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Ab initio description of strongly correlated materials: combining
density functional theory plus and dynamical mean-field theory
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1. Introduction

2. DFT+DMFT

= DMFT recap

= Ab initio electronic structure
DFT+DMFT ingredients
Impurity solvers
Charge self-consistency
Post-processing

3. Summary
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Exotic phenomena AN

= sensitive to small changes in external
parameters:

lattice = temperature
= pressure
= doping

o
charge

orbital

= emerging phenomena:

= high Tt superconductivity
= colossal magnetoresistance
= Mott physics

spin
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Correlated d-/ f-shells \
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Weak versus strong correlation

effective single-particle picture ¥(x1, %) = L{Xl (1) (2) — X1 (32 )2 (1)}
= weakly correlated systems \/_

‘Xl(’ﬁ xz2(x1)
\/—Xl(xz x2(x2) |

= density functional theory

= Fermi liquid theory

V= Ny N
7

1 IR {

w (eV)
o

g

_|
=
x
-
N
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Weak versus strong correlation N\ INSTITY
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effective single-particle picture ¥(x1, %) = L{Xl (1) (2) — X1 (32 )2 (1)}
= weakly correlated systems V2
= density functional theory _ L pala) xa(a) ,
o V2Ixa(x2) xa(x2)
= Fermi liquid theory

strongly correlated systems

= breakdown of single-particle picture

w (eV)

= strong local Coulomb interaction U

= between ionic localization and itinerant
behavior
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Case study: Fermi surface of SroRuO, AN §

e " strong correlations (U = 2.3 eV) = Fermi liquid (T ~ 25 K)
&?& = Hund physics (J = 0.4 eV) = superconductivity (Tc ~ 1.5 K)
191 = spin-orbit coupling (A = 0.1 0.2 eV) = Van Hove singularity close to Er

L)
E
dxz,dy, ~
by z
- y P, op,
e
T > oy a,f - sheets el
cubic tetragonal )

A. Georges, lecture notes (2017)
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Where DFT may be insufficient N

Fermi surface

Center for Computational
Quantum Physics

Seebeck

exp. S,RUO, ®
exp. STRUO,

+ LDA+DMFT
¥ Kelvin
L LDA+Boltz

kg/e In2 /2

Seebeck[uV/K]

400 600 800 1000 1200
Temperature[K]

= also: mass enhancement, orbital
occupations, optics, SOC, ...

= more obvious: local-moment
paramagnet (Mott insulator) versus

(anti-)ferromagnet or non-magnetic
metal in DFT

J. Mravlje, A. Georges, Phys. Rev. Lett. 117, 036401 (2016)

M. W. Haverkort et al., Phys. Rev. Lett. 101, 026406 (2008)
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Spectral function A(k,w) NI
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Ak, w) = %Im / dr / dt =0 39(¢) ([ (r, 1), w'(0,0)]) 8 — =

GE(r,t)

A. Damascelli, Z. Hussain, and Z.-X. Shen, Rev. Mod. Phys. 75, 473 (2003)
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Spectral function A(k,w) - non-interacting

Ak, w) = %Im / dr / dt =0 39(¢) ([ (r, 1), w'(0,0)]) 8 — =

GR(rt)

N
N

Ep E N-1 Ep N+l E

Non-interacting electron system A (k, L{)) — l 5 (w — Ek)
™

A. Damascelli, Z. Hussain, and Z.-X. Shen, Rev. Mod. Phys. 75, 473 (2003)
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Spectral function A(k,w) - interacting IR
1 .
Alk,w) = - Im / dr / dt 0= ig (1) ([ (r, 1), w1(0,0)]) + — -
0 (0,0) (r, 1)
GE(r,t)
1

n(k) G k e —

1l j ( ,W) UJ—Ek—Z(W)

e S(w) = ¥(w) + %" (w)

NoEl:—inleractin]; eleclr:r; Isvst]eirFxll e Fgr;i)i li:::id s]:;llem "
1 ¥ (w)

A(k7w) = _; (w — e — E’(w))2 + E//(w)Q

A. Damascelli, Z. Hussain, and Z.-X. Shen, Rev. Mod. Phys. 75, 473 (2003)
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Quasiparticles and Fermi liquid theory A UTE
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Quasiparticles and Fermi liquid theory NC TReTFon

Gk,w) = f(elt) — 4 Gincon if ©”(w) not too large: quasiparticles
w—e —il(er)
= ¢, quasiparticle dispersion e = ex + X' (€f)
= 7 quasiparticle renormalization Z(w)=1- _B%U(Jw)]—l
= [ scattering rate/inverse lifetime MNw) =—-Z(w)x"(w)
6.25 o 151
__ 6.00 -== dy
3 dyy 1.0
§ 5.75 1

w w
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z !
-ImZ(w) (eV)
o
n
|
|
w
e,

—— tight-binding ST
3 . uasi-particles
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w (eV)
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Quasiparticles and Fermi liquid theory N FhAaTIRON

N g
Gk,w) = Z 4 Gincor if 3" (w) not too large and near w =0
b w — 61*{ _ iF Inco

= ¢ quasiparticle dispersion & = Z(ex +%'(0))

= 7 quasiparticle renormalization Z=[1- 8285)“) lo=0] 7! = m
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Quasiparticles and Fermi liquid theory N{ iNsTFoT

Z if X"(w) not too large and near w =0
G(k7w) = T 5 T + C7Yinc0h ( ) &
w— ¢ —il'
. . . . * !/
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DFT+DMFT NN

Quantum Physics

situation: complex physics arising from strong local Coulomb interaction
in partially filled orbitals in strongly correlated materials

= goal: ab-initio, material-realistic description

= challenge: combining localized, atomic-like and itinerant electronic
behavior

= ansatz: DFT+DMFT, downfolding & embedding

= ingredients: hoppings ¢ and Coulomb repulsion U for downfolded model,
projector functions P to transform from/to full system

= example: Fermi surface of SroRuQy4

sbeck@flatironinstitute.org TRIQS summer school 2023 11



recap: the Hubbard model

aaaaaaaaaaaaaa

Z tl] (1ed jO' + U Z annli

Z]?
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recap: the Hubbard model

Z tl] (1ed jO’ + U Z annli

Z]?

In the limits:

t>U:. u metallic
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recap: the Hubbard model  INSTITUTE

H=— Ztijc;racjg + U ;|
1j,0 7

In the limits:

t>U:. u metallic
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recap: the Hubbard model N INSTITUTE

H = —%+ U nagni

aaaaaaaaaaaaaa

In the limits:

t>U: ¢ metallic < U: ---- insulating
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recap: Dynamical Mean Field Theory M INSTITUTE

Z tZJ o ]0' +U Z ipMg)

j,0

= map lattice to effective impurity model (AIM) embedded in bath
= impurity-bath coupling A(w) determined self-consistently
= basic ingredients: ¢, U

W. Metzner and D. Vollhardt, Phys. Rev. Lett. 62, 3 (1989)
A. Georges and G. Kotliar, Phys. Rev. B 45, 12 (1992)
sbeck@flatironinstitute.org TRIQS summer school 2023 13
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DMFT self-consistency - example: Bethe lattice N

N\
. :
2 — 00" (OJ) _ 1 4.[/.2 _ w2 _‘l_;v
' p 22 2t
impurity
imp(iWn) = (c'(iwp)c(iwn))g,
— t2Gimp) ! g < Gir

L
N

lattice
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DMFT self-consistency AN TR

lattice

= basic ingredients: ¢, U, and P
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From many-body to effective one-body problem AN

electronic Schrddinger equation:

with

in second quantization:

H = Ztijc}cj + Z Uijklc}c;clck
ij ijkl

sbeck@flatironinstitute.org TRIQS summer school 2023 16



i N1~ FLATIRON
From many-body to effective one-body problem AN

electronic Schrddinger equation:

with

in second quantization:

H = Ztijcz  + ZUz]le cicicy — HDFT = ZtU
i igkl ij

sbeck@flatironinstitute.org TRIQS summer school 2023 16
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Density Functional Theory N

Center for Computational
Quantum Physics

1. Hohenberg-Kohn theorem: the external potential (and total energy) is a unique
functional of the electron density: ¥(ry,...,ry) — p(r)

p(r) = N/d3r2 . -/d3rN | (r,ry,--- ,rN)|2

2. Hohenberg-Kohn theorem: the ground-state charge density pg minimises the
energy functional, i.e. yielding the ground-state energy FEj

Elpo] < Elp] = min (V[T + U + Vix [¥)
V—po

sbeck@flatironinstitute.org TRIQS summer school 2023 17
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Effective single-particle picture N\ INSTITY
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Recast full system into a ficticious, auxiliary system of separable Kohn-Sham orbitals
{1n}, that generates the same density as the original one

[_%VQ + veﬁ(r)] Un(r) = enthn(r) m
e % "% %

dExclp]

Veff(T') = v r
eff( ) H[p]( ) + 6p(1') + veXt(r)
= solution is found self-consistently
= exchange-correlation potential is the only unknown — Hgs = qu C;C;

= Kohn-Sham orbital energies have little physical meaning i

sbeck@flatironinstitute.org TRIQS summer school 2023



= partitioning of the system

= maximally localized Wannier functions
|IRj) from Kohn-Sham states |¢,k):

) = Z Ul [4hnc)

IRj) = / i e )

hopping elements:

Ly(R) = (0i| H¥S |Rj)

i_ FLATIRON

DFT+DMFT ingredients: target bands ¢ NPAAEARN

uuuuuuuuuuuuuu

Energy (eV)

r M X r z A R r

N. Marzari, and D. Vanderbilt, Phys. Rev. B 56, 20 (1997)
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DFT+DMFT ingredients: projector functions P L

lattice Green's function:

Gk, iwn) =Y liwn + p = é(k) = AS(k, i, ;; [Ymic) (Ynkl

mn
downfolding:
AEmn (k, iwn) lattice Gmn(k’ iwn)
1 : R *
z?CR lwn Z mn(ka 1wn)Pnj (k>
k
ke up- Lsmns< Ng down-
. . . . . folding . folding
with projector onto orbital j at atomic site R.: 1<i,j<Ne
R . W AY;j(iwn) impurity G (iwp,)
Pjy (k) = <¢R]-k > !

upfolding: = basis transformation

= entanglement
AS i (k,iwn) = Y PR (k)ASE (iwn) P (k)

J = |local symmetries
R.ij

sbeck@flatironinstitute.org TRIQS summer school 2023



Double counting

FEy; is a functional of the orbital
occupations, but Exc is a non-linear
functional of the total electron density

ill-posed problem due to the formally

incompatible footing: diagrammatic vs.

non-perturbative

different analytic, phenomenological
expressions have been proposed: FLL,
AMEF, ANI, Kunes, nominal...

remedy: GW+DMFT

i_ FLATIRON

Center for Computational
uuuuuuuuuuuuuu

ASE (iwn) = £ (iwn) — Spe

Eprriulp] = Eprrlp] + Ev[nf;] — Epc
Exc = Bl = [ dr d@lp(m)lp(r)

EXC [77,10]] ?

sbeck@flatironinstitute.org TRIQS summer school 2023 21



DFT+DMFT ingredients: interaction Hamiltonian U

atR

Hiy = Z Uijiic) C iCICk
ukl

62

Vi = [ drdv'ui (muj ()

v — |

complicated 4-rank tensor

use symmetries to reduce complexity

for cubic systems: Hubbard-Kanamori parametrization
for spherical systems: Slater parametrization

J. Kanamori, Prog. Theor. Exp. Phys. 30 (1963)

sbeck@flatironinstitute.org TRIQS summer school 2023
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DFT+DMFT ingredients: interaction Hamiltonian U NI

Hy = Uannw + U nignjy + (U = J) Y nignjo
i#£] 1<j,0

—J 3 cheyeliet Z el
i#]

J. Kanamori, Prog. Theor. Exp. Phys. 30 (1963)
sbeck@flatironinstitute.org TRIQS summer school 2023
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DFT+DMFT ingredients: energy window

t9g model

uuuuuuuuuuuuuu

pros:
= no DC

= nominal occupations

w (eV)

= less work for impurity solver

cons:

= smaller U, more frequency-dependent

= larger spread €, oxygen tails — less
localized

= no information on e4 states...

sbeck@flatironinstitute.org TRIQS summer school 2023



DFT+DMFT ingredients: energy window AN FLATlRON

N g,
dp model
— — pros:
s o ' . = more localized, DMFT more valid
% = larger U and more atomic-like, less
_5 4 —— : frequency-dependent
’ — o = renormalizes all states
r X M rz cons:

= DC, in principle Ug,, U,
= fractional occupations

= heavy for impurity solver

sbeck@flatironinstitute.org TRIQS summer school 2023
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How to determine Coulomb interaction N LNELLLY
Sr,RuO,
= V of the order of 11 eV for tog, ;
i.e. > bandwidth =~ 3.4 eV 6
. . . 4
= effective Coulomb interaction screened by
surrounding electrons 4d22/x2-y2
>
= screened interaction U(r,r’) in practice: Y- —
. 5oL d
= cRPA: screening channels, frequency &
dependence, Hund J 4
= cLDA: only full d shell, static, no Hund J L
s d—dp: FO=3.23¢eV, Upm =4.1¢V, | oS
tog — tag: U = 2.56 &V PP g

N
-
=
>
-

L. Vaugier, H. Jiang, S. Biermann, Phys. Rev. B 86, 165105 (2012)

sbeck@flatironinstitute.org TRIQS summer school 2023
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Multi-site DMFT DN
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Guantam es

Multi-site DMFT

= self-energy approximated as block-diagonal in orbital basis

sbeck@flatironinstitute.org TRIQS summer school 2023
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......................

Multi-site DMFT

imp

= self-energy approximated as block-diagonal in orbital basis
= map self-energy to symmetry-equivalent sites

= use spin channel for AFM solutions

sbeck@flatironinstitute.org TRIQS summer school 2023 27



DFT+DMFT workflow N\ [NSTITOTE

\

Center for Computational
Quantum Physics

Density Functional Theory

Downfolded Hamiltonian

2
>
3 1
)
w
-1

r M X rz AR Z

Hyin = — Z tij(CITO'CjO‘ + ijocio')
(ij).o

Dynamical Mean-Field Theory

+ Hint < U

sbeck@flatironinstitute.org TRIQS summer school 2023




DFT+DMFT workflow N INsTiToTE

Center for Computational
Quantum Physics

Density Functional Theory Downfolded Hamiltonian

2 B
- weo
3 1R :
5 ™
w
=il y

r M X rz AR Z

impurity solvers Hiin = — Z l“ij(C,-Tqu(y +fycio)

jo~io
(ij).o

Dynamical Mean-Field Theory

+ Hint < U

sbeck@flatironinstitute.org TRIQS summer school 2023




DFT+DMFT workflow N INsTiToTE

Center for Computational
Quantum Physics

Density Functional Theory Downfolded Hamiltonian

2 B
- weo
3 1R :
5 ™
w
=il y

r M X rz AR Z

{ O

impurity solvers Hyin = — Z tij(CiTquG + C}ucio)

(ij).o

Dynamical Mean-Field Theory

0.6
0.4
0.2

Alw)

0.0
-3-2-101234
w(ev)

+ Hint < U
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DFT+DMFT workflow N INsTiToTE

Center for Computational
Quantum Physics

s b Downfolded Hamiltonian

2 ]
e
= N/ Pocy (K) = (Woak 44

4 ,

r M X rz AR Z

{ O

charge self- 7 i impurity solvers Hiin = — Z tij(C:'Tucjcy + cjucio')
consistency (id).o
Dynamical Mean-Field Theory
0.6
5 04
< 02

0.0
-3-2-101234
w (eV)

TF Hint x U
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Impurity solvers

i_ FLATIRON

\ uuuuuuuuuuuuuu
Gire(r) = (Teo(r)h(0)) «
approximate solvers: numerically exact solvers:
= Hartree(-Fock) = Quantum Monte Carlo (QMC)
= Hubbard-| = exact diagonalization (ED)
= Iterated perturbation theory (IPT) = numerical renormalization group (NRG)

Slave boson technique

density matrix renormalization group (DMRG)
tensor-network based approaches (MPS/TTN)

overview: see lecture by O. Parcollet, Arnold Sommerfeld School (2017)

sbeck@flatironinstitute.org
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Charge self-consistency: spectral density-functional approach N ETLTY
Method Physical quantity Constraining field
Baym-Kadanoff G sk, io) 2int,ap(K,io)

DMFT (BL) Gloc,aﬁ(iw) Mint,aﬂ(iw)
DMFT (AL) Gloc apli®) A ggli)

LDA+DMFT (BL) p(r), Gloc,ab(iw) Vint(r)a Mint,ab(iw)

LDA+DMFT (AL) p(r) Gloc,ab(iw) Vint(r) s Aab(i(’l))
LDA+U ( )a Rgp Vint(r)a )\ab
LDA p(r) Vind(r)

G. Kotliar et al., Rev. Mod. Phys. 78, 865 (2006)
sbeck@flatironinstitute.org TRIQS summer school 2023 30
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Occupation updates for DFT SRR
interacting charge density p(r %Z (r| G K, iwy) |r) = pKS(r) + Ap(r)
nk
KS charge density: Z Z (x|
Unie) (YnkT)
k n=1

- compute Ap(r), feed it back to DFT, compute updated KS charge density p5(r)

FKS

Ap(r) = 1 Z (r| G(k,iwn) — GXI(k, iwy,) |r) ) AN

F. Lechermann et al., Phys. Rev. B 74, 125120 (2006)
M. Schiiler et al., J. Phys. Condens. Matter 30, 475901 (2018)
sbeck@flatironinstitute.org TRIQS summer school 2023
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Quasiparticle mass renormalization in SroRuQOy N\ [NSTITUTE

0s
Z(dyy) =0.22 1.0
Z(dy,) = 0.31
(dy,) = 0.3 05 Pl SERUO

ImX (iwy,)

0:0 477 \J T
VA

> §§xxx —05 @
) %%;XX§§§ -10 fu)
. . . LSS P8 o
0.0 0.1 02 0.3 0.4 0.5 0.6 -15 / il \
won -2.0 / . gla \
m
= CT-HYB solver, 3 = 232 eV~! 23 — & ]

.. -3.0 T
= minimal effect of charge r M X r oz

self-consistency

w (eV)
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Orbital polarization in CaVOj; (tensile strain) N :

\ uuuuuuuuuuuuu
—~ 1.0F" ' — ]
— - ~
Pbnm + 0.8¢L ]
CaVOs — c
g 0.6F ]
g E__—B-E’B—E]
$%) 2 o0 |
e g 02 b®q EES - - o0 -
29 — — . L. g
= temsile epitaxil © ol ¥onzmonnd .

. 2_7 T T T ]
= CT-HYB solver, 3 = 40 eV = 18] — QEOS ]
= charge self-consistency strongly reduces = 5 gf —&— QE-CSC |

the orbital polarization found in 0.0 L - .
one-shot calculations a5 5.0 55 6.0
U (eV)

A. Hampel, SB, and C. Ederer, Phys. Rev. Res. 2, 033088 (2020)
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Post-processing AN

What we can compute:

= spectral properties = electronic Raman spectroscopy

= optical and thermal conductivity = x-ray photoemission and absorption

= Hall and Seebeck coefficient spectroscopy

= two-particle correlation function = resonant inelastic x-ray scattering
(susceptibilities) = phonon spectra

sbeck@flatironinstitute.org TRIQS summer school 2023



Back to the experiment

AN A V4
—J IVI Fay

—

i_ FLATIRON

kya/m

M. W. Haverkort et al., Phys. Rev. Lett. 101, 026406 (2008) A. Tamai et al., Phys. Rev. X 9, 021048 (2019)

sbeck@flatironinstitute.org

X. Cao et al., Phys. Rev. B 104, 115119 (2021)
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Spin-orbit coupling in SroRuO4 NPAAEARN
1.0 1
. . . 0.5 1 //\
spin-orbit coupling A 0.0 s
A A % =051
ey 0 0 [ B L4 2
R 2 Lo .
0 B g —Ruog 3 1.5
é= A e
AU 2z 2L Eay 0 iJ —-2.01
0 0 0 e, B .
—Ze0 0 0 -2 e, 25 —
-3.0 0
X M roz 0 1

kxi/a

A A
3¢ = 5 SN e (1 go0r)cjor

ij oo’

= correlation-induced enhancement of crystal-field splitting
= correlation-induced enhancement of effective spin-orbit coupling

sbeck@flatironinstitute.org TRIQS summer school 2023



. . ™ FLATIRON
Tensor network real-frequency impurity solver N T
self-energy from ForkTPS: Y(w) =Y (w) +i¥"(w)
1 ¥ (w)
Ak, w) = =
(k) 7 (w—ex — X(w))? + X" (w)?
6.25 1.5 A
6.00 1
- ~ 1.0
2575 3
9] £
“ 550 T o5
5.25 1
, 0.0
-2 -1 0 1 2 -2 -1 0 1 2
w (eV) w (eV)

D. Bauernfeind et al., Phys. Rev. X 7, 031013 (2017)
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SroRuQy under uniaxial pressure N

Guantom Physics
35F
high compression Exax = Evhs zero strain
30k Sry RuOy
® Sample #1
< 25 = Sample #3
T_; 4 Sample #5
20 F
(Broken sample)
151
-0.60+0.06 0£0.04
o (10%)

piezoelectric

actuators
CR ""m\\«\,ﬁ\ﬁ\l? S

sample

7

s
"‘“"\\\\w\ﬁ\},ﬁ‘?ml

voltage
contacts

A. Steppke et al., Science 355, eaaf9398 (2017)
M. E. Barber et al., Phys. Rev. Lett. 120, 076602 (2018)
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UnlaX|aI straln experiments N\ INSTITUTE

Z tz] el jO’ + UZ’I’LzT’I’Lu
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UnlaX|aI straln experiments N\ INSTITUTE

Z tzy el jO’ + UZ’I’LzT’I’Lu

,,,,,,,,,,,,,
(ij)o

Film: |:|:|:|:|
Substrate: :>
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Pressure-driven Lifshitz transition in SroRuQOy g

05 00 05 10
k (A7) k(A"

= Lifshitz transition with uniaxial strain

= novel FTPS impurity solver, including
spin-orbit coupling

= critical strain €;, ~ —0.4 consistent
with experiment

V. Sunko et al., npj Quantum Mater. 4, 46 (2019)
M. E. Barber et al., Phys. Rev. B 100, 245139 (2019)

1
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kya/m

D. Bauernfeind et al., Phys. Rev. X 7, 031013 (2017)
X. Cao et al., Phys. Rev. B 104, 115119 (2021)

sbeck@flatironinstitute.org
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Pressure-driven Lifshitz transition in SroRuQOy N

K_ FLATIRON

Center for Computational

Quantum Physics

1

K, (A7)
o
B

—Y/ = f ~—
-1.0+
40 05 00 05 10 -1.0 05 00 05 1.0 3 O
D
2

k (A7) k(A"

Lifshitz transition with uniaxial strain

novel FTPS impurity solver, including
spin-orbit coupling

critical strain €;, ~ —0.4 consistent -1
with experiment

V. Sunko et al., npj Quantum Mater. 4, 46 (2019)
M. E. Barber et al., Phys. Rev. B 100, 245139 (2019)

D. Bauernfeind et al., Phys. Rev. X 7, 031013 (2017)
X. Cao et al., Phys. Rev. B 104, 115119 (2021)
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Pressure-driven Lifshitz transition in SroRuQOy AN

1

k (A7)

Y

k (A"

= Lifshitz transition with uniaxial strain

= novel FTPS impurity solver, including
spin-orbit coupling

= critical strain €;, ~ —0.4 consistent
with experiment

V. Sunko et al., npj Quantum Mater. 4, 46 (2019) D. Bauernfeind et al., Phys. Rev. X 7, 031013 (2017)
M. E. Barber et al., Phys. Rev. B 100, 245139 (2019) X. Cao et al., Phys. Rev. B 104, 115119 (2021)
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Pressure-driven Lifshitz transition in SroRuQOy AN

1

05 00 05
k (A"

= Lifshitz transition with uniaxial strain

= novel FTPS impurity solver, incl
spin-orbit coupling

= critical strain €;, ~ —0.4 consistent

with experiment

V. Sunko et al., npj Quantum Mater. 4, 46 (2019)
M. E. Barber et al., Phys. Rev. B 100, 245139 (2019)

sbeck@flatironinstitute.org

uding

D. Bauernfeind et al., Phys. Rev. X 7, 031013 (2017)
X. Cao et al., Phys. Rev. B 104, 115119 (2021)
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Pressure-driven Lifshitz transiti

K, (A
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on in SryRuOy N

1

05 00 05
k (A"

= Lifshitz transition with uniaxial strain

= novel FTPS impurity solver, including

spin-orbit coupling

= critical strain €;, ~ —0.4 consistent

with experiment

V. Sunko et al., npj Quantum Mater. 4, 46 (2019)
M. E. Barber et al., Phys. Rev. B 100, 245139 (2019)

sbeck@flatironinstitute.org

D. Bauernfeind et al., Phys. Rev. X 7, 031013 (2017)
X. Cao et al., Phys. Rev. B 104, 115119 (2021)
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Streamlined, robust and efficient screening of materials N

Quantum Physics
Documentation
A versatile python wrapper to T —
perform DFT + DMFT calculations
o . configini | =  read_config <= existing results
utilizing the TRIQS software library. /
csc_flow dmft_tools:
» solver
1  observables
 hb storage.
Y dft_managers  convergence
o mixer
Pl © manipulate_mu
postprocessing:
VASP QE * plot A(k.w)
* maxent

M. Merkel A. Carta
(ETHZ) (ETHZ)

S. Beck

A. Hampel

efeence manca for 3 vl funcions.

M. Merkel, A. Carta, SB and A. Hampel, J. Open Source Softw. 7(77), 4623 (2022)
beck@flatironinstitute.org
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Scattering rate and Brillouin zone integrals M INETITY

uuuuuuuuuuuuuu

i

Y(w, T 2 kgT)?
(W, T) o = ——[w” + (kpT)7]

1.5

2

310 3
3

0.0

-2 41 0 1 2

w (eV)

= scattering rate finite but possibly extremely small

= frequency dependence requires adaptivity for momentum integration

sbeck@flatironinstitute.org
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Automatic, high-order, adaptive Brillouin zone integration AN

eeeeeeeeeeeeeeeeeeeeee
uuuuuuuuuuuuuu

Task: compute local single-particle Green's function (i.e. DOS)

Gl = [ Pk Tr [(w— H(k) - 3(k,w)) "]

sbeck@flatironinstitute.org TRIQS summer school 2023



Automatic, high-order, adaptive Brillouin zone integration

Task: compute local single-particle Green's function (i.e. DOS)

Pk Tr [(w— H(k) - 3(k,w)) "]

Glw) = BZ

= Applications: self-consistency loops in DMFT and post-processing

sbeck@flatironinstitute.org TRIQS summer school 2023
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A

Automatic, high-order, adaptive Brillouin zone integration

Task: compute local single-particle Green's function (i.e. DOS)

Pk Tr [(w— H(k) - 3(k,w)) "]

Glw) = BZ

= Applications: self-consistency loops in DMFT and post-processing
= Setting: H (k) obtained from a Wannier Hamiltonian H(R), X(k,w) = in

‘/ E\A a8 <
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A

Automatic, high-order, adaptive Brillouin zone integration
Task: compute local single-particle Green's function (i.e. DOS)

Pk Tr [(w— H(k) - 3(k,w)) "]

Glw) = BZ

= Applications: self-consistency loops in DMFT and post-processing
= Setting: H (k) obtained from a Wannier Hamiltonian H(R), X(k,w) = in

= Goal: fully automatic, high-order and adaptive algorithm

A VAR VAR

sbeck@flatironinstitute.org TRIQS summer school 2023
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Wannier interpolation M A
f(a) f(k)
Onm (@) = (ting|O(a)|tmq)
1 .
w —iq-R (W
O (R) = N Y e RO (q)
q
O (k) = > ROV (R)
R
J. R. Yates, X. Wang, D. Vanderbilt, and I. Souza, Phys. Rev. B 75, 195121 (2007)
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Integration schemes applied to BZ integrals and their scalings S\ 2010

= periodic trapezoidal rule (PTR): O(n=3)
= iterated adaptive integration (IAl)!: O(log®(n™1))

//dk dky f (kg ky) /dk I(k Ig(kx):/dk'yf(kz,ky)

1J. Kaye, SB, A. Barnett, L. Van Mufioz, and O. Parcollet, arxiv:2211.12959 (2022)
sbeck@flatironinstitute.org TRIQS summer school 2023 45



Example: density of states

DOS of SrVOs3, three to, orbitals:

Alw) = —%ImG(w) T [(w — H(k) — in)‘l}

aaaaaaaaaaaaaa

™ BZ
OB n=2"
SN—
° q oL
g 10?
e
e 3
=2 w0 <
= i
= 1072
10
o : ‘
-2 -1 0 1
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Example: density of states q

\ uuuuuuuuuuuuuu
DOS of SrVOs3, three to, orbitals: ff
1 1 1
Alw) = ——ImG(w) = — =1 PPk Tr |(w— H(k) —i

(@) =~ ImG(w) = ——Im | &Kk Tr [(w — H(k) ~in) "] | P
104 77:‘272
) ¢ 6
.g 10%
3 3
% 100 <
Tﬁ 2+ 4
= 10_10-‘ 0 /\

2 -1 0 1

€
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Example: density of states q

\ uuuuuuuuuuuuuu
DOS of SrVOs3, three to, orbitals: ff
1 1 -1
A(w) = —=ImG(w) = ——1 PPk Tr |(w— H(k) —i

(@) =~ ImG(w) = ——Im | &Kk Tr [(w — H(k) ~in) "] | P
o 10t n=2"
) ¢ 6l
.g 10%
3 3
% 100 <
= il
g 10_10_: 0 - * * - * -

-2 1 0 1

€
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Example: density of states q

\ uuuuuuuuuuuuuu
DOS of SrVOs3, three to, orbitals: ff
1 1 -1
A(w) = —=ImG(w) = ——1 PPk Tr |(w— H(k) —i

(@) =~ ImG(w) = ——Im | &Kk Tr [(w — H(k) ~in) "] | P
10 n=27
) ¢ 6l
.g 10%
3 3
% 100 <
= il
g 10_10_: 0 e - * * 000 - 2 4 »

-2 1 0

€
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Example: density of states q

\ uuuuuuuuuuuuuu
DOS of SrVOs3, three to, orbitals: ff
1 1 -1
A(w) = —=ImG(w) = ——1 PPk Tr |(w— H(k) —i
(@) =~ ImG(w) = ——Im | &Kk Tr [(w — H(k) ~in) "] | P
> 10 n=2"°
) ¢ 6l
.g 10%
3 3
% 100 <
= il
g 10_10_: 0 - * * e
-2 1 0 1

€
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Example: density of states

DOS of SrVOs3, three to, orbitals:

Alw) = —%ImG(w) _ —%Im .

—
(=]
=

o

10?

Wall clock time (s)

sbeck@flatironinstitute.org

d3k Tr [(w — Hk)— in)_l}
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Summary \ INSTITUTE

Center for Computational
Quantum Physics

Density Functional Theory Downfolded Hamiltonian

2 ]
s
s N/ Pocy (k) = (Woak k)

=i, N

r M X rz AR Z

{ O

charge self- 7 i impurity solvers Hiin = — Z tij(C:'Tucjcy + cjucio')
consistency (id).o
Dynamical Mean-Field Theory
0.6
5 04
< 02

0.0
-3-2-101234
w (eV)

+ Hint x U
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More problems - more literature

T

>

>

pressure

sbeck@flatironinstitute.org
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double counting
more orbitals, more complex systems
screening

(real-frequency) impurity solvers and
analytic continuation

superconductivity
out of equilibrium

low-T', exotic states

Jiilich, Autumn School on Correlated Electrons www.cond-mat.de/events/correl.html
TRIQS summer school 2023
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