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Quantum circuits
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I) From Quantum Computing to Quantum Chemistry 

ℋ = ∑
p,q

hpqa†
paq +

1
2 ∑

p,q,r,s

gpqrsa†
pa†

r asaq

Electronic structure Hamiltonian

Electronic structure problem : what we want to solve  

⟶ ℋ |Ψ0⟩ = E0 |Ψ0⟩

 |Ψ0⟩ =  C1 +  C2 + …

|1100⟩ |1001⟩

The Qubit : a two-level system

|Q⟩ = c0 |0Q⟩ + c1 |1Q⟩

|0Q⟩

|1Q⟩

Quantum computer : the tool we use  

C1

|Ψ( ⃗θ )⟩

+ + …

|1100⟩ |1001⟩

C2
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Circuit parameters 
⃗θ

EΨ( ⃗θ ) = ⟨Ψ( ⃗θ ) |H |Ψ( ⃗θ )⟩

Quantum processor
Classical processor

CPU

Classical 
Optimization of  ⃗θ

Simulation of the  
VQE algorithm

VARIATIONAL QUANTUM EIGENSOLVER (VQE)

Û( ⃗θ ) = eT( ⃗θ )−T( ⃗θ )†

Unitary coupled cluster ansatz

T( ⃗θ ) =
virt

∑
a

occ

∑
i

θa
i a†

aai +
virt

∑
a>b

occ

∑
i>j

θab
ij a†

aa†
b aiaj

1σu

1σg

1σu

1σg

H H
 moleculeH2

|ΦHF⟩ = |1100⟩

X
X

|Ψ( ⃗θ )⟩ = Û( ⃗θ ) |ΦHF⟩

Û( ⃗θ )

I) From Quantum Computing to Quantum Chemistry 
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FEATURES OF THE QUANTUM ALGORITHM
- Adapted to near term quantum computers (VQE-like) 
- Provides useful data for photochemistry studies (e.g. PES, gradients and non-adiabatic couplings)
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II) SA-OO-VQE: a quantum algorithm for photochemistry

Conical intersection:  
A singular point of degeneracy 

connecting two Potential Energy 
Surfaces (PES)

E0 = E1

E0

E1

State-Averaged Orbital-Optimized VQE

Non-radiative  
relaxation

Trans- 

conformation

Photon

Cis- 

conformation

E0

E1

Rotation

Energy

Cis Trans
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bending 
angle

dihedral 
angle

a)

Conical intersection

PES from SA-OO-VQE

E0

E1
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II) SA-OO-VQE: a quantum algorithm for photochemistry

Û( ⃗θ )Û(φ)

|Ψ1( ⃗θ )⟩ = Û( ⃗θ ) |Φ1⟩|Φ1⟩φ =
π
2

⟶

Classical processor

CPU

Optimization of  
(+ SA orbital-Opt.) 

⃗θ|Ψ0( ⃗θ )⟩ = Û( ⃗θ ) |Φ0⟩|Φ0⟩φ = 0 ⟶

E0( ⃗θ ) E1( ⃗θ )+ESA( ⃗θ ) =

Initializer Entangler
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II) SA-OO-VQE: a quantum algorithm for photochemistry

Nuclear forces with respect  
to coordinate “ x ”

Non-adiabatic couplings

DIJ = ⟨ΨI |
d
dx

ΨJ⟩

Nuclear derivatives

dEI

dx
Coupling between two states  
through nuclear vibrations 

Lagrange multiplier method

ℒI = EI + ∑
pq

κI
pq

∂ESA

∂κpq
+ ∑

n

θI
n

∂ESA

∂θn
EI

∂ℒI

∂κI
pq

=
∂ℒI

∂θI
n

= 0

(HOO HOC

HCO HCC) (κI

θI) = − (GO,I

GC,I)dEI

dx
= ∑

pq

∂hpq

∂x
γI,eff

pq +
1
2 ∑

pqrs

∂gpqrs

∂x
ΓI,eff

pqrs + ∑
J

∑
n

wJθ̄I
nGC,J

n ( ∂Ĥ
∂x )

Can be measured out of the circuit !

∂EI

∂θn
≠ 0

∂EI

∂κpq
≠ 0
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II) SA-OO-VQE: a quantum algorithm for photochemistry

Research of 
Minimal-energy  

conical-intersection 
(MECI)

Ingredients:   
- Nuclear gradients 
- Non-adiabatic couplings

SA-OO-VQE = SA-CASSCF
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DIJ = ⟨ΨI |
d
dx

ΨJ⟩

Analytical derivatives

dEI

dx

Potential energy surfaces
MECI optimisation

(a) (b) (c) (d)

SA-OO-VQE

2) Application to quantum dynamics ?

Next steps: 

1) Switching to diabatic states ? 

Adiabatic basis Diabatic basis
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Thank you for your attention !
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Quantum processor

|Ψ( ⃗θ )⟩ = Û( ⃗θ ) |ΦHF⟩|ΦHF⟩ = |1100⟩

Û( ⃗θ )
X
X

|0⟩
|0⟩
|0⟩
|0⟩

Û( ⃗θ )
X
X

|0⟩
|0⟩
|0⟩
|0⟩

Û( ⃗θ )
X
X

|0⟩
|0⟩
|0⟩
|0⟩
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Û( ⃗θ ) = eT( ⃗θ )−T( ⃗θ )†

Unitary coupled cluster ansatz

T( ⃗θ ) =
virt

∑
a

occ

∑
i

θa
i a†

aai +
virt

∑
a>b

occ

∑
i>j

θab
ij a†

aa†
b aiaj

Û( ⃗θ ) ≈ ∏
k

e−iθk�̂�k

Jordan-Wigner transformation

�̂�k = Z1 ⊗ X2 ⊗ 13 ⊗ Y4

Where  are “Pauli strings”�̂�k

First unitary : exp(�i✓AX0Z1X2)

exp(�i✓AZ0Z1Z2)

Second unitary : exp(�i✓BY1X2)

exp(�i✓BZ1Z2)

0 RY (⇡/2) RY (�⇡/2)

1 RX(�⇡/2) RX(⇡/2)

2 RY (⇡/2) RZ(2✓A) RY (�⇡/2) RY (⇡/2) RZ(2✓B) RY (�⇡/2)

Û( ⃗θ ) ≈


