
Molecular Quantum Circuit Design

Jakob S. Kottmann







• Locality (circuit connections)

• Shallow depth

• Hardware efficient

• Good convergence

• Initialisation heuristics

Design principles
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Qubit encoding





Building Blocks







Example



N orbitals 

N qubits

2N qubits

N orbitals 

“Hard-Core Boson”, “seniority zero”, “Doubly Occupied …”
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ψ̃ = aψ + bϕ

ϕ̃ = aψ − bϕ

orbital rotations



Rotators

and


Correlators
Standard methods 


UCCSD

k–UpCCGSD


…

Adaptive Methods

ADAPT–VQE


Qubit–Coupled–Cluster

…

High–Level–Design

Now….



High–Level Design
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Example: Hydrogen Molecule

Simple system: 2-Electrons



H H

Atomic orbital basis Molecular orbital basis
e.g. STO–3G basis set



Simple system: 2-electrons in 2 orbitals (4 qubits)



Simple system: 2-electrons in 2 orbitals (4 qubits)



Orbital rotation

can be absorbed


into the

Hamiltonian

Simple system: 2-electrons in 2 orbitals (4 qubits)



Larger basis (8 qubits)


Same behaviour

 for other (effective) two electron systems


He, LiH, H3+ …

Simple system: 2-electrons in 4 orbitals (8 qubits)



H4 Molecule

As before: Minimal basis STO–3G. One orbital per Hydrogen



SPA: Separable Pair Ansatz



• Locality (circuit connections)

• Shallow depth

• Parallelizable

• Hardware efficient

• Classically tractable wavefunction

becomes a classical pre-compilation step

SPA: Separable Pair Ansatz



Guess orbitals: 

error of 40 mEh

SPA: Separable Pair AnsatzHartree–Fock error: 167 mEH



Guess orbitals: 

error of 40 mEh

Optimal orbitals: 

error of 16 mEh

SPA: Separable Pair AnsatzHartree–Fock error: 167 mEH



Alternative Graph



Hartree–Fock error: 167 mEH
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Hartree–Fock error: 167 mEH



Hartree–Fock error: 167 mEH



Hartree–Fock error: 167 mEH



Hartree–Fock error: 167 mEH



Hartree–Fock error: 167 mEH



Limitations

• Well behaved SPA

• Improvement through other graphs not 

obvious



JSK, Alperin-Lea, Cervera-Lierta, Tamayo-Mendoza, …, Quantum Science & Technology, 2021

Implementation: Tequila





Automatisation



import tequila as tq 

mol = tq.Molecule(geometry=“beh2.xyz”) 

H = mol.make_hamiltonian() 
U = mol.make_ansatz(name=“SPA”) 
E = tq.ExpectationValue(H=H,U=U) 

result = tq.minimize(E)
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Why Basis–Set–Free?

faster and more accurate

BeH2 with 8 qubits

Standard basis sets: tequila + pyscf

MRA–PNOs: tequila + madness



Same result as 

SPA/MRA-PNO


+ orbital optimisation

SPA with directly 
determined 

MRA-PNOs

Classically simulable

 Interesting region
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