Beyond DFT: DMFT and its extensions
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what are correlated materials?

systems for which single-electron picture fails qualitatively
because atomic-like physics survives in the solid

PmiSmIEu

Coulomb mduced metal- msulator transmon
heavy-Fermions
unconventional superconductivity
spin-charge separation ,J JULICH
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representative Mott systems

single-band systems

magnetic phases & frustration

VO ' 04

two-band systems (eg)

HTSC

B. Keimer et al., Nature 179 (518), 2015
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orbital physics and orbital ordering

KCuFs;

LaMnOs
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metal

Hund’s metal

three-band f>y materials

insulator

orbitally ordered ~ Small masses
Higgs modes

insulator

spin-orbit Mott
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organization of the lecture

|. recap: the many-body problem
ll. Mott systems, Hubbard model and DMFT

Ill. DMFT for materials: DFT+DMFT

V. two paradigmatic examples
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PART 1

recap: the many-body problem
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the theory of nearly everything

Born-Oppenheimer approximation, non-relativistic

1
:"Zv2 erz—m‘Z\rz—R\

I'; electrons R, nuclei

A

He\Ija(rlyrQJ .. ~7rN) — anja(rlar% - . 7rN)

solution in four steps
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the many-body problem

A 1 split
a He = Z Alr:) [+ 2 Zu(r,,;, rir) Hamiltonian
single-electron two-electron

e h(r)a(r) = exthr(r) build single-eleqtron {1x(r)}

complete basis

T 0) build complete basis of (D (1))

Slater determinants

= EqV4(r1,r2,...,TN)

o, .. and diagonalize...
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bad news: the exact solution is not an option

Hilbert space of Slater determinants
grows exponentially (or faster)

eigenstates are typically combinations of
a very large number of Slater determinants!

example: 4 determinants per site, 4Ns

42=16 410~106  420~1012
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the non-interacting many-body problem

H, = Z h(r;)

single-electron

build single-electron £y, (r)}
complete basis

12 (r)}

all eigenstates are single Slater determinants!
size of Hilbert space irrelevant

E=) e, ) JOLICH

RRRRRRRRRRRRRRRR



good news: it would be anyway useless

On the other hand, the exact solution of a many-body
problem is really irrelevant since it includes a large
mass of information about the system which although
measurable in principle is never measured in practice.

[..] An incomplete description of the system is
considered to be sufficient if these measurable
quantities and their behavior are described correctly.

M = -

H.J. Lipkin

A

He\IjOz(rlar27 . .,I'N) — EOz\Ija(rlar27 s 7rN)

E. Pavarini and E. Koch, Autumn School on Correlated Electron 2013, Introduction
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the many-body problem: more is different

Born-Oppenheimer approximation, non-relativistic

. 1 Za
He _§Ei:V2+ Z\rz—rz _ZZ(;M-— Z\R R

1£1!

o

i=electrons Q. = nuclel

simple interactions among many particles
can lead to unexpected emergent co-operative behavior

Coulomb-induced metal-insulator transition

-_—

‘ Philip Warren Anderson SCIENCE ,J JUL'CH

4 August 1972, Volume 177, Number 4047 FORSCHUNGSZENTRUM



emergent energy scales

general theory & many parameters {P}

~

low energy: simpler model, effective elementary
entities and fewer effective parameters p

but p=p({P})
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what can be done then ?
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a way out:

1964

PHYSICAL REVIEW

VOLUME 136, NUMBER 3B

9 NOVEMEBR 1264

Inhomogeneous Electron Gas*

P, HoBENBERGT

Feole Normale Superienre, Paris, France

ANKD
W. Kouxi

Eole Normale Supericure, Paris, France and Faculté des Sciences, Orsay, France

and

University of California at San Diege, La Jolia, California
{Received 18 June 1964)

‘Fhis paper deals with the ground state of an interstinr Jastron mae i an avtamnal novantial o Te e

proved that there exists a universal functional of the ¢
pression E= Jo{r)x{r)dr+FLx(r) ]has as its minimun
z(r). The functional F{n(r)] is then discussed for
(2) n(t) = o(x/ro) with ¢ arbitrary and ro — . In bot
relation encrgy and linear and higher order electronic §
also sheds some light on generalized Thomas-Fermi ¢
these methods are presented.

INTRODUCTION
URING the last decade there has been considerable

1965

PHYSICAL REVIEW

VOLUME 140,

NUMBER 4A t5 NOVEMBER 1963

Self-Consistent Equations Including Exchange and Correlation Effects™

progress in understanding the properties of a
homeogeneous interacting electron gas.! The point of
view has been, in general, to regard the electrons as
similar to a collection of noninteracting particles
with the Important additional concept of collective
excilations.

On the other hand, there has been in existence since
the 1920°s a different approach, represented by the
Thomas-Fermi method?® and its refinements, in which
the electronic density #(r) plays a central role and in

W. Konw anp L. J. Sgam
Unidversity of Californio, San Dicge, La Jolla, Ceolifornia
(Received 21 June 1965)

From a theory of Hohenberg and Kohn, approximation methods for treating an inhomogeneous system
of interacting electrons are developed. These methods are exact for systems of slowly varying or high density.
For the ground state, they lead to sclf-consistent equations analogous to the Hartree and Hartree-Fock
equations, respectively. In these equations the exchange and correlation portions of the chemical potential
of a uniform electron gas appear as additional effective potentials. (The exchange portion of our effective
potential differs from that due to Slater by a factor of 2.} Electronic systems at finite temperatures and in
magnetic fields are also treated by similar methods. An appendix deals with a further correction for

which the system of electrons is pictured more like a
classical liquid. This appreach has been useful, up to
now, for simple though crude descriptions of inhome-
geneous systems like atoms and impuritics In metals.

Lately there have been also some important advances
along this second line of approach, such as the work of
Kompaneets and Pavlovskii? Kirzhnits* Lewis,® Barafl
and Borowilz,% Baraff,” and 1)uBois and Kivelson.? The
present paper represents a contribution in the same area.

1 1

systems with short-wavelength density oscillatiens.

I. INTRODUCTION

IN recenit years a great deal of atfention has been
given to the problem of a homogeneous gas of inter-
acting electrons and its properties have been established
with a considerable degree of confidence over a wide
range of densities. Of course, such a homogeneous gas
represents only a mathematical model, since in all real
systems (atoms, molecules, solids, etc.) the electronic
density is nonuniform.

It is then a matter of interest to see how properties
of the homogeneous gas can be utilized in theoretical

In Secs. IIT and IV, we describe the necessary modifi-
cations to deal with the finite-temperature properties
and with the spin paramagnetism of an inhomoegeneous
electron gas.

Of course, the simple methods which are here pro-
posed in general involve errors. These are of two general
origing!; a too rapid variation of density and, for finite
systems, boundary effects. Refinements aimed at re-
ducing the first type of error are briefly discussed in
Appendix II.

IT. THE GROIIND STATR



the standard model:. density-functional theory

A

He\Ijoz(rtha .. °7rN) — Ea\Ija(rlar27 . °7rN)

&

ng(r),  Eg[n(r)),

(in practice: LDA,GGA,...)
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1998: Nobel Prize in Chemistry to Walter Kohn

In my view DFT makes two kinds of contribution to the science of multi-
particle quantum systems, including problems of electronic structure of
molecules and of condensed matter:

The first is in the area of fundamental understanding. Theoretical chemists
and physicists, following the path of the Schroédmger equatlon have become
accustomed to think in a truncated Hilbert space of single particle orbitals. The
spectacular advances achieved in this way attest to the fruitfulness of this per-

spectlve However when hlgh accuracy 1srequ1rd SO anySlater deter—-

oe Alfﬁclt»FTrvides a complementars ”‘v'-' ectlve It focuses on
quantltles in the real, 3-dimensional coordinate space, pr1nc1pally on the
electron density n(7) of the groundstate. Other quantities of great interest

#) JOLICH
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but, how do we calculate the density?

Kohn-Sham auxiliary Hamiltonian

fLe:Z[——V2—I—erZ] Zh ;)

_|_. Ven (T) + g (T) + Vae(T)

exchange-correlation

o Za / n(r/)
on(r) = =30 2 [

a non-interacting problem
with the same electron density of
the original many-electron problem

Walter Kohn
Nobel Prize in Chemistry (1998)

RRRRRRRRRRRRRRRR



unexpected successes of DFT

Kohn-Sham band-structures work well as
approximated elementary excitations

KCUFs "
TE W3

: — AMEPHKAHCKOTO CEKTOPA
—@ ‘| o= VOUS SORTEZ
dh : \/ | DU SECTEUR AMERICAIN
AN s | _ 5 SEVERLASSEN DEN AMERI SETOR
| 2 I~ i
. 50—~
S -2 )
6 ' 6 — | —
° 4 r X P N

material trends, prediction #) JOLICH

FORSCHUNGSZENTRUM



remarkably, it works well in many cases!

- A

DOS

EF Energy EF
metal insulator
(e.g., Cu, Na) (e.g. diamond)
band patrtially filled band full
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why? mean-field-like model or Fermi-liquid theory

Ao =Y hir)H g S urr)

7

correct symmetry

average long-range Coulomb effect
very good ground-state density
sum rules

He ~ ) h(r;) Kohn Sham
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what are correlated materials?

systems for which the single-electron picture fails qualitatively
atomic-like physics survives in the solid

atomic-like = local Coulomb repulsion
#) JULICH

FORSCHUNGSZE



deep problems: Mott systems

single-electron picture:
band partially filled, it should be a metal

DOS

>

EF Energy

but experimentally there is an excitation gap

that can be explained by local electron-electron repulsion
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deep problems: Mott systems

KCu

energy (eV)
©® »® A DD O N DA O ®

Experiments: insulator. Above 40 K a paramagnetic insulator

#) JOLICH
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high-T¢ superconducting cuprates

CuO2 planes

AFI= antiferromagnetic insulator
Pl= paramagnetic insulator

PM= paramagnetic metal

PM

— 2 *
S
% /\ ? holes in CuO2 plane
> 0 = 2
s |77 N\
© zero holes
r X M r

#) JULICH
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why does the single-electron picture fails ?

DOS

EFr Energy

#) JULICH

FORSCHUNGSZENTRU



?

cuprates: tight-biding model

CuO:2 planes

o990

%

* @
9

@0

{otote
‘t‘t:E

J

Q@ o9

OCu ©

O
H gdzzcw Cio ZZC,IO_CZ-,G == stZc,ﬁacka + ZZekc,tack,a
(ii') © ko k

@
@
J

Kramers degeneracy:.
Fermi level in the center of band

2
/N
e
. N\
r x M r
e = —2t|cos ky + cos k|
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modify potential but keep symmetry

N
1.7 Ve A

¢ I X M r
L
@ o o o t't= =0.2 t'/h==0.4
@90+ 0+ 04+ 90
J J J @ _»° ok
s L /N / \
but since Kramers > — N S=
degeneracy stays  © .
we always have a metal.. . x M T XM r

“‘symmetry protected” J JU LICH
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to open a gap we must lower the symmetry

ferro mU=0 mU=2t
— 2 LA //\
=
> o N\ ////\\\
N NS
I X M rr X M I
antiferro mU=0 mU=0.5t
—~ 2
KX

1
N

r X M T X !}IJU”CIH

RRRRRRRRRRRRRRRR



high-T; superconducting cuprates

phase diagram

CuO2 planes

J J J @
@909+ 90+ 0+ 0
J 9 @ J

3

*+0 9034
o ototEE

_}

AFI|= antiferromagnetic insulator
Pl= paramagnetic insulator

Pl PM= paramagnetic metal

? holes in CuO2 plane

half filling
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high-T; superconducting cuprates

phase diagram

CuO2 planes
J J

Temperature, T (K)

300

200

100

B. Keimer et al., Nature 179 (518), 2015
T*
Ty Strange metal
(= Pseudogap
T'sc, onse t
= C, nset’ e
Charge T
— ) order
Spin
order 1
AF T Teow
i AN , onset \\ .
W ’ N Fermi
Tsow | SR ~ a8 liquid
‘ ‘T‘Ixu | | T\
A 0.1 A o2
pmi pc1 p 2 pma
Hole doping, p
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PART 2

Mott transition, Hubbard model and DMFT
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the paradigmatic model

00000
OeD00
90000
DO000
DOee

H — &d Sj S: C;racz'a —1 S: S: C;raci’a + U Z UZARUZN

(1/) @

Hubbard model

half filling

W/U=0:
insulator

metal
metal with heavy | |
quasiparticles iInsulator with
(large masses) increasing gap




effective masses

2 October, speed: 50 m ~ 30 seconds

#) )0LICH
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effective masses

Rosenmontag, speed: 50 m ~ 30 minutes

.. but also on a normal day if carrying a very big weight

N S S

(phOtO from Wlklpedla) FORSCHUNGSZENTRUM




the paradigmatic model

00000
OeD00
90000
DO000
DOee

H — &d Sj S: C;racz'a —1 S: S: C;raci’a + U Z UZARUZN

(1/) @

Hubbard model

half filling

W/U=0:
insulator

metal
metal with heavy | |
quasiparticles iInsulator with
(large masses) increasing gap




bad news: the exact solution is not an option

Hilbert space of Slater determinants
grows exponentially (or faster)

example: 4 determinants per site, 4Ns

42=16 410~106  420~1012

= Ti
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1989-1992: dynamical mean-field theory

Hubbard model
}AI — &d Z Z C;'racia —1 Z C’]L'LGC'L"J +U Z Tt Ty
i o { '

i) o 1

Gi,j

HLDA

Ui,’i

self-consistent
quantum-impurity model |

Gl=G"+Z
k-independent self-energy G =G

exact in the infinite coordination number limit
Metzner and Vollhardt, PRL 62, 324 (1989); Georges and Kotliar, PRB 45, 6479 (1992).

#) J0LICH
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how does it work?

example: Hubbard dimer

H=¢y Z Nig — t Z (cJ{JcQU + cgacla> +U Z it Tl

U U
t
half filling : N=2
1 2

this is a toy model: coordination number is one

all analytic results are in lecture notes of Autumn School

#) J0LICH
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@@ finite t: exact diagonalization

half filling (N=2)

2,5,5.)a E.(2,8) da(2,8)
2,0,0)1 =01]2,0,0)0 — (]2,0,0)1 +2,0,0)2)  2eq+ 5 + 5 (U +24(, 5)) 1
2,0,0), :L(|2oo>1—|200>) 2eq + U 1
3
1

A(t,U) = VU2 + 16¢2
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@®—® U=0: bonding and antibonding

change from site to k representation

T C2T) Er = &4 — tCOS(k)
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local Green function

Wn — W+ 10 Lehmann representation

1
Giioiva) = - $ e AEN)=aN)
nn’ N

(' N — 1]e;q|ndV)|°
wn — [En(N) — Ep (N — 1) — y

(W'N + e}, [nN)|?
Wy — [Ep (N +1) = Ep(N) —p] |

_l_

we need all N, N+1 and N-1 states

N= number of electrons



@@ finite t: exact diagonalization N=13

1,5,5)q Eo(1,5) du(1, )
1,1/2,0)4 = \/%( 1,1/2,0)1 — 1,1/2,0)2)  eq4+t 2
1,1/2,0)_ = V%( 1,1/2,0)1 +|1,1/2,0)2)  eq—t 2
3,5,5.)a E4(3) de (3, 9)
3,1/2,0)y = \%(1,1/2,0}14— 1,1/2,0)2) 3ea+ U+t 2
3,1/2,0)_ = %(1,1/2,@1— 1,1/2,0)2) 3eq+U—-t 2
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@®—® the local Green function

Wy — W+ 10 Lehmann representation

2
[(Lleo|2)]°

i 1 1—|—w(t,U) 1—w(t,U)
Galivn) = 4 (z’un — (Eo(2) — eqtt—p) " i — (Eo(2) = ca—t—p)

Bl 12))?
1 — w(t,U) 1+ w(t,U) )

o, - (— Eo(2) + U+3eq+t—p) T S — (— Eo(2) + U+3eq—t—p)
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" the exact local spectral function

U=0: peak missing!



@®—® the local Green function

Lehmann representation

k=0

d1*d0

14+ w(t,U)

k=nxn

1 —

w(t,U)

— (E0(2) —eatt—p)

k=0

— (Eo(2) —eq—t—p)

1 —w(t,U)

k=nx

1+ w(t,U)

?:Vn -

(— Eo(2) + U+3eq+t—p)

?:Vn -

(— Eo(2) + U+3e4—t—p) )
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@—@® self-energy: local and non-local

o ; 1 1
G11(ivy) = ) zk: vy, — (e + X (k,ivy) — p)

ex = €q — tcos(k)

Z 1 U U? iV +p—eq— Y
57 (ivn) = 5 ( 27 (m,ivn) + 270, i) ) = 2
l 7 (ivy) 2( (m,iv,) + (0, iv. )) 5 + 1 (iun+u—6d—%)2—(3t>2

AEZ ALY (ivn) = %(EJ(W,iMn) — 20(0,7;%)) - (f | 3t

(v + o —eq — £)% — (31)2

#) JULICH
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map to a quantum impurity model

the Anderson molecule

U U U
1 2 1 2
A @Z (C:rlgcsa + Cia%&;) + €4 Z?A?/dg + UTALdTﬁd

~ same local self-energy?

find value of es  solution: es=eqtU/2=p, "=t M) JULICH
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®—® DMFT for the Hubbard dimer

- U=4

AT, %0

JJL JLL




DMFT for the one-band Hubbard model

H=ci) ) CpCin—tY D) Clou, +UY nini
i o (1) © g

self-consistent
gquantum-impurity model



dynamical mean-field theory

I:I — &d Z Z C’:'racia —1 Z Z C'},'Laci’a +U Z NN
) o )

(ie/) @

U=0 1-
spectral weight transfer
W: band width 20, /
Bethe Lattice ; 0 narrow
c quasi-particle
U~WwW 2o peak
U>Uc

Hubbard bands
G. Kotliar and D. Vollhardt, Physics Today 57, 53 (2004) ,J J U LI C H
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dynamical mean-field theory

low frequency

U=0

Re3(w+i0T)=UR+(1-1/Z)w+ O(w?),
Im3(w+i0")=—Bw?>+ O0(w?).

0.5

0 -
UW=05

"

=

(o]
1

=
1

UW =12 >

@

DENSITY OF STATES
1

Im3(w+i0")=—mp,8(w) for wel[—Ag2,A,/2]

ReS(w+i0")— U= %—I—O(w).

: /*’
|//‘ Re2(w)

ENERGY

G. Kotliar and D. Vollhardt, Physics Today 57, 53 (2004)

#) J0LICH

A. Georges et al. RMP 63, 13 (1996) FORSCHUNGSZENTRUM



effective masses

U finite
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effective masses and lifetime

/ m* 1
weight Z<1 — 7
1

~ ZBuw?

ENERGY

\’ weight 1-Z

#) JULICH
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®—® \hyalocal Hubbard U?

20
- exact H |
B
O 10
£
, 1]
-5 0 5
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what about materials?

are there one-band systems?

(systems well described by one-band Hubbard model)

and how do we know?

the starting point: DFT band-structures
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high-T¢ superconducting cuprates

VOLUME 87, NUMBER 4 PHYSICAL REVIEW LETTERS 23 Jury 2001

Band-Structure Trend in Hole-Doped Cuprates and Correlation with 7' 4«

E. Pavarini, I. Dasgupta,* T. Saha-Dasgupta,” O. Jepsen, and O. K. Andersen

Max-Planck-Institut fiir Festkorperforschung, D-70506 Stuttgart, Germany
(Received 4 December 2000; published 10 July 2001)

By calculation and analysis of the bare conduction bands in a large number of hole-doped high-
temperature superconductors, we have identified the range of the intralayer hopping as the essential,
material-dependent parameter. It is controlled by the energy of the axial orbital, a hybrid between Cu 4s,
apical-oxygen 2p,, and farther orbitals. Materials with higher 7, nax have larger hopping ranges and

C O axial orbitals more localized in the CuO, layers.

TI2Ba2CuO6

#) J0LICH
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one-band systems: VOMoO4

Energy (eV)

A. Kiani and E. Pavarini, Phys. Rev. B 94, 075112 (2016) ' 4 JUL|CH
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correlated materials: not only W/U

orbital physics: interplay of spin,
orbital, charge, lattice degrees of KCu
freedom and correlations

=

energy (eV)
® »® A DD O N A O ™
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correlated materials: not only W/U

- -

SroRuOs  CasRuOs  SroRhOs  SralrOg
, Z‘_‘ !J, N\ .
=9

.‘; = b

89 (f2)° I@?
R 3
Q)—o- J | - }._J & :
. A%
metal insulator metal insulator
0.1 \/ k
orbital physics: interplay of spin, Y U
orbital, charge, lattice degrees of g"”"é A Xy| |
freedom and correlations o ? %




PART 3

DMFT for Materials: DFT+DMFT
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DMFT for materials (multi-orbital systems)

\ i,J
Ztabc Cb+ Z UIOC?;%) CTCT Cpr Cpy 2\* *t 7 *( v Cr
aa’bb’ ! ] £ %
—— DOWCIRARE s
: WOV U
SNIOVO® WO

realistic
self-consistent
quantum-impurity
(Ql) model

we need 1. minimal material-specific models
and 2. flexible and efficient solvers !) JULICH
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1. minimal models: DFT-based Wannier functions

week ending
VOLUME 92, NUMBER 17 PHYSICAL REVIEW LETTERS 30 APRIL 2004

Mott Transition and Suppression of Orbital Fluctuations in Orthorhombic 3d! Perovskites

E. Pavarini,' S. Biermann,2 A. Potery.':lev,3 AL Lichtenstein,3 A. Georges,2 and O. K. Andersen®

1

08 |

0.6 |

L | T~800K

04 r

DOS states/ev/spin/band

02 r

0
1

< 08
g J=0.64 eV ,
S YTiO3
z 067 U=5eV
>
2
g o04f :
£
o}
A o2t ;
0 1 1 . 1 1 1 1 1 . 1 1 1
4 3 2 -1 0 1 2 3 4 5 6 3 2 -1 0 1 2 3 4 5 6

E(eV) E(eV)

small crystal-field+hoppings play key role
A=200-300 meV #) j0LICH
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2. flexible and efficient solvers: our package

H= =5 Y self-energy matrix in spin-orbital space

mm/ Z’)’)’LO’ zmo

i’ mm’ o
S U Znianim i
m

1

+ Z (U = J500’)nimanim’a’

im#m/oo’

T T I
— |J Z (CmTCm’icm’Tcmi + CmTCmicm’Tcm’i)

m#=m/

DMFT and cDMFT

generalized quantum impurity solvers:
general HF QMC
general CT-INT QMC
general CT-HYB QMC

+ CT-HYB: A. Flesch, E. Gorelov, E. Koch and E. Pavarini
Phys. Rev. B 87, 195141 (2013)

+ CT-INT: E. Gorelov et al, PRL 104, 226410 (2010)

+ CT-INT+SO: G. Zhang, E. Gorelov, E. Sarvestani, and E. Pavarini,
Phys. Rev. Lett. 116, 106402 (2016)

signh problem: smart adapted basis choice

speed up

16384 T
5M —eo—
10M —o
20M —m— !
8192 .
4096
2048
1024 . . .
1024 2048 4096 8192 16384
# CPU
1 . : ;
TIO
o5
€
0 . . . O

20 30" . 407e/LBD-Lli604551 70,7580
T(K)
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build minimal material-specific models
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the many-body problem

1 1 1 Zq 1 ZaZa
QZV% +§Z |I'Z'—I'7;/‘ _;.; ‘I‘Z'—Ra‘ —|_§ Z/ ‘RQ—RO/

1 1#£1/ aF

electronic Hamiltonian in 2nd quantization

N 1 ;
— E tabclcb 5 g Uaa b’ cg C,1CpiCp
ab

aa’bb’
N 4

5
I

VO VO

A

Ho Hy

complete one-electron basis set! 0 JULICH
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the quantum many-body problem

H, 4 — E tabc};cb E Udsa' b’ c c! 2 Cp Cp
ab

aa’bb’

N N

Ho Hy

hopping integrals

Coulomb integrals J jULICH
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1. basis choice

In theory all basis are identical

Ztabc Cp + = Z Uaa b’ CT CT Cpi Cp

aa’bb’
N 4
WV NV

Ho Hy

In practice some bases are better than others

* DFT-based (Kohn-Sham) Wannier functions

Wannier functions: Fourier transform of Bloch states
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why Kohn-Sham Wannier functions ?

localized, orthogonal, span bands exactly

carry information on lattice and chemistry

E. Pavarini, A. Yamasaki, J. Nuss, O.K. Andersen, New. J. Phys 7, 188 (2005) ’ ’ JU LICH
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a price to pay: double-counting correction

E tabc cb+ E U.,a'bb c cb,cb

aa’bb’
N 4
WV WV

Ho Hy

Kohn-Sham Wannier orbitals

~

~ - 1 ~ N
H, = — E tab clcb + 5 E Udia' vy’ clcl,cb,cb — Hpc
ab aba’b’

\ . J/ A\ J/

#) JULICH
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a price to pay: double-counting correction

by == [ G () (= 52 + () )8 (r)

Z, n(r')
_ d :
S o

exchange-correlation
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2. divide electrons in light and heavy

TiO3 light= weakly correlated
Op

heavy= strongly correlated J JULICH
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which electrons are heavy?

KCuF3
8 S ~<
K 6-/ =
4-\/
é 0 —=— o ~—_ |
% ) ég
Fp ) % —
6 - ——
\ S
® r X P N

d/f shells at the Fermi level

typically bands from partially filled
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weakly-correlated or light electrons

Heg~S 'H, S ~ HgJDA
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strongly-correlated or heavy electrons

Hubbard-like approximation

E tap Cl cb+ E Usarby €l cb,cb — Hpc
aba/b’

H():Hé“DA AI{U

J/

.

PaN /\_1 PaN PaN PaN
Heg ~ S "H. S ~ Hiubbard—like

e ** M) )0LICH
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3. how much do we downfold?

KCuFs3
K KT SR
SN
Cu tog ji? -Z ; —
o
-8

&g &g




dowfolding level and Wannier orbitals

massive downfolding »




4. double-counting correction

=
||

A . 1
o T - local 1 .T local
g Lab CLCh 5 Uloca, Cy,Cpr Cpi Cp — H
ab

aba’b’
N _J
NV NV

I:IOZI:IGI;DA AI:IU

eq &g

for massive downfolding (e.g., one band)
= shift of chemical potential J JULICH
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massive downfolding: DC correction

around mean-field approximation
Hy =U  fithy
)

Hpc =U Z <7A17;Tni¢ + Ny — nnnu)
i

Nio :n/2
ﬁDC — gUZ (’IA%'T + Ny — g) — 5,LLN — const
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5. the Coulomb integrals: screening

Uty = / dr / drs ()

bare Coulomb integrals

¢a’ (r2)

1

r

" P (T2) Pb(T1




5. the Coulomb integrals: screening

Uaa’bb’ — /er/dr2 @(rl) ¢a’ (7“2)

bare Coulomb integrals

1

r

—— dv (T2) Pp(T1

however, screening effects

Ubare - U

screened

(approximate schemes: cLDA, cRPA)
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cRPA

Unariy — / dr, / drs Ba(r1) Bar(b2) W(r1 — T2) dor (r2) do(r1)

screened Coulomb integrals

U
W —
1—UP, r v
: Pr :
P = P; + P, polarization function . Pdi i A Er
: Pr
pP=pr’ .
r I
. B OCC unocc ‘}f’[/‘7 (r’ r/) f,Z; (r, r/) |
Po(r,r'w) __2; z]: (w—i—(sj—ei—ié) B w—(gj—gi—w)) / °

(figure from F. Aryasetiawan, correl18) 4 JU LICH
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tog Or egonly models, spherical Coulomb

E tabc cb+ E Uval by c ¢! . Cp ¢y — Hpc

aba/b’
o 4
"4 WV

A A A

HOZHé‘DA AI_IU
* Hund’s rule J

N 4
_ j \ j \ 1,1 1
H = v L a L s tm,m’ CimoCirm/ o

o 1#t mm/’

2 Lo
im 100
m#Z£m/
T ol
—J Z ( zmT zm¢ zm’T zm’¢ + szT imd 'Lm’¢ zm’T)
€ % oucn © m#Em/

derivation: www.cond-mat.de/events/correl11/manuscripts/pavarini.pdf ’J JUL'CH
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collecting everything together

heavy electrons: light electrons:
hoppings and Upae for DMFT ~ Kohn-Sham bands and screening

mu /D i
Hubbard model - -




charge self-consistency

1
SR e

EOC L(‘)"C T NO YES Jolly good show! Z(ivn)
E — “ e
0 o You converged G(ivy)

n(r)
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non-local effects: cluster extensions

in DMFT we can account for spatial
long-range correlations

but not for short-range correlations

cluster DMFT :1::10:3113
CCR

cluster in k space: DCA




does it work? yes! details matter

week ending
VOLUME 92, NUMBER 17 PHYSICAL REVIEW LETTERS 30 APRIL 2004

Mott Transition and Suppression of Orbital Fluctuations in Orthorhombic 3d! Perovskites

E. Pavarini,1 S. Biermann,2 A. Poteryaev,3 AL Lichtenstein,3 A. Georges,2 and O. K. Andersen®

DOS states/ev/spin/band

YTiO3

N\

4 3 2 a1 0 1 2 3 4 5 6 3 2 1 0 1 2 3 4 5 6
E(eV) E(eV)

small crystal-field+hoppings play key role
A=200-300 meV #) j0LICH
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what can we do so far?

spectral functions many orbitals low T

T103

= 0.5
=
0 s s .
4 20 30 40 50 60 70 80
o (eV) o (eV) T
correlated bands phase transitions susceptibilities
1 - - X

p (DMFT)

o (eV)
A D o N &

#) jOLICH
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what can we do so far?

orbital order Fermi surface spin-orbit

LDA+SO+DMFT
S-Pbca
cLDA

conductivity

SryRuO,
T=150 K 0.1

OF

#) J0LICH
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PART 4

two paradigmatic examples

(a) SroRuO4 and its family: modeling evolution and unifying picture
(b) origin of orbital ordering: two theories, same prediction

#) JULICH
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SroRuO4 and its family: what is the minimal model ?
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correlated materials: not only W/U
SroRuOs  CasRuOs  SroRhOs  SralrOg

:,WI

metal insulator insulator
orbital physics: interplay of N A
spin, orbital, charge, lattice s N i Nty N
degrees of freedom in the L —
presence of correlations =S va X

UUUUUUUUUUUU



many energy scales are similar

crystal-field xayz spin-orbit
splitting  xy ECF A coupling

screened
Coulomb U
repulsion

N filling 29"

d U=ny-sz/yz

Hunds rule J
coupling xy VH singularity 7

minimal model evolved with time ’J JUL'CH



SroRuQ4: Fermi surface riddle

o
—

VY,
. R
N - N\
S -0.11 XZ,yZ Xy | |
Lﬁ-o.z-‘é § ~
BT A
Z T M X r P N
Fermi
surface
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correlations do not improve agreement

experiments (grey map): A. Damascelli et al., Phys. Rev. Lett. 85, 5194 (2000)

LDA LDA+SO
SCF A
LDA+DMFT LDA+SO+DMFT
ECF

A 4

ecr +Aecr

~2eCF
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? a crucial mechanism is still missing ?

the bare Coulomb interaction is spherical 4U

but the screened interaction has the symmetry of the site

/
ecr +A\'ecF ~ ecF

G. Zhang, E. Gorelov, E. Sarvestani, and E. Pavarini, Phys. Rev. Lett. 116, 106402 (2016) 0 JULICH
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the SroRuO4 family: exploit complexity




RuOg4

37
XY,
*——4

;_,!: Mxy=>Mxz/yz
P

I 4% 4
RuO4

correlated metal

G A Y AP 4P
@ -/.‘4\4“3;- small gap insulator
N ‘f oV, gap

g&’@* xy-orbital order
;/u:\- dTO

2424343 Spin-orbit important
e only for magnetism

(t2g)*

RhO. (t2g)"
“@1

weakly correlated metal

= only 2-bands
74} ‘,'é{  xzlyz at Fermi surface
T s as

spin-orbit Mott insulator
small gap

j=1/2 orbital order
only 1-band half-fillled



can we build a unifying picture?
yes!

ecrchanges natural occupations
build map of CF (ecr) effects!

ECF A

PHYSICAL REVIEW LETTERS 132, 236505 (2024)

Map of Crystal-Field Effects in Correlated Layered 7, Perovskites

1,23 4

Neda Samzmi,1 Guoren Zhang®, and Eva Pavarini"
'Institute for Advanced Simulation, Forschungszentrum Jiilich, 52425 Jiilich, Germany
ZSchool of Physics and Technology, Nantong University, Nantong 226019, People’s Republic of China
3Key Laboratory of Materials Physics, Institute of Solid State Physics, HFIPS, Chinese Academy of Sciences,
Hefei 230031, People’s Republic of China
*JARA High-Performance Computing, Forschungszentrum Jiilich, Germany

(natural orbitals=eigenvalues of occupation matrix) 0 JULICH
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ecrchanges natural occupations

A = ()  natural orbitals=xy,xz/yz

t2gn

E 1?:: (S }}eﬂg}p :

- X

c.lox > 1n=3 L a
%0 i n=

N -
w>< o5 XXX 1&0}' iLDA n_
S -1 _}’/2 £ |

0 025 0.5 0.75 10

N n)fy n)(($z=ngz
CF splitting N=Nyy+2Nxz/y:
XZ,yZ
e
I CF crosses: U=0

X
Y closed symbols: finite U 0 JULICH
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map of crystal-field splitting: effective masses

n=
n=—

Exzlyz Exy (eV)

€cF=

_n=

N=

® <
o
o
o d
o/ e @
| oQ/o
O:)o °
0 p°
O(‘
Poo :
;

—
T

At A

L

XLDA
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| o X
% %X
XX
X
X
£
/
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o)

nxy
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10

0.25
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c_0C
Nyz=Nyz

moderate (realistic) U,J, fixed U/W

m™ diverges:
in tor

m=*=1: not
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switch on moderate spin-orbit coupling

A as in SroRuOQ; (4d)

m

| 0.5/

SryRuO, T
]
LN
1 L . Qa.zF.‘UDQ4
0 0.5 0.5 10 0.5 1
na Np ng

'."v'~

- O

(

O

-0.50 0.5

ecr (eV)
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what is the origin of orbital ordering in materials ?

two theories, same experimental results
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spontaneous ordering of orbitals

Crystal structure and magnetic properties
of substances with orbital degeneracy

K. I. Kugel’ and D. I. Khomski{

P. N. Lebedev Physics Institute

{(Submitted November 13, 1972)

Zh. Eksp. Teor. Fiz. 64, 1429-1439 (April 1973)

Exchange interaction in magnetic substances containing ions with orbital degeneracy is

considered. It is shown that, among with spin ordering, superexchange also results in

cooperative ordering of Jahn-Teller ion orbitals, which, generally speaking, occurs at a C u 3
higher temperature and is accompanied by distortion of the lattice (which is a secondary

effect here). Concrete studies are performed for substances with a perovskite structure

(KCuF;, LaMnQO;, MnF;). The effective spin Hamiltonian is obtained for these substances

and the properties of the ground state are investigated. The orbital and magnetic struc- M :

tures obtained in this way without taking into account interaction with the lattice are in
accord with the structures observed experimentally. The approach employed also permits
one to explain the strong anisotropy of the magnetic properties of these compounds and to
obtain a reasonable estimate for the critical temperatures.

HSE = JssS; - Sy + JooO,;0; + Jso(O O,/)(S S,/)

#) J0LICH
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the secondary effect

co-operative Jahn-Teller-like distortion

KCu LaMnOs;




orbital ordering and orbital physics

[PDF1 4 Metal-Insulator Transition and Orbital Order in ... - arXiv...

orbital
of the ...

erin ...

i pocket, the

Electronic reconstruction at
an interface between a Mott
insulator and a band i

PRL 99, DCTOBER 2007
Satoshi Okamoto & Andrew J. Millis etal oxides

ety -
tlich, Germany). Orbital
fles, and yet its.

es of spin anc

Department of Physics, Columbia University 538
New York 10027, USA

Surface science is an important and w dy - ScienceDirect
materials science involving the study F N

ngular lattice system
Pueen et al. [Phys.

tion-metal ...
|

resonant X-ray scattering techniques in which the 3d orbital order is detected by its

affoct on ovcitad A0 A [2 ho o for arhi ardarino b hoon

Ie'érf‘o'e‘lec'tricity driven by orbital order

The discovery that the rotation of the orbital arrangement in manganites induces
ferroelectricity exposes an intriguing phase transition that could serve as a
blueprint for novel applications.

BERNHARD KEIMER
s at the Max Planck Institute for Solid State Research,
Heisenbergstr. 1, 70569 Stuttgart, Germany

e-mail: B Keimer@fkf.mpg.de

since the 19505, when the newly developed

technique of neutron diffraction was used to
show that the compound La, ,Ca,MnO; exhibits arich  Figure 1 Possible arrangements of M d-orbitals on a square lattice. The patterns are
variety of structural and magnetic phases as the Ca two-dimensional versions of orbitally ordered states actually observed in manganese oxides.

T isition metal oxides have fascinated scientists.

concentration is tuned'. The fascination has increased  The corresponding magnefic states are indicated by yellow arrows.
in the wake of the discovery of high-temperature
superconductivity in a chemically similar compound,




but there is the Jahn-Teller theorem

Crystal Distortion in Magnetic Compounds

Juxjiro Kanamorr*
Institute for the Study of Melals, University of Chicago, Chicago 37, Hlinois

The crystal distortion which arises from the Jahn-Teller effect is discussed in several examples. In the
case of compounds containing Cu®* or Mn#" at octahedral sites, the lowest orbital level of these ions is
doubly degenerate in the undistorted structure, and there is no spin-orbit coupling in this level. It is shown
that, introducing a fictitious spin to specify the degenerate orbital states, we can discuss the problem by
analogy with the magnetic problems, The “ferromagnetic’” and “‘antiferromagnetic” distortions are dis-
cussed in detail. The transition from the distorted to the undistorted structure is of the first kind for the
former and of the second kind for the latter. Higher approximations are discussed briefly. In compounds like
Fe0, Co0, and CuCr;0, the lowest orbital level is triply degenerate, and the spin-orbit coupling is present
in this level, In this case the distortion is dependent on the magnitude of the spin-orbit coupling relative
to the strength of the Jahn-Teller effect term. The distortion at absolute zero temperature and its tempera-
ture dependence are discussed.

Eo+A/2

Acr eq States
Eo-A2 —

0 0
|0) = sin §|322 — 1) + cos §|x2 — y2>
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are there true Kugel-
Khomskii materials ?

a chicken-and-egg problem




solution of chicken and egg problem

week ending

PRL 101, 266405 (2008) PHYSICAL REVIEW LETTERS 31 DECEMBER 2008

Mechanism for Orbital Ordering in KCuFj;

E. Pavarini,' E. Koch,1 and A. 1. Lichtenstein?

Ynstitut fiir Festkorperforschung and Institute for Advanced Simulation, Forschungzentrum Jiilich, 52425 Jiilich, Germany
2Institute of Theoretical Physics, University of Hamburg, Jungiusstrasse 9, 20355 Hamburg, Germany
(Received 18 August 2008; published 31 December 2008)

R 1
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8=0.4% 0
Is , !
» = =
S 72— 2 r _~ -
A Z I XP NZ T XP N

to single out KK effects:

(i) progressively reduce distortion (hence CF splitting)
(i1) calculate order parameter vs temperature

#) JOLICH
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KK SE large but not sufficient alone

GLJ 1 > > 1
e
D
E ~~
= C \
a 8 !
L \‘\
) Yoe
2 Ll
@) e 0 R ) S
0 50* 1000
Tkk
Tkk
Phys. Rev. Lett. 101, 266405 (2008) Phys. Rev. Lett. 104, 086402 (2010)
Tkk~350 K « Too~ 1400 K Tkk~600 K « Too~ 1200 K
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VO3, t242 : @ unique series

ek endi
PRL 99, 156401 (2007) PHYSICAL REVIEW LETTERS 12 OCTOBER 2007

Superexchange Interaction in Orbitally Fluctuating RVO;

J.-S. Zhou and J. B. Goodenough
Texas Materials Institute, University of Texas at Austin, Austin, Texas 78712, USA

J.-Q. Yan
Ames Laboratory, Ames, lowa 50011, USA

Y. Ren

Advanced Photon Source, Argonne National Laboratory, Argonne, Illinois 60439, USA
(Received 18 May 2007; published 8 October 2007)
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multipolar super-exchange expansion

> > > >‘Aqu pisav a~ripliav
SE_ ’r,ufr’,u’Tj

r. orbital rank g:spin rank

orbital multipolar (r+r’>1)

Hel = He, '{;‘o‘cﬂﬁszsj + ﬁsisjoioj
spin monopolar (g=q’'=0)

SiSj term main contribution to Tn! #) JULICH

PRB 102, 035113 (2020); PRB 106, 115110 (2022); PRL 135, 026508 (2025)



VO3 : a true Kugel-Khomskii system

PRL 135, 026508 (2025)

Too>>Tkk </ =1onic radius Too~Tkk
—
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V: conclusions
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DFT+DMFT

dimer strong-correlations are local
OO0 -0 ®-O i O-0-0-0
one band

DFT+U vs DFT+DMFT

Hartree-Fock DMFT

A )0LICH
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DFT+DMFT

basis choice light & heavy electrons

downfolding, localization,
double counting & screening
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