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Correlated electron
® huge resistivity changeslqéqza.-te rl a | S

® colossal magnetoresistance (La;,Sr,MnQOs, ...)

® high-Tc superconductivity (YBCO, ...) ®
CuO, plane

® novel phenomena at surfaces/interfaces (LaTiO5 /SrTiO5

)

Potential for technological applications

® sensors, switches,... —————————

® spintronics
® high-T. superconductors

® photovolatics




Correlated electron
® huge resistivity chanqm\azte r| a | S

® colossal magnetoresistance (La; ,Sr,MnOs, ...)
® high-Tc superconductivity (YBCO, ...)

®* novel phenomena at surfaces/interfaces (LaTiO; /
SrTiO5, ...)

Potential for technological applications
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e Kondo effect:




Nanosystems and electronlc

1 .\.;;,
correlations ¥
¢ Atomically thin materials
e Clusters and art|f|C|aIIy TM clusters on graphene, Cu (111) and Cu®
mye
created nanosystems on =

t path
surfaces umentpathey

® Nanoscopic “Mott
systems”

Co,-complex junction
S. Wagner et al., Nature Nanotech. (2013).

Material specific theoretical approaches for

I correlated materials?




c.f Nobel Lecture: K. S. Novoselov C
Rev. Mod. Phys. 83, 837 (2011) %

Flexibility of wave function = large number M of
single particle states ¢, required

Dimension of Fock space: 2M

|
Dimension of /N particle subspacd: M — Wik
N NI(M — N)!



Density functional theory
P. Hohenberg and W. Kohn (1964)

W. Kohn and L. Sham (1965)

For |GS> use density n(r) instead of ¥(r;,r,,...,ry)

Universal Functional:




DFT Kohn Sham Theory

N
Density: n(F) = [i(M)]?
Energy functional: Eln] = Tsn] + Vu[n] +/

2 (hr',w) = Veu(r)

ective potential: Vers(T) = Veur(7) + € /dr

= z.-.
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Correlated electrons: The Hubbard

model
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A.Georges, G.Kotliar, W.Krauth and M.Rozenberg, Rev. Mod. Phys. ‘96



The DFT++ approach

DFT/LDA Model Hamiltonians

+  material specific: “ab initio” | — input parameters unknown: unrealistic
— fails for strong correlations +  systematic many-body approach

t U
R TE -
/ /@/
e

Material-specific input Electronic correlations
Density functional theory > Many-body theory
(LDA/GGA) or GW

Slide from D. Vollhardt

1 . Anisimov et al., J. Phys. Condes. Matter (1997)




Outline

®* Correlated subspaces and projectors
® Quantum impurity problems
® Projector formalism in LDA+DMFT

® |Interaction terms: Hubbard U and beyond

® The constrained random phase approximation
® Non-local Coulomb interactions

®* Double counting and charge self-consistency




Correlated subspaces and
DFT++ Hamiltonian H = Zekclgr@j[@@@lpgr% > Unewndbydl dirdyor
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Hyg Hpc Hy

Bloch space W = span{|k)}

Correlated subspace C = span{|m)}
(a) SrvVO, (b) NiO

dimW = dimC = 3 e —dimW = 8
O P dimC =5
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Magnetic impurity systems
H:Zekc};ck—uDCZdL}der% Z Um,,,mmdindin,dmudmm
(k[m) # 0

Anderson impurity model |
Hapvy = Zekc cg, + Z Vkmczdm + h.c.)

2 e — )] i 45 S Uyl

m...m’

Effective Iocal action
B B B
Se(d*, d) = — /0 dr /0 a7 3" 5y (1) (G (7 = 7))t () + /O dr Hy (d*, d)(7)




Magnetic impurity systems

H = Z €xClcr — ppe Z d d,, + - Z Upnoorrr d db dyyrr o

(klm) # 0
Anderson impurity model
Hamvg = Zekc ci, + Z Vkmczdm + h.c.)

2 e — )] i 45 S Uyl

m...m’

Action
San (¢, e, dx, d) = /dTZ 7). (T +Zd* )+ Hana(c*, e, d*, d)(1)

- Effective local act|on



Magnetic impurity systems
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YW anted

Projection onto Correlated Subspace

g() (an) — 7DCGKS(iwn)7jc

PC—Z\m (m]

~

/

Effective local action

,d)(7)

B
Sest(d*,d) = / dT/ dr’ Z dy. dm/(T’)—l—/ drHy(d*
0
Noninteracting impurity GF Kohn Sham GF:
(m|k)(k|m') ) (K|

gO (iwn)mm’ . Z
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iwn_l_,u_ek:



DFT++ implementation

|dea: Use of projections of DFT wave functiods onto
localized orbitalgL) to obtain hybridization functions

Local Green function

Geew)= ) IL)

K,L,L'

(LK) (KL

Ll
w—l—i0+—eK< |

Projector augmented wave basis
1K) = |K) + 3,16 — 16:)) (5:] K)
L) = |9i)

(LIK) = 3, (Llgw) (B | K)

ion with VASP code

PRB 77, 205



Transition Metal Adatoms on

Photoemission spectroscopA%(st]-pQQas theory

Experiment Theory

@, CMn — (b)

DOS (arb. u.)

Intensity (arb. u.)




Projector formalism in LDA
+DMFT

_



—— DFT part

R

VKS = Vext r VH aF IA/xc

from charge density p(r) construct

[—VTQ + VKS] Ukv) = €kv|Vro)

A

||
— p update

p(r) = pxs(r) + Ap(r)
(Appendix A)

compute new chemical potential p

A

LDA+DMFT

_ Z ekCLCk; — UpDC Z dL’de’m

k R,m

1
Y Ut e

—— DMFT preludel——

- " -1
{IXpm)} | _® build  Gis = [z‘wn +u+ 2 VKS]

construct initial ng

FEEEEEEERN IL
F Lechermann et al. PRB 2006

DMFT loop

ol =Gpe +%; >mp

imp
. 1 .
self-consistency condition: construct Gioe

A n n o A t A
Gioo = PP [Gid = (Bimp — 2ac)| B




DMFT loop

I_'-_l

gO - Gl:)c + Elmp - - G;np

‘ self-consistency condition: construct G’loc \
-1

G = P9 [e5t— (S 5]

ILDA+DMFT

Matrix representations of Green functions

Bloch basis

Gaa' (k, z'wn) o

Correlated s

Glﬁc (z'wn ) mm’

KS eigenstates | k>
3. Projections <Rm|B, >




Example: SrVO;

(b) (c)

///\:\/ -
LWW —dimC =3 —dimW =14




Example: SrVO,

SN X
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Interaction terms:
Hubbard U and beyond

H = Yade—uno Y dy e
k R,m

1
T T
T 5 Z Un...m dR,de,m/ dR,m” dR,m//'

/177
R,m...m

62

U, .m - (Rm|(Rm/| IRm")|Rm™)

r—r’

‘action local and restricted to coiii|“—



A gedanken expenment

_) o full model
H/—* ‘ @ energy gain U—-V

— @ effective model
Hq . * * @ energy gain U*

ted subspace but all electrons provide screeni

DFT++ Hamiltonian includes only local interactions within

—U-V



The constrained random
phase approxma’uon (CRPA)

(a) B W

/.
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P Hansmann et -20

F Aryasetiawan et a., PRB 74, 125106
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Interactions
Example: Graphene




materials

Magnetism Renormalized Fermi velocity
'3:) 0.02 3t
© 04 L 0.01
% ¢ = 2.4.10" g" —
© ' 00088 . . . »
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Q o02f HIT (kOe/K) .
, p 2
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L]
0.0 ! . . L L >!Ll .................................
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defect concentration, x10'%/g (c) . . ‘ ‘ |
Defect induced magnetism in -40 -20 0010 20.2 40 60
graphene. Magnetic moment per n (10 em”)
vacancy.

Elias et al., Nature Phys. 7, 701 (2011)
Nair et al. Nature Phys. 8, 199

Symrﬁg’l@ broken ground states in multilayer graphene

T ¢ T ¢ b J. Velasco Jr et al., Nature Nanotech. 7, 156
A | | 4 (2012).

(I 4 v |

AHI QSH

B. Feldman et al., Nature Physics 5, 893
(2009).

— . R. T. Weitz, et al., Scie
E, (mV/nm) 25 -4



ow to model Coulomb interactions?

Renormalized Fermi velocity Magnetism

. tz] Cw'CJO' + U n@Tn’LJ«
o 0.02
H=v¢(p- o) E i.j.0
AP § oty &oo =
Dy —onetp § | feb
A ( ) me /p i 10 20 30
g o2 . Hrr<k<;e/l<> U~t~3eV
1]
=il t--- --------------
0.0 _* i.- o
0 2 4 6 8
defect concentration, x10'%/g
Kotov et al.,Rev. Mod. Phys. 84, 1067 (2012). Yazyev, Rep. Frog. Phys. 73

: : 056501 (2010).
Symmetry broken ground states in multilayer graphene (2010)

A | A | b
I / [ 4 Z tmcwcw + UZ NipNiy + = Z VijNioNjor
‘ | | ‘ z j o 1¢J
I 4 v |
AHI QsH
A A AlA| Hyd rocarbons: PPP TasLE II. Integrals over atomic orbitals (ev).
- YIv  model
# lv Integrals R (iIn 4) Valueb Moleculed
LAF QVH
(11{1)ec 0.00  10.53 all
\ (11)22)ce 1.35 7.38 ethylene
~ R. Pariser and R. G. Parr, J. Chem. Phys. 1.39 7.30 Bz, Py, Pz, Pm

A6 ¢B, tB

146 7
1.953). 5. Bz, Py, Pz, Pm, T

S e 241




COUIVITTD 1H1telhdCuullio 111

graphene
Graphene Graphite

Bare cRPA Bare cRPA

é()O‘B (eV) 17.0 9.3 17.5, 17.7 8.0, 8.1

U{)‘z‘" B (eV) 5.4 4.1 54,54 24,24
U()3 (eV) 47 36 ( 09
a8

TW et al., PRL 106, 236805 (2011) .
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/t, At

sp

Ag(K)/t

A

mg 1 0.2

- 0.1

u/t 00 v/t ' ok
Honerkamp, PRL 100, 146404 (2008) Z. Y. Meng et al., Nature 464, 847-851 (2010)



Optimal local Hubbard model
for graphene

extended Hubbard model

Hiull = Z Ljj CIOCJO' + UZ Nit N + = Z VU NigNjo’
ij.o

O'O'

effective strictly local Hubbard model

Heff = Z tUClaCJU +U” Z njt+Nj|,

iJj,o

U*=?



~elerls-Feynman-Bogoluibov
variational principle

Choose U* such that density matrix of effective system
approximates density matrix of original system as
close as possible

Vary the functional ®[p*] w.r.t. U*
$lp"] = " + (H—H")* > B[]
@ ®* is the free energy of the eff. system
@ (---)* means expectation value w.r.t. the eff. system

effective local interaction (for translational
invariant systems)

M. Schiler, TW et al., PRL 111, 036601 (20



Non local density correlation
functions

e Calculations within DOQMC (Quest code)




Renormalized local interactions

Benzene

Silicene
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Z. Y. Meng et al., Nature 464, 847-851 (201

Effective local interaction U* reduced by the non-local interactions
Dirac semimetal phase stabilized against the AFM phase

M. Schiler, TW et al., PRL 111, 036601 (201



A gedanken expenment

o full model
. @ energy gain U—V

;: @ equivalent for U* = U -V

@ effective model
. @ energy gain U*

effective local interaction (for translational
invariant systems)




Model Hamiltonians
from first principles

H = Z GkC;JLCk — UDC Z di{,de,m

3T Ul i

/177
R,m...m

Remaining issues:
* Double counting ppc
« Charge self-consistency




Double counting problem

H = > ecler—ppe Y dh .drm
k R,m

1
E T T
—|_§ Um...m’” dR,de,m/ dR7m” dR7m”/

/17
R,m..m

® |nteraction “U” added

e Kohn Sham eigenvalues ¢, already include some
interaction contribution

® For LDA or GGA xc-functionals not clear which part of
exchange and correlation contribution to g, corresponds
to added interaction “U”

® Nonlinearity of xc-functionals like LDA or GGA
® No diagrammatic representation of LDA or GGA




Empirical schemes to fix ppe

® Assumption on how xc-functional includes xc-
effects or quantities it describes correctly

® Correct charge by LDA, GGA:

Tr G, (iwy,) = Tr G2 (iw,,).

® Correct static mean field components of self-energy
in LDA

Re Tr (2, (iwy)) = 0.

® Correct self-energy at Fermi level in LDA

ReTr (X7,(i21/B)) = 0.




Empirical schemes to fix ppe

® Around mean field:

® | DA eigenvalues include xc-effects in spherically /
orbitally averaged manner

AMF ZUmmn n Z — Ty )1°

m’ . m'#Fm

® Fully localized limit

e | DA / GGA total energies fine for purely integer
occupancies

chLL - U(Nimp 1/2) T ']( imp ~ 1/2)

> ST




Example: NiO

(a) (b)
O — | ppe=21.0eV Upe=25.0eV

Nlt29

Ni e,
8 8
: :
S ‘S
£ <
S =
8 o

142
1415
141
14.05
14
13.95
139

13.85

13.8

» Fully diagrammatic schemes: GW+DMFT
Charge-self-consistency




Charge self-consistent LDA
*‘ e DMFT prelude

[—VTQ + V}(s] |k ) = Ekulwku> ‘
A ’ DMFT loop

— DFT part | —

-1

from charge density p(r) construct : build Gks = [iwn o+ sz _ VKS]
VKS = cht 2l VH Ar ch n

~ impurity solver

~—— p update | — .

<G'mp (T - T') = (T dppo(1)dl, 0 (T '))S.m., >
compute new chemical potential p R

p(r) = prs(r) + Ap(r)

) Qo Cl + Elm XA:imp - GO Cl_mp
(Appendix A) oc P : o
b 7 »> (TYiIIII)(IW‘n) (HC(IWH)
‘ self-consistency condition: construct Gloc
o A _ p©) [Aa=1_ (3 = \]7! p©
FEEEEEEER o Gloc = Pp [GKS B (Zi"‘p B ch)] Pr
F. Lechermann et al. PRB 2006 -

Charge redistribution due to many body par(t 5 Z (r|Bxa)Gaa (K, iwn){Bka |T).

k,a,a’ ,n

,Bare“ part of DFT++ Hamiltonian includes interactions: Hartree and xc potenti
Hartree terms within DFT++ charge self-consistency counteract charge redistribu
Scheme less sensitive to double counting correction?



Example: LaFeAsO

0

A e—o FLL nonSC
0,1\ *— AMF nonSC
o FLL SC
= AMF SC

Xy

ImX (iw) (eV)

o (eV)
[Aichhorn et al., PRB (2011)]




Conclusions

=3 acles —nne Y dydn + - 3 Ul
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® Number of adjustable parameters in H can be
significantly reduced by deriving them from first
principles — (almost) ,,ab-initio” studies of
correlated materials

¢ Useful tools
® Projectors
® cRPA approach

® |ssues
® Double counting
Non-local interactions

*—-b_‘.._; :




