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Approaches to the Many-Electron Problem
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Kinetic Energy
Wavefunction based approaches Reduced quantity based approaches
Key Quantity: ¥({r;}) Key Quantity: Simpler physical

quantitiy, e.g., p(r)

What do we fail to capture?
What is missing?
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Independent
electron theory
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Correlations

Quantities A and B

are Correlated if (AB) # (AXB)

Measure of

Correlation Cap = (AB) — (A)(B)

Spatial (A(rt)B(r't)) + (A(rt){B(r't))

Temporal  (A(rt)B(rt")) # (A(rt)}B(rt"))
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How Do We Measure Correlations?...

...Hit it with a hammer and listen
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(n(rt)n(r't")) %K v/Q ......... \ (O N\/ Pair Correlation

Function for
(S(re) - S(r'th)) Electrons and Spin
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Signatures of Correlations: Ground State / Thermodynamic

Experimental

Band Occupancy Ratio, n/N

Delocalized — Localized ‘
. Los Alamos 5c¢i.2000,26 (1), 312
Behavior Project# 20210795DI - PI: Hernandez.
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Signatures of Correlations: Ground State / Thermodynamic

instantaneous
dipole on A induces
a dipole on B

&S o

30 ps, including vdW 30 ps, no vdW

a —helix structure in
©1998 Encyclopaedia Britannica, Inc. ag reement With experiment

An open structure
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Signatures of Correlations: Electron Addition/Removal

LiNiO;
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Renormalization

PDC King, et al. Nature Nanotechnology 9, 443-447 (2014)
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Zhou, X. J., et al. Handbook of high-temperature
superconductivity: theory and experiment 87-144 (2007).
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Binding energy (eV)
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(@) (2m-m)-(2n,0)- (2m,m)

(b) (27, m) - (2m,0) - (2m,m)
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Waterfalls

D. S. Inosov, et al. Phys. Rev. B 77, 212504 (2008)



Signatures of Correlations: Electron Addition/Removal

Not all doom and gloom...
Bi2893
M OSZ Lov, — High N bAS

(a) NbAs Weyl nodes
MoS —170 m@ ) e
-2. 2.0
-2 S S
g = wi /
0
= /_—"0s
> _4 i ,(' o 0.0 0.0
2 %y o0s-0s | q®
w ¥
Lu k ‘:‘»:\
I
h
LIJ Theoretical calculations g 15 15 -—
-6
_— = P = =&
~ 0.5 Y o 0.5 | e
< c =3 < [ 3 T) c =3
| ~ 05 ¢ 0 f" ~ o5/ a—)
-8 w — v \ « —— >3 =
-15 0 - -1.5 _00
- . — -15 -0.5 0.5 15 -15 -05 0.5 15
! k, (A" Low [ High k, (A1)
r K M olntensnly(au)2
D.W. Latzke et al. Y. Xia et al. Z.K. Liu et al. Nature Materials 15, 27-31 (2016)
Phys Rev. B 91, 235202 (2015) Nature Physics 5, 398—402 (2009) Su-Yang Xu et al. Nature Physics 11, 748-754 (2015)
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Signatures of Correlations: Particle-Hole/Collective Excitations
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Fundamental gap from Energy [eV]
photoemission and inverse
phOtoemiSSion D. M. Roessler and W. C. Walker, J. J. A. Camargo-Martinez and R. Baquero
Opt. Soc. Am. 57:835-836, 1967. Phys. Rev. B 86, 195106 (2012)
i@ Los Alamos LACCMSS 2026 T



Signatures of Correlations: Metal-Insulator Transitions

~——+Cr (V4_x My),04 +Ti —
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CRITIGAL POINT | Metal-Insulator Transitions can arise from:
400 |- 7+ Mott transition: (The most common transition)
| Arising from intense electron-electron correlation.
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Z | N « Peierls transition: Electron-phonon interactions can
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E : ¢ & 0.038Ti
% 200 | —
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. metals arises from distortions and lattice defects.
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INCREASING PRESSURE = 4 k bar/DIVISION -
ZERO PRESURE POINT MOVES WITH TOP SCALE

D. B. McWhan, et al. Phys. Rev. B 7, 1920 (1973)
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Paths forward?

Ab initio Methods Low Energy Models
f 2-sites plaquette . L
BT order DMFT DMFT  DMFT » Exact diagonalization method

+ Exact
« Limited to finite sizes
* Quantum Monte Carlo method
* Non-perturbative and thermodynamic limit
* Negative sign problem for fermions
» Density matrix renormalization group (DMRG) theory
. ; » Capturing both quantum temporal and spatial fluctuations
- : > G » Limited to one dimensional (1D) or quasi-1D systems
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locality

K points, correlated set
X basis set size

P. Kent and G. Kaotliar. Science 361.6400, 348-354 (2018)
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