner to corner (no di-
agonal hops). Of the Coulomb interactions, only the principal (on-site) interactions
are retained. Assuming just one available orbital state per corner, the exclusion
principle allows for a maximum of eight electrons on such a plaquette. Fortunately
we need to consider only n = 0, 1, 2, 3, 4 electrons, as hole–particle symmetry maps
n electrons onto 8 − n holes; except for a shift in chemical potential. In this model
these have the identical set of eigenvalues as 8 − n electrons.

This model may have practical applications to nanotechnology. Imagine that
on the surface of an insulator — sapphire is a good example — one deposits four
quantum dots of an intrinsic semiconductor (such as silicon), each of radius b, on
the corners of a square as in Fig. 1. Each dot is connected to its neighbors by a
nanotube of radius a < b and length l. Thus the sides of the square are l + 2b. The
uncertainty principle carries the following consequence: if a is sufficiently smaller
than b, electrons must reside primarily on the quantum dots at the corners of the
square but may tunnel from one corner to the next.

Finally, the plaquette is covered by a thin insulating film with a metallic contact
on top. A variable number of electrons can be capacitatively injected into the silicon
structure by means of the MOSFET mechanism, i.e., by simply applying a potential
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on the surface of an insulator — sapphire is a good example — one deposits four
quantum dots of an intrinsic semiconductor (such as silicon), each of radius b, on
the corners of a square as in Fig. 1. Each dot is connected to its neighbors by a
nanotube of radius a < b and length l. Thus the sides of the square are l + 2b. The
uncertainty principle carries the following consequence: if a is sufficiently smaller
than b, electrons must reside primarily on the quantum dots at the corners of the
square but may tunnel from one corner to the next.

Finally, the plaquette is covered by a thin insulating film with a metallic contact
on top. A variable number of electrons can be capacitatively injected into the silicon
structure by means of the MOSFET mechanism, i.e., by simply applying a potential
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4 µeV gap expected

Quantum simulation: Nagaoka Ferromagnetism

U/t = 18.7



Nagaoka Ferromagnetism

Barthelemy, Vandersypen, Ann.Phys. 2013



Experimental procedure
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Controlled by virtual gates
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Adiabatic to diabatic transition, and equilibration
Dehollain, Mukhopadhyay, et. al., Nature 2020



Test 1: Change topology
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Magnetic GS disappears for a linear chain (consistent with Lieb-Mattis)

Dehollain, Mukhopadhyay, et. al., Nature 2020
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Test 2: Introduce Aharonov-Bohm
phase (B-field)

Weak B-field destroys magnetization

Dehollain, Mukhopadhyay, et. al., Nature 2020



Test 3: Offset local potentials

Magnetic ground state survives potential offsets exceeding hopping
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FIG. 6. Adiabatic and diabatic passage measurements with point N purposefully redefined to have a ±50 µeV o↵set on each of
the 4 dots. Panels correspond to o↵sets in dots 1 to 4, clockwise from the top-left. Insets show numerically calculated spectra
for the same experimental condition.

the ‘exchange-like’ oscillations that arise when pulsing
diabatically between two di↵erent regions of the spec-
trum [31]. As can be seen in Fig. 1, the splitting be-
tween the ferromagnetic and unpolarised states can be
maximised to ⇠ 8 µeV by increasing the tunnel cou-
pling to ⇠ 65 µeV. This, in combination with lower
electron temperatures–which can be achieved with im-
proved cryogenics hygiene–would allow further studies of
relaxation dynamics in the system. Furthermore, with
even higher tunnel couplings the phase transition can be
observed. The highest tunnel coupling that we could
reach in this work is limited by the ability to identify
the interdot transitions in the charge stability diagrams,
which get smeared out by the broadening as the tun-
nel coupling is increased. Improvements in measurement
sensitivity–such as increasing the bandwidth of the sens-
ing dot plunger to allow fast compensation–will result in
cleaner charge stability diagrams with more visible inter-
dot transitions at higher tunnel couplings. Higher tunnel

couplings would also allow further exploration of experi-
ments involving external magnetic fields, as it will reduce
the relative contribution of the Zeeman e↵ect to the en-
ergy scales. Additionally, the use of a vector magnet
will enable a more thorough analysis of the contributions
from each mechanism. Finally, in this work we showed
a flavour of the capabilities for studying the sensitivity
to disorder, and these experiments already revealed some
surprising e↵ects, when we found that the Nagaoka con-
dition can still be observed after o↵setting a local energy
by amounts much larger than the tunnel coupling. This
can readily be studied in further detail, along with other
possibilities for exploring the e↵ects of disorder, which
could bring insights into e.g. the stability of the ferro-
magnetic state.
DISCUSS: shorten the second paragraph of the discus-
sion, then add another paragraph with broader perspec-
tive (e.g. itinerant magnetism).

[1] W. Heisenberg, Z. Phys 49, 619 (1928). [2] E. C. Stoner, P. Roy. Soc. Lon. A 165, 372 (1938).

Dehollain, Mukhopadhyay, et. al., Nature 2020


