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Density Functional Theory

= DFT solve electronic

P
9'5:4\'\_ R structure from first-principles
tde« ion g density O = Ground state is unique with
€% e_f self-consistent
= W. Kohn 1999 Nobel Prize
Many-body DFT for chemistry.

DFT+U (hybrid functional) for strong correlation

= Add electron correlation U on static mean-field
= Work for magnetic ground state
* Practical for supercell

[1] P. Hohenberg, W. Kohn, Phys. Rev. B 136, 864 (1964).
[2] W. Kohn, L. J. Sham, Phys. Rev. B 140, 1133 (1965).




Many-Body perturbation theory : GW method
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DFT and GW are good theory tools for conventional materials
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DFT: One-particle picture
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DFT and GW often fail for correlated quantum materials
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One-particle picture
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Correlated Quantum Materials
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Perturbation to a mean-field fails
In the extreme case, no
continuity




Ab initio theory beyond one-particle picture is needed!!!

ltinerant electrons: bands

energy (eV)
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* Nondegenerate ground states

» Single slater determinants
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Neither band-like
nor atom-like

Localized electrons: multiplets

* Degenerate ground states

* Linear combination of many
Slater determinants



Dynamical mean field theory provides a reference frame for correlated electrons

_ Single Band Hubbard Model
Mapping quantum many electron problem

to quantum impurity problem in an effective field 1B —S 0 U-°
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Parameter-free first-principles + DMFT is a challenging task

Divide and Conquer

Projection @

G(k,iw,) = (Gabinitio(kv iwy) Tt — f (iimp(iw”) B EDC) fT)_l

/ Gabinitio(ka iwn)_l = 1wy — Habimti()(k)
! 1-7 i ’gv—l é—l
mp — — MMimp Gloc an — ZfT k an
Correlated \ /
DMFT  First-principles Sest(U) = Gimp  «— G =Gt + Simp

Challenges: U and >pe should be determined by the choice of correlated orbitals (/)
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%
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[1] A. Georges, et al., Rev. Mod. Phys. 68, 13 (1996), [2] G. Kotliar et.al., Rev. Mod. Phys. 78, 865 (2006).



Diagrammatic Approaches can be a solution

GW DMFT

N, D
_ ‘ Q@

Double counted self-energy: Local GW
Effective Coulomb interaction: U = (1 + WigePimp) ™ Wioe
Full version: fully self-consistent GW+EDMFT

[1] P. Sun and G. Kaotliar, Phys. Rev. B 66, 085120 (2002). [2] S. Biermann, F. Aryasetiawan, and A. Georges, Phys. Rev. Lett. 90,
086402 (2003) [3]F. Nilsson, L. Boehnke, P. Wemer, and F. Aryasetiawan, Phys. Rev. Materials 1, 043803 (2017).



We proposed LQSGW+DMFT, a parameter free ab initio Method

For H_,initio- Linearized quasiparticle self-consistent GW

GLQSGW VK 2001 = 1— azg;,jwn)
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free from the starting point dependence of one-shot GW Al @)

Ak, w)
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bare with respect to the correlated orbitals filtering rescaling
but renormalized with respect to the rest

For U: cRPA for effective Coulomb interaction

« A simplification of full GW+EDMFT

, ‘  a parameter-free method (advantage over
U (iwn) = Wr(R = 0,1wy) DFT+DMFT)

« Validation on charge transfer insulators, Fe-

Wl (K, iwn) = W (kyiwn) + Pop (K, iwn)

For Zpc: local GW \

based superconductors, and narrow-gap
correlated insulators

[1] J. Phys.: Conf. Ser. 592, 012055 (2015). [2] npj QM 1, 16001 (2016). [3] S. Choi, P Semon, B. Kang, A. Kutepov, and G. Kotliar, CPC. 244, 277 (2019)



ComDMFT: LQSGW+DMFT through HPC

Computer Physics Communications 244 (2019) 277-294

Contents lists available at ScienceDirect

Computer Physics Communications

journal homepage: www.elsevier.com/locate/cpc

ComDMEFT: A massively parallel computer package for the electronic
structure of correlated-electron systems™
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LDA and LQSGW for MnO, NIO
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Fig. 6. (Color online) (a) Wannier interpolated MnO bandstructures within non spin-polarized LDA and LQSGW. (b) Mn-d,, and (c) Mn-d, Wannier functions in a
FCC conventional unitcell. White and black spheres represent O and Mn atoms, respectively.

LDA and LQSGW do not capture Mott insulator

[1]1S. Choi, P. Semon, B. Kang, A. Kutepov, and G. Kotliar, CPC. 244, 277 (2019)



LQSGW+DMFT for MnO, NiO paramagnetic Mott insulator

NiO
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LQSGW+DMFT capture Mott insulator

[1]S. Choi, P. Semon, B. Kang, A. Kutepov, and G. Kotliar, CPC. 244, 277 (2019)
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ComDMFT: fully self-consistent ab initio GW+EDMFT (FGW+EDMFT)

ComDMFT v.2.0: Fully Self-Consistent ab initio
GW+EDMEFT for the Electronic Structure of
Correlated Quantum Materials
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correlated subspace, respectively. and bosonic self-energies. For more information on the practical implementation of the self-
consistent loop, please refer to Fig.
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Flowchart — ComEmeed
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FGW+EDMFT for NiO
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Figure 6: (a) and (b) show the Wannier-interpolated GW bandstructures (Hg::, in eq. (28
of NiO at the first and last iterations of the self-consistent loop in Fig. [4| respectively.

a b
25— (a) -0 (b)
//_
201/ 15
15 f S PR
= 210 L
w10 SO —1
5 — LQSGW+DMFT 5 — LQSGW+DMFT
GW+EDMFT GW+EDMFT
0 0
0 1000 2000 0 5 10 15 20
v, (eV) v, (eV)
Figure 8: (a) The monopole part (FO of Slater integrals) of the bosonic Weiss field F?

associated with Ni-d orbitals in NiO. (b) zoom-in view of (a). Orange and blue colors show

the results within full GW+EDMFT and LQSGW+DMFET, respectively

[11B. Kang et al. arXiv:2310.04613 (2024)

a) b)
0.07 ! 0 ®
\ f2g 51\ _é‘g
S-" ST —
2-1.0 Q
5 \\\.H = -10
= “x.ﬁ\_ - =
320 g
£ 7| — LOSGWHDMFT  — E 20 — LQSGW+DMFT |
GW+EDMFT GW+EDMFT
-3.0 )
0 2 4 6 8 10 o 2 4 6 8 10

1w, (V) 10, (eV)

Figure 9: Imaginary parts of EDMFT self-energies associated with (a) Ni-to4 and (b) Ni-e4 in
NiQ. Orange and blue colors show the results within full GW+EDMFT and LQSGW+DMFT,
respectively

GW do not capture Mott insulator.
GW+EDMFT exhibit stronger self-energy.



FGW+EDMFT for NiO
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GW+EDMFT produce peak to peak gap close to experiment.
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FGW+EDMFT for SrVO3 (correlated transition metal oxide)
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Figure 13: (a) and (b) show the Wannier-interpolated GW bandstructures (HgVPV in e

) of SrVO3 at the first and last iterations of the self-consistent loop in Fig. respectivel,Figure 16:  Imaginary parts of EDMFT self-energies associated with (a) V-tag and (b)
V-e4 in SrVO3. Orange and blue colors show the results within full GW+EDMFT and

LQSGW+DMFT, respectively
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Figure 15: (a) The monopole part (FY of Slater integrals) of the bosonic Weiss field FY
associated with V-d orbitals in SrVOs3. (b) zoom-in view of (a). Orange and blue colors show
the results within full GW+EDMFT and LQSGW-+DMFT, respectively
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FGW+EDMFT for SrvO3
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GW+EDMFT produce more incoherent electronic structure.

[11B. Kang et al. arXiv:2310.04613 (2024)
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