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Density functional theory on classical computers for
materials science: A success story for weakly-correlated systems
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Why quantum computers for materials science?
Strong correlations and beyond

Phase diagram, cuprate
high-temperature superconductors

Explicit state of N electrons:
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ADb initio downfolding on many-body Hamiltonians %R

First-principles derivation of extended multi-band Hubbard models
within an active space of interest:
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Classical simulation of variational quantum eigensolvers ?
using tensor networks
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Matrix product state representation of a parametrized quantum circuit:
‘?,DPQC (5)> = Un(gn) . U2(52)U1(§1) %0)

Classically optimize the energy function: Ex(6) = <¢x(§)‘ H |¢x(5)> 5




Ca,CuQ; is a prototypical 1D-antiferromagnetic material,
see e.g. Graaf and lllas, Phys. Rev. B 63, 014404 (2000)

VQE on 1x10 lattice of one-band Hubbard model (20 qubits):
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Monolayer WTe2 as a candidate for an Fa
excitonic insulating ground state %R

WTe, is a 2D monolayer material, which has recently attracted attention for its
potential as an excitonic insulator, showing equilibrium exciton condensation.

Jia et al. Nat. Phys. 18, 87 (2022) DFT bandstructure
Sun et al. Nat. Phys. 18, 94 (2022) and GW-BSE calculations for excitation energy

from Sun et al. Nat. Phys. 18, 94 (2022)
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Monolayer WTe2 as a candidate for an Fan
excitonic insulating ground state %R

VQE on 2x2 lattice of two-band Hubbard model (16 qubits), at half-filling

Valence band: ~1 electrons Conduction band: ~3 electrons
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Electron-phonon interactions in ab initio downfolding schemes

Effective downfolded electron Hamiltonian in an equilibrium phonon bath:

Hipp= Y > (Xg Xr;)tir.jr, 7R, ¢r, +

c ReRL 1)

1
5?: >N |Urjr.—

op ReR, 15 L

2 /
297w, (Re, R)
E( e aaT apT al— o
iR “jR.L7jR. iR,
Wy
R,,v :




~AU,, (R, R,1) (MeV)

70 4

60 A

50 A

40 -

30 A

20 A

10 A

Phonon renormalization of Coulomb interactions: Ca,CuO,
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Conclusions %R

* Quantum computers hold promise for the study of electronic structure
In strongly correlated materials

« Ab initio downfolding rigorous and cost-effective approach to prepare
complex systems for quantum simulation

« We predict accurate ground state properties for antiferromagnetic material
Ca,CuO5 and excitonic insulator candidate WTe,

« Electron-phonon interactions can be incorporated into ab initio downfolding
and hold potential for significantly altering electronic phase diagrams
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