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Classical Computer 

CPU

Classical 
Optimization of  ⃗θ

I) Introduction to quantum computing

|1⟩
|0⟩

|1⟩
|0⟩

|1⟩
|0⟩

|1⟩
|0⟩

|1⟩
|0⟩

|1⟩
|0⟩

|1⟩
|0⟩

|1⟩
|0⟩
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Û( ⃗θ )

Quantum Computer 

|Ψ( ⃗θ )⟩
Applications

- Quantum machine learning

- Quantum Chemistry



II) From quantum computing to chemistry



H
H

e−

e−

12

H = −
1
2

Ne

∑
i=1

∇2
ri

−
Ne

∑
i=1

Na

∑
A=1

ZA

|ri − RA |
+

1
2

Ne

∑
i≠j

1
|rj − rj |

Electronic structure Hamiltonian

(Born-Oppenheimer approximation)

II) From quantum computing to chemistry



H
H

e−

e−

12

H = −
1
2

Ne

∑
i=1

∇2
ri

−
Ne

∑
i=1

Na

∑
A=1

ZA

|ri − RA |
+

1
2

Ne

∑
i≠j

1
|rj − rj |

Electronic structure Hamiltonian

(Born-Oppenheimer approximation)

Finding 

Ground State

H |Ψ0⟩ = E0 |Ψ0⟩

II) From quantum computing to chemistry



Mean-Field Approach 
(Hartree-Fock)

|Ψ0⟩ ≈ |ΦHF⟩

Single Configuration 

Approximation

H
H

e−

e−

12

H = −
1
2

Ne

∑
i=1

∇2
ri

−
Ne

∑
i=1

Na

∑
A=1

ZA

|ri − RA |
+

1
2

Ne

∑
i≠j

1
|rj − rj |

Electronic structure Hamiltonian

(Born-Oppenheimer approximation)

Finding 

Ground State

H |Ψ0⟩ = E0 |Ψ0⟩

II) From quantum computing to chemistry



Mean-Field Approach 
(Hartree-Fock)

|Ψ0⟩ ≈ |ΦHF⟩

Single Configuration 

Approximation

H
H

e−

e−

12

H = −
1
2

Ne

∑
i=1

∇2
ri

−
Ne

∑
i=1

Na

∑
A=1

ZA

|ri − RA |
+

1
2

Ne

∑
i≠j

1
|rj − rj |

Electronic structure Hamiltonian

(Born-Oppenheimer approximation)

Finding 

Ground State

H |Ψ0⟩ = E0 |Ψ0⟩

II) From quantum computing to chemistry

Molecular Orbitals

|ΦHF⟩

H

HH

H

H H



Mean-Field Approach 
(Hartree-Fock)

|Ψ0⟩ ≈ |ΦHF⟩

Single Configuration 

Approximation

H
H

e−

e−

12

H = −
1
2

Ne

∑
i=1

∇2
ri

−
Ne

∑
i=1

Na

∑
A=1

ZA

|ri − RA |
+

1
2

Ne

∑
i≠j

1
|rj − rj |

Electronic structure Hamiltonian

(Born-Oppenheimer approximation)

Finding 

Ground State

H |Ψ0⟩ = E0 |Ψ0⟩

II) From quantum computing to chemistry

Molecular Orbitals

|ΦHF⟩

H

HH

H

H H

Spin-Orbitals

0
0

1
1e−

|ΦHF⟩ = |1100⟩
H Hα

H Hβ
H Hα
H Hβ

e−



H
H

e−

e−

Beyond Hartree-Fock: Full Configuration Interaction

13

II) From quantum computing to chemistry

H |Ψ0⟩ = E0 |Ψ0⟩

|ΨFCI
0 ⟩ =

|1100⟩

α
β
α
β

|HF⟩ =



H
H

e−

e−

Beyond Hartree-Fock: Full Configuration Interaction

13

+C1C0 +C2 …
AND AND

|1001⟩ |0011⟩

α
β
α
β

α
β
α
β

II) From quantum computing to chemistry

H |Ψ0⟩ = E0 |Ψ0⟩

|ΨFCI
0 ⟩ =

|1100⟩

α
β
α
β

|HF⟩ =



H
H

e−

e−

Beyond Hartree-Fock: Full Configuration Interaction

13

FCI : Ok for very small systems … 

But it scales dramatically with larger ones !

NCONF ∼ 1019

Benzene

+C1C0 +C2 …
AND AND

|1001⟩ |0011⟩

α
β
α
β

α
β
α
β

II) From quantum computing to chemistry

H |Ψ0⟩ = E0 |Ψ0⟩

|ΨFCI
0 ⟩ =

|1100⟩

α
β
α
β

|HF⟩ =



H
H

e−

e−

Beyond Hartree-Fock: Full Configuration Interaction

13

FCI : Ok for very small systems … 

But it scales dramatically with larger ones !

NCONF ∼ 1019

Benzene

+C1C0 +C2 …
AND AND

|1001⟩ |0011⟩

α
β
α
β

α
β
α
β

II) From quantum computing to chemistry

H |Ψ0⟩ = E0 |Ψ0⟩

|ΨFCI
0 ⟩ =

|1100⟩

α
β
α
β

Quantum computers 

can tackle this !

|HF⟩ =



14

We simulate the very complex 

electronic structure problem

(many electrons in a molecule) 

with a quantum computer 

containing small quantum systems

that we master (qubits)

Richard P. Feynman

II) From quantum computing to chemistry



14

We simulate the very complex 

electronic structure problem

(many electrons in a molecule) 

with a quantum computer 

containing small quantum systems

that we master (qubits)

Richard P. Feynman

|1⟩
|0⟩

H Hα
|1⟩
|0⟩

|1⟩
|0⟩

Empty spinorbital

Occupied spinorbital

=

1-to-1 Mapping

II) From quantum computing to chemistry



14

We simulate the very complex 

electronic structure problem

(many electrons in a molecule) 

with a quantum computer 

containing small quantum systems

that we master (qubits)

Richard P. Feynman

|Ø⟩ = |0000⟩

H Hα
H Hβ

H Hα
H Hβ |1⟩

|0⟩

|1⟩
|0⟩

|1⟩
|0⟩

|1⟩
|0⟩

Encoding a wave function 

in a circuit

|1⟩
|0⟩

H Hα
|1⟩
|0⟩

|1⟩
|0⟩

Empty spinorbital

Occupied spinorbital

=

1-to-1 Mapping

II) From quantum computing to chemistry



14

We simulate the very complex 

electronic structure problem

(many electrons in a molecule) 

with a quantum computer 

containing small quantum systems

that we master (qubits)

Richard P. Feynman

|Ø⟩ = |0000⟩

H Hα
H Hβ

H Hα
H Hβ |1⟩

|0⟩

|1⟩
|0⟩

|1⟩
|0⟩

|1⟩
|0⟩

Encoding a wave function 

in a circuit

|1⟩
|0⟩

H Hα
|1⟩
|0⟩

|1⟩
|0⟩

Empty spinorbital

Occupied spinorbital

=

1-to-1 Mapping

|ΦHF⟩ = |1100⟩

X
X

|1⟩
|0⟩

|1⟩
|0⟩

|1⟩
|0⟩

|1⟩
|0⟩

II) From quantum computing to chemistry



15

Quantum Circuit

α

β

α

β |1⟩
|0⟩
|1⟩
|0⟩
|1⟩
|0⟩
|1⟩
|0⟩

|HF⟩ = |1100⟩

II) From quantum computing to chemistry

X
X



15

Quantum Circuit

α

β

α

β |1⟩
|0⟩
|1⟩
|0⟩
|1⟩
|0⟩
|1⟩
|0⟩

|HF⟩ = |1100⟩
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Û( ⃗θ )

|Ψ( ⃗θ )⟩ = Û( ⃗θ ) |HF⟩
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Û( ⃗θ )

|Ψ( ⃗θ )⟩ = Û( ⃗θ ) |HF⟩
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- Treats on an equal footing ensemble of states

- Provides useful data for photochemistry studies (e.g. PES, gradients and NAC)
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|ΨA( ⃗θ )⟩ = Û( ⃗θ ) |ΦA⟩|ΦA⟩
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+⟨ΨB( ⃗θ ) | ĤAS |ΨB( ⃗θ )⟩

⃗θ
Optimisation 


cycle
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+⟨ΨB( ⃗θ ) | ĤAS |ΨB( ⃗θ )⟩
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Setup :

‣ cc-pVDZ basis

‣ Active space (4 elec. in 3 orb.)

‣ Optimiser = SLSQP

‣ Generalised UCCD ansatz
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