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What is Condensed Matter Physics?

& High energy/particle physics
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¢ Condensed matter physics
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fixed position move freely
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Also known as “solid state physics” in 50s




It all begins with Quantum Mechanics/Statistics
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Real materials: the density functional theory (DFT)
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& The Hohenberg-Kohn theorem (1964)

The Ground-State properties of any system of n-interacting particles : @“’
are rigourously deduced from the electron density distribution p(r). R0/ NY
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Walter Kohn was awarded with the
Nobel Prize in Chemistry in 1998
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¢ The Kohn-Sham equation CaCu,lr,0,,
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Physical Review Lett. 111, 176403 (2013)
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Breakdown of the density functional theory (DFT)

¢ The role of electronic correlations: localization versus itinerancy

and Technology
AIST

Band insulator Mott insulator

o

electron
orbital

HHaH | apad

HeHu  Papa
HHuaH  apas

electron

One electron in an orbital due to

Pauli’s rule on-site Coulomb repulsion (U > t)
No more than 2 electrons t: Transfer
in an orbital

U: Coulomb

o 02 0 ] 02 04 o8 10
Energy (Ry)

NiO and CoO are experimentally
wide gap insulators (Mott
insulators) but LSDA gave
small gap insulator for NiO and

- metal for CoO with partially
|____filled.t, spin-down electronic

subshell
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There are several roads to Rome
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& Renormalization group approach RSy
ED/NRG/DMRG/TNRG/...

& Monte Carlo sampling
MC/QMC/DQMC/CTQMC/...

Gutzwiller/BCS/Laughlin/...
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Renormalization group approach
ED/NRG/DMRG/TNRG/...

r7i0
44 :
e O . T
S 7 1) -
L N N i e
e NHY L1
- T SECN
S e Tv—e - 58
* Q. 7. Y
b ' stable
Pl BN "ir_\~ fixad paint A
J \Y ’
[ A X \
g \_\ o
P nsable N Y
A tixed paint \ Voo
stabl Vo !
tixed point & ‘ |




Let’s start with the exact diagonalization (ED)

¢ The ultimate problem is the eigenproblem
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Numerical renormalization group (NRG)

¢ Reduce the Hilbert space by throwing away high energy states
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Density matrix renormalization group (DMRG)

& Reduce the Hilbert space by keeping only states with higher weights
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Iterative diagonalization & Truncation (keep states of higher weights)
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Tensor network renormalization group (TNRG)
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& DMRG state is a matrix-product-state (MPS)
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Monte Carlo simulation
MC/QMC/DQMC/CTQMC/...




Classical versus quantum Monte Carlo
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Comment on quantum Monte Carlo Simulations
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Restricted Boltzmann Machine
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Trial wave function/variational method
Gutzwiller/BCS/Laughlin/...
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Construct trial wave function using neural network

& An well-known example of the trial wave functions

The goal is to find a good approximation of the ground state wave function
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concerning the short-range correlation concerning the long-range correlation
due to strong on-site repulsion due to the BCS Hamiltonian
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¢ The neural network as a trial wave function

Neural Network
amplitude
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Summary

& Various approaches to solve correlated electron systems
M weak correlation: density functional theory (DFT); extension of DFT? ?
[ strong correlation: NRG/DMRG/TNRG; MC/QMC/CTQMC e

& Each method has its own advantages and problems
[ computational cost, dimensionality, sign problem, uncontrolled approximation

& It is demanding in order to settle down the already exhausting debates
[ Too many uncertainties, no consensus so far; is machine learning useful?

Unusual richness of
strongly correlated materials !!!
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