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Quantum many-body problems

Quantum many-body problems: materials and molecules.  Large degrees of freedom

Electronic problems

Focus on algorithms:
Design algorithms based on the I/O

Classical methods
LCU or QSVT types of algorithms
Hybrid quantum classical methods:
• QC-QMC (Friday afternoon)

The ground state problem: min
|𝜓⟩

⟨𝜓|𝐻𝑒|𝜓⟩

A computing point of view 
Focus on target problems
Realstic problems → problems on a QC

Design problem-tailed algorithms

Physicist, chemist, material scientists

Physical intuitions



Quantum computational chemistry

The central Ingredients: interpretation of the problem and Ansatz design

𝐻𝑒 = 𝑇 + 𝑉𝑛𝑒 + 𝑉𝑒𝑒 = one body + two body

+ + +

Example: UCCSD Ansatz:

| ⟩𝜓𝑈CC𝑆𝐷 = 𝑒 𝑇−𝑇
+
| ൿ𝜓𝑟𝑒𝑓

𝑇 ≡ 𝑇1 + 𝑇2 → single and double excitations

Demonstration
Experiments:  
• H12 Diazene (HF 12 qubits) [Arute et al Science, 2020]
• F2 (UCC, 12 qubits) arXiv:2212.08006
• Cyclobutene ring (UpCCD, 10 qubits, parameters found classically), [O’Brien et al Nature Physics (2023)]
Numerics: C2H4 (28 qubits) 



Challenges for materials simulations

NaCl: Nunit NaCl: Nk. Nunit

Some cases（DFT, Material Project）
Species, 𝑁𝑘𝑁𝑢𝑛𝑖𝑡, 𝑁𝑞𝑢𝑏𝑖𝑡𝑠

• NaCl，(4,4,4)*8，(4608 qubits)
• MgO, (5,5,5)*8，(9000 qubits)
• Diamond，(7,7,7)*8，(21952 qubits)

Phys. Rev. Research 4, 013052 (2022); arXiv.2008.08694.

H-chain/mesh/cubit (2H per cell)，He-chain/mesh/cubic (1He per cell)，LiH-chain



Schmidt
Decomposition

Quantum embedding approach

Fragment +
Environment

Fragment + Bath +
Unentangled Environment

High-level solver

Schmidt
Decomposition

Fitting

J. Chem. Theory Comput. 12, 2706–2719 (2016).

Self-consistency loop



Quantum embedding approach

𝒌𝑝 − 𝒌𝑞 = 0
𝒌𝑝 + 𝒌𝑟 − 𝒌𝑠 − 𝒌𝑞 = 0

conservation of crystal momentum

Approximate
original system

Translational
Symmetry

Due to the translational symmetry:
• Only one unit-cell problem needs to be solved;
• Some calculations about integral could be

simplified.

Schmidt
Decomposition

Fragment +
Environment

Fragment + Bath +
Unentangled Environment

High-level solver



1D Hydrogen chain
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Increasing k-points (large supercell)



• Magnetic ordering in NiO

• AFII more stable than FM（consistent with experiments）

• 9984 qubits -> 20 qubits

3D NiO
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b
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Solve Hemb

Classical 

solver

Construction

Build bath and Hemb

a
b
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Noisy simulation and noise mitigation
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Resource comparison: molecules and solids

Li W, Huang Z, Cao C, et al., Chem. Sci., 2022
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Summary

• Introduce periodic DMET to quantum simulation of materials

• Tests on H-Chain, hBN and NiO

• Qubit reduction for strongly correlated materials

• More unified framework - Hybrid Tensor networks [Yuan, Sun, et al PRL 2021]

• DMET for molecules [Li, et al Chemical Science 2022]


