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Functional approach: from DFT to DMFT
Local correlations: DMFT and beyond
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Spectral function: Correlations effects

Free electrons
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Computational Material Science

e Starting from
Schrodinger?

e Kohn Density
Functional Theory
(DFT) of
Inhomogeneous
electron gas in solids

e Strongly correlated
electron systems ?
Dynamical Mean-Field

Theory (DMFT)



The Theory of Everything

Hamiltonian for multi-fermionic system in field-operators:

Atomic Units: h=m=e¢=1

Coilomb interaction:

Second quantisation operators in orthonormal basis:

n = (imo)

Wannier Basis: ¢, (r) with site, orbital andspins quantum numbers



OM-Alphabet
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Path Integrals for Fermions

Short introduction from Alexei Kamenev
“Field Theory of Non-Equilibrium Systems” (Cambridge, 2011)

Fermions second-quantization operators (Pauli principle)

c;|0) = 0 ccln) = nln)
& 1) = 0) & =0
10y = 1) )P = 0
1) = 0 {e,e}y = 1
Algebra of Grassmann anti-commuting numbers: (&) — (¢, c)
Cicj = —CjC;
2 =0

f(fj = fo+ fic
f(c,¢) = foo+ fioc + forc+ fuic’c

Grassmann numbers anticommute with fermionic operators

fe.¢y = {e,ct} =0



Grassmann calculus

Differentiation: Jei =4,
OCJ J
({_)
N.B. order: L )
—C1C) = —C
8(’12 102 L
Fxample: f(c*,¢) = foo+ fioc™ + forc+ fricte
o, . 9, . o,
; — C .C s - — C = — = ——-
dc* (")cf( ) dc* (for = fuc) n Oc Jc*

Integration: (equivalent to differetition)

—
p—
=
O
|
-

/ca’c: — ] /...((, I

f(c* e



Coherent State

Eigenstate of annihilation operator
cley = clo)
Diefinition of coherent states
o) = N0y = (1—cc)[0) = [0) — c]1)

Proof

2le) = 2(0) —e|1) = ~2cl1) = cfo) = |0

Left Coherent State: ¢* is just another Grassman number

(NOT a complex conjugate)
(cleT = (|

(e = (0™ = (0] (1 —2c) = <|<|ﬁ
(clect = (0] = (1]|c")c™ == 1| e = (0] c* = {c|c



Unity operator in coherent states
Overlap of Coherent States (non-orthogonal)

(c*e) = ((0] = (1| ) (J0) = c|1) =1+ cFe=e"¢

Resolution of Unity

1 = / / dc*dee™ ¢ ) (]

Proof

//(10*(1ce—c*c|c> (] = //dC*dC(l—c*c)(|O>—c|1>)(<0|_<1|(ﬁ*)
B —//dC*dCC*C(IO> (O] + (1) (1]) =1



Trace of Fermionic Operators

Matrix elements of normally ordered operators

——~
(| H(f+ c)le)y =H(c*, ¢){(c*|c) = H(c" c)e® €

Trace-formula

T (5) Z n|0|,; Z //(1( dee™® < ‘O‘”> —

n=0,1 n=0,1

— //([( (1(6_00 (l()|n //(1( ([(6_cc (|()| >
n= 01

"Minus" due to commutation Left and Right coherent state

ctc = —cc®

|—c) = [0) + ¢ |1)



Partition Function in Path Integral

Partition Function
7 = Tre BH=uN)
Using Trace Formula
z= | / H deide]) e Xim et {ge] e P A1) |
0

Discretize |0, 5] 1nterva1 with N-points 6 = /N 1+
0 i-1 |

z= | H e des] e~ o0 et ecin) 4 H(CE o) -V (e i)
0=¢N) 3

Continuous time limit with BC:  ¢(0) = &¢() ¢ = —1 for fermions

Z = /D ¢*c] e 5l

Slc*, ] = /OB dr|c*0,c+ H(c",c) — uN(c*, c)]



Gaussian Path Integrals
Only one analytical path integral:

N N

N *AN[. .~ N * T. * I wrr—1 7
ZJ T = //H dc;de;] e~ L= G Miaeit YL [T ot (M| e~ i =1 T M s
i=1

Short notation

[ Dlee]emMe = det M

Proof - "“det‘’: expand the exponent only N-th oder is non-zero

N (— ZAT C')f .\‘[ - ) ]\r . .
o™ D1 O Miges _ 1,j=1"1"""1"] Permutations of ¢jand c; gives det A/

N

Examples:

N=1 / D [¢*¢] et = / D [c*c] (—ct Myycy) = Myy = det M
N=2 /D [C*C] e—CTM]_lCl—CTMlgCQ—C§M21C1—C§M2202 _

1
5 / D [C*C] (—CTMHCl — CTMlQCQ — C;Mglcl — C;M2202)2 =
M1 Mg — Mo My = det M



Correlation Function: U=0

Change of variables

Using: ¢ Mc—c"j—j7c= (c — J*M —1) M (c — Mt J) — MYy

Single-particle correlation function:

1 6Z[J*, ]
wCE)y = — o= M1
() Z10,0] 6.J;0.07 =0

Two-particle correlation function:

1 0Z | J*. J] —137-1 —177-1
LCACLCT) = — —o=M;"M:7" — M " M:
(cicjcrar) Z10,0] 8518 Jx0.T55.J; | 7=0 il Yk ik 4l




Path Inte

Euclidean action

8

ral for Everythin

One- and two-electron matrix elements:

Shot notation:

g




One- and Two-particle Green Functions
One-particle Green function 1 + 5

Two-particle Green function (generalized susceptibilities)

Vertex function:




Baym-Kadanoff functional

Source term

Partition function and Free-energy:

Legendre transforming from J to G:

Decomposition into the single particle part and correlated part

oG] = )



Functional Family

F[G] = -TrIn[—(Gy ' -Z[G])]-Tr(Z[G]0)+[G]

Exact representation of ®: ve_=a V.,

1 1 e -,/
¢:§/O daTr[VE < Tyt >]

Different Functionals and constrained field J:

G=p J=V=V, +V,_ DFT
G=G(iw) J=2% (iw) LDA+DMFT
G=G(Kk,iw) J=3(Kk,im) GW+EDMFT

G. Kotliar et. al. RMP (2006), A. Georges (2004) arXiv:0403123



DFT: KS-equation (1965)

Effective one-electron Schrodinger-like equation:

7,—L2
(_%V2 - V;:ff(F)Wi(F) = g1(7)
N
Charge density: n(r) = |[vi(F)]?
Energy Functional: Eln] = Tin] 4+ Vi [n| + /n(F)Vext(F)dFJr Eqeln]
N h2 )
KS-kinetic energy: Lln] = Z/dmbi (T)(_%v J¥i(7)
: e’ n(r)n(r")
Hartree potential: Vin] = _/df/ dr’
2 7 — 7|
Effective potential:
& OE,.[n]
Vo b (F) = Vi (7 Q/d“”) e
ff(?“) t(T‘) +e T ’77_ 7:,,| + 5n F)



DMF T-functional and beyond

Start from Find the optimal Expand around
Correlated Lattice Reference System DMFT solution
Bath hybridization



Dual Fermion scheme

General Lattice Action H = h + U @

S[c*’c]: z [h}'ﬁnm (zw-l-,u) } Cokmo wkma+ Z /U123401(3263C4d7'

wkmm/a z{m o}

Reference system: Local Action with hybridization A

Sloc — Z [Amm _ (zw-|—u)1] Commo Crom/ a+ Z / U1234616263C4d7'

wmm/o z{m o} .
. . .
Lattice-Impurity connection: E RSO
‘o
S[C C] — Z SlOC[CZ ’ CZ]—I_ Z (hzn,m’ o Ach/) Czkuk:macwk:m’a'

wkmm/o

A. Rubtsoy, et al, PRB 77, 033101 (2008)



Dual Fermions Sartohetes, .
{'G\a\ '“‘.\%{9.

Gaussian path-integral szs}t
/ DIf", flexo(-f Af+F BT+T*BF) = det(A )exp(c*BA 1B7)

with 4 = 9w (Aw_hk>9w
new Action: B = g,

Sqlf*, f1= ngw fkwfkw+ S A haft A fafat.
1234

Diagrammatic: ‘ . O

‘ g~kw — (g(;l + Aw — tk)_l — Guw

(4) I A | 0 Ny Ry |
. 71234 — 9111922 (x1,2,3,4,—x1,2,3,4,) 93139414

g, and x,,..,- from CT-QMC impurity solver

-




Condition for A and relation to DMFT

éd:GDMFT_g
To determine A, we require
that Hartree correction in dual variables vanishes. @ —0
If no higher diagrams are taken into account, one obtains DMFT: N
=0

Higher-order diagrams give corrections to the DMFT self-energy,
and already the leading-order correction is nonlocal.

>(k,w)= ZDMFT(w)+§(k,(D)/[1+g§(k,oo)] a la impurity T-matrix

~ b ~
ka /~E ka — [(gw + ngkwgw)_l + Aw — tk]_l

for e T D-00 1 D-.




Dual Fermions: Diagrams

Zg) = -1 Z Y1324 GIOC
34

2(2) (k) = ( ) Z Z Y1345 G57 k)G ( )646(1{ + ko — k1) Yeros

kiko 345678



Dual Fermion: non-local correlations

Y Y Yy
¢
0.0 I\
e@®

=)

Grw = [(gw + gwikw9w>_1 + Ay, — tk]_l FS of HTSC: cold and hot spots

A. Rubtsoy, et al, PRB 77, 033101 (2008)



Dynamical Mean Field Theory: 25

> (iw)=¢iw )-G
W. Metzner and D. Vollhardt (1987) ”eW( ”) go ( ”) ( n)
A. Georges and G. Kotliar (1992)

L



Orbital degrees of freedom

o *

3d,2

h g
T

tz g 3d,.,

e, orbitals

® t,, orbitals

| Mddoninaubicerysalfield
d =" <2m41_ Ce

3masa




Correlated Electrons: Fluctuations

Fluctuation of charge, spin and orbital degrees of freedom
related with complex behavior of correlated electronic systems



DMFT: Charge+Spin+OQOrbital Fluctuations

DMFT time scale

X0

A(T—1")

Local
Quantum

Impurity

DMFT < Z = Yu DMFT

self-consistensy k' Impurity solver



Realistic theory of
correlated electron systems

DFT Model based approaches
Material specific &3¢ |nput parameters unknown
Structure specific =+ o \ersatile
Fast code packages <+ ¢ Systematic many body schemes

Complex structures

Fails for strong correlations



Comparison of LDA and realistic DMFT

LDA LDA+DMFT

Density functional Baym-Kadanoff functional
Density p(r) Green-Function G(r, r’, w)
Potential V,.(r) Self-energy X; (w)

Eiot = Egp — B (2= (2, — (24

Ey, = Zk<kp EL Qg = —Trin[—G™]

Edc = EH + fpchdr — Exc Qdc = Tr)G — ¢LW




From Atom to Solid
Atomic physics (U) Bands effects (LDA)

A
N (E) N(E)

L DA+DMFT 3



General Projection formalism for LDA+DMFT

>
||

ilmo) <Li|Lj> = (52']'
_>
nko)  P.=(L|G)
P. Blochl, PRB 50, 17953 (1994)

G () = 3 (Lml|Ga) [(iw 4+ p) T — Hgg(k) — AZ(iw))]

—
k nn'

AY, (iw) = ) (Gn|Lm) A, (iw) (LG

/

G)

<Gn’|Lm’>

-1
nn/

mm

me/(z’w)
Ame/(z‘w)

—1 —1
(GO -G >mm’
me’(iw) — 2 4

G. Trimarchi, et al. JPCM 20,135227 (2008)
B. Amadon, et al. PRB 77, 205112 (2008)



PAW: Projection windows

Example: SrVO4

Two different choices: 1.Vanadium tzg only 2.Vanadium t2g + Oxygen 2p

totﬁl —
V4% _—
Veg

O-p —

DOS (e V')

EeV)

E (eV)

+a

=)

N

-

-'l\)-

One has to take great care, because different projection windows will lead to

different descriptions of the system!



LDA+DMFT (orthogonal |L> basis):

! (k,iw N =iw, + - HLDA(k) > (iw,)
LL n

G, (iw,)= EGLL (k iw,)

kEBZ

G(za) ) = EU(a) EG(k i )U ()

DOS
o

SP

E

Energy

DMFT in local LMTO basis

Correlated d-states:

Hk)+3(w)=H

Hss Hps Hds
sp pr Hdp
Hsd H pd Hdd + de

V. Anisimov, A. Poteryaev et al, JPCM 9, 7359 (1997)
A.L. and M.Katsnelson, PRB 57, 688 (1998)




Slater parametrization of U

Multipole expansion:

1

r—r

o 4r 7“]2 .
l| T ZQk_l_ 1 k_|_]_ kq(T)qu(T)

Coulomb matrix elements in Y, basis:

< m’m'Hm”m”/ > — Z ak(’m, m”, ’m/, m///)Fk:

k
Angular part — 3] symbols

2
ittty & g (48 (45 8) (e

q=—k

Slater integrals:

k
o0 > r
Fh=e? [ " r2drleg(m)P [ 2dr ()P
0 0 Pss




Constrain GW calculations of U

ocCc unocc

Polarisation )
(r,r";w) Z Z Ui S () (x)

1 1
>< J—
{w—5j+5@-—|—?20+ w—l—ej—az-—?l()*}

! /1) S o / —1,,,
F. Aryasetiawanan et al LV”(W) — [1 UP,,(\,LJ)] U
PRB(2004) W= 1— Pl

= [1 —vP —vP] v

=[(1 —vP){1—(1—-0vP) vl v
—{1-(1—0vP) WP} (1 —vP) ™

= [1— W, P 'W,



Wannier - GW and effective U(w)

T. Miyake and F. Aryasetiawan
Phys. Rev. B 77, 085122 (2008)

V —ik- :

[onR) = Pk /e KR ) B
2 LIRS S
201

: >
15t
105.

1020 30 40

U (eV)

401[

0.0

201

1.0 [




Continuous Time Quantum Monte Carlo

Partition function: H=Hy+V
Z="Tr [e_BHOTTe— J§ dfvm}

Continuous Time Quantum Monte Carlo (CT-QMC)

3 B
7 = Z / dr| / dar.. / dr Tr —ﬁHOe—TkHO(—V)...e—m—“>H0(—V)e—T'H0

E. Gull, A. Millis, A.L., A. Rubtsov, M. Troyer, Ph. Werner, Rev. Mod. Phys. 83, 349 (2011)



Weak coupling QMC: CT-INT

ReiEas

0 3 0 3
)

. & B

_ / o—Solc*.cl+U [ n (T)”L(T)D[C*,C]

3 3
/ e~ oole"c] Z / dri ... / dt i (11)cr(71)
' J 0

X ¢| ) \( 1) ¢t (k) er(Tw) e (k) e (7k) Dlc”, ]

Z /dTl e /disgn(det G) |det G|
k' , , ~——
=0 P(k)

= go(1i — 7}) A. Rubtsov, 2004




Random walks in the k-space

l=.. Lt L+ Lt ..

XTI T

k-1 k+1
Acceptance ratio

decrease | increase
Step k-1 T Step k+1
k l)k_1 é O ‘W‘ Dk+1
i ° ° °
w| D o %, k+1 D*

Maximum at SUN? °



Convergence with Temperature: CT-INT

0.07 T u n

=100
=200 -
=300 -
400 - 4
500

004 . <% -
=003 . - L PR _

002F . -+ i oui% -

0.06 -

T

0.05

oot < i A A
50 100 150 200
k

Maximum: /)’UN2



Strong-Coupling Expansion CT-HYB
at:/ erc Ulcs(T —}—U/ dtci (t)e(T)e)(T)e|(T)
—/ dr’/ ATy co(T)A (2~ T)es(7)

Z = /@c cle k'/ drl/ dr .. / (/T,\/ d Ty X

(T/\) (7). c(m)c(m)A(Tn —77) ... A% — ¢

p p p oT,
ff:%tZ/ drf/ dTl.../ d‘c,f./ ‘diX i |
k /0 7 %1 Y x _I_ w |

X <C(T/\'>C*(T/£) . .C(’Cl )Cﬁz<fi>>atdetj(k) 0 J
P. Werner, 2006



Strong-Coupling Expansion CT-HYB
at:/ erc Ulcs(T —}—U/ dtci (t)e(T)e)(T)e|(T)
—/ dr’/ ATy co(T)A (2~ T)es(7)

Z = /@c cle k'/ drl/ dr .. / (/T,\/ d Ty X

(T/\) (7). c(m)c(m)A(Tn —77) ... A% — ¢

p p p oT,
ff:%tZ/ drf/ dTl.../ d‘c,f./ ‘diX i |
k /0 7 %1 Y x _I_ w |

X <C(T/\'>C*(T/£) . .C(’Cl )Cﬁz<fi>>atdetj(k) 0 J
P. Werner, 2006



Comparison of different CT-QMC

Ch. Jung, unpublished

CT-QMC review: E. Gull et al. RMP (2011)



Im A (eV)

Hybridization function Co on/in Cu(111)

S
C
<]
£
16} : 16 | E, ——
e e
-1.2 . gg Co in Cu : -1_2 I A1 Co on Cu
6#664321012345 67664341012345
E (eV) E (eV)

Hybridization of Co in bulk twice

stronger than on surface resswsese!
O )

Hybndlzatlon in energy range of Cu-d 4 V‘A,.AY.A,;Y‘A,. Y. #
orbitals more anisotropic on surface I' I" I‘ I' I’ I' I' I'
Co-d occupancy: n= /-8 "N N N

B. Surer, et al PRB (2012)



Orbitally resolved Co DOS from QMC
1t CoinCu ' Co on Cu Aj
0.8t 0.4 ’
0.4 0.2 t
0.2 F——jc’)
O 0.1...1...1......—~.—1_
—6 —5 4 -3 —2-1 0 1 2 3 4 -6 -5 4 -3 -2-1 0 1 2 3 4
E (V) E (eV)

Orbitally resolved DOS of the Co impurities in bulk Cu and on Co (111) obtained from QMC simulations at
temperature. T =0.025 eV and chemical potential ¢ =27 eV and u = 28 eV, respectively.

All Co d-orbitals contribute to LDOS peak near £.=0

B. Surer, et al, PRB (2012).



Double counting in LDA+DMFT

® Analytic models
® Around mean field
® Fully localized Iimit

® Constraint on particle number
Tr G=Tr G°

Tr G=Tr G***

® Constraint on self-energy
Tr Re 2(0)=0

Tr Re z(oo);()



Choice of double counting in LDA+DMFT

Shift of chemical potential for correlated state

G (k,) = (i@ + 1) - H@ﬂf 51,1~ [2(@) - 01,

Natural choice E,_=d6u :

G (k) = (i + )~ H 1, (k) = Ze()

Transformations:
-1

GCO = Go_l — dllc
1

3.(@) = G- G~ = Ze(@) - ou,
Condition for 9«. (Friedel SR)

Tr|G 1=Tr|Go]

~ G)

Ni Ferro Eg-up I

G
G

0




Friedel Sum Rule

Sp= Y [Pdr §dr iy (r) [ - G5 ()] o) + I drnga (1)U ()

1,7=0

One can always find find the generalized double-countings:
i

Gv—l _ g—l . /deC
With LDA partial charges:
Tr(G) = TrG



NiO — a charge transfer system

® DA band structure (paramagnetic)

Ni-3d

0-2p

® Ni-3d orbitals as correlated subspace

® O-2d orbitals as uncorrelated subspace



Charge transfer TMO insulators

N(B)

U

A

p-metal

Charge-Transfer
E,~A

Mott-Hubbard

Eg ~U
V;05 V0,
d-metal Tio
(W, +W)/2 A

Zaanen-Sawatzky-Allen

(ZSA) phase ¢

lagram

Phys. Rev. Lett. 55, 418 (1985)




NiO — double counting

(eV)

(eV) Exp-fit

Total particle number (color encoded) as function of
chemical potential u and double counting upc



ABloue — o

NiO: peak positions and spectral we|ghts

e

—

=

\ p-band /

(@) Mott-Hubbard Insulator

—————-
A=l€g-€yl  interaction U E

Fermi level

charge gap

M. Imada, A. Fujimori, and Y. Tok
Rev. Mod. Phys. 70, 1039 (1998)

Tr Re (o0 ); 0
AMF FLL

charge gap

L d-band y
ur I A T
= Fermi level
|nteract|on U U
)‘

p-band

Atiaua

(b) Charge Transfer Insulator

exp !
Tr G=Tr G°

Tr G =Tr G4




Spectral functions and double counting

Mott insulator
Upe =21eV

Charge transfer insulator

Imost metallic

Upe =26eV



E [ev]
© »® A N O N

-10

E [ev]
© ® A M O N

-10

F 0
TrG=Tr G

N1O: Spectl@\ Function

(b)pge = 25¢V Z.X. Shen,et al PRB (1991)



Full-potential LDA+DMFT: DC problem

HEEe
HONO -

Interchange —possible!

Spherical RI-LDA+U

1
VLSDA—I—U VLSDA 4 (U . J)[iéjl . p?l]

ol
S. Dudarev et. A. PRB 57, 1505 (1998)



Strong correlations and Magnetism

PM

AFM

V. Janis, et al, EPL 24, 287 (1993)
0.25

0.2 r

0.15

0.1 r

0.05 |

U>W/2=4 J_.S -5

P Werner, et al, PRB 86, 205101 (2012) Formation of Local Moments and AFM correlations
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DMFT model of ferromagnetism

DOS-peaks Band degeneracy

0.35 —
1.5 | :ll ) I 1 I 1 | I | 1 03 — :
i AFM |
¥ t=0 0.25 |
1.0 [\ i 0o | ;
0 1\ T A
N"(E) ! 0.15 |- ®
A Jl \ % i hey ;
0.5 — : """"" - ST — 0.1 I f“ x“ EM .
- t 0.05 | i{&“ ;
0 : ] ] ] T. ] | 0 . | . v L . | .
1.0 0.0 1.0 20 3.0 4.0 0 0.5 ! 1.5 2
E
D. Vollhardt, et. al., U W=4
V=l : - U=6
In:Bandferromagnetism, A V =4
V,-F // 0_
. 0 ~0. ’ —
Springer, 2000 A v, F,=2

-



L DA+Disordered Local Moments

The best first-principle
Spin-fluctuation model
with classical moments

J. Staunton and B. Gyorffy
PRL69, 371 (1992)

T(K)

400 — = -
-1
Xl Fe
300
200
x
100 ’ *
% %
x
% - (a)
04— X
800 . 1000- ~ 1200 1400 1600
TK)
200-01 l Ni X
%X
1600 1 x
K
1200 %
o
800 x o
X Oo‘&P
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xx 000
o o
" & £ (b)
0-- 400 .. . 800 1200 - 1600
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EXP
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Spectral Function Fe: ARPES vs. DMFT

O Vertical Pol.
. QP Majority OP Mi :
< Horizontal Pol. 5RO QP Minority

SP-ARPES (BESY)
J. Sanchez-Barriga,
et al, PRL (2010)




Magnetism of metals: LDA+DMFT

e Exchange interactions in metals

e Finite temperature 3d-metal magnetism

1,2
1,0
0,8

[SGG’] N [_S—G—G']

mm’ mm’

M(T)/M(0)

Global spin flip  *

0,2

0,0

0,6

-‘llllI'""... -
. r .
I mm "qa:e % _

o0 02 04 06 08 10 12 14 16 18 20 22

TIT,

A. L., M. Katsnelson and G. Kotliar, PRL87, 067205 (2001)

- 0,6

1,2

1,0

0,8

/3T,

(g

eff

M

- 0,4

- 0,2

0,0



Satellite structure in Ni

Ni: LDA+DMFT (T=0.9 Tc)

25

PES (LDA)
Wband — 3(4) eV
AE.; = 0.3(0.6) eV
Fsor = —6(7) eV

LDA+DMFT+QMC
A. L., M. Katsnelson and G. Kotliar, PRL (2001)

/@%

U &0
* o
* o

o

2.0

-1

<S(D)S(0)>

1.5

1.0

Density of states, eV

Energy, eV l

bath
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Correlated Magnetism in heterostructures

DFT + real-space DMFT for heterostructures: LaAlO,/SrTiO,

Oxygen vacancy at interface Formation of interface resonance and FM state
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Interaction of electrons
with collective excitations

Magnon

°_°_°_° Plasmon

Orbiton




Non-local Coulomb interactions

General non-local action for solids:

S = Zsat[c Cl] + Z tlJCzl/O'CJVO' T Z ‘/;]Pw,p]w

1%17,V.0 17 ],w

Atomic action with local Hubbard-like interaction

s
Sat = — Z(iz/ +p)e! cpo + / Ucicre|cydr
0

vo

Bosonic charge and spin variables:

(13013 U'ya U::)

J=10,x,y,z}

je]

ZW,C s A Cor —

A. Rubtsov et al, Annals of Physics 327, 1320 (2012)



Efficient DB-perturbation theory

Separate local and non-local effective actions:

Z Szmp[C Ci ] T Z tk 1/0 CLI/O'C’\J/U T Z V A )ququ

kvo qw
Imuprity action with fermionic and bosonic bathes (CT-QMC) B
U
Szmp = Dat T E AI/CI/CI/ + g A@P@P.u -
F B — | _
*
Dual boson-fermion transformation: T _— fT L =7

— Z gky .fL yfkl/ Z 77qu Tqw + Z U[77z» fEDll\'/liFD

kv g J
o A

Diagrams: (ZU—P )Fé-\f\, A ‘
® ®+Q




Dual Boson: General Idea




DB-diagrammatic scheme

Bosonic Selfenergy Fermionic Selfenergy

2 Y Wl \

Renormallzed vertex:
(6))

N

®+L ®+L ®+C2 o +0
Fermionic and Bosonic Green Functions SCF-condition
Gku — [(gy + gyil{:ygy)_l + AV — tk]_l ZGkV = gu AI/
k »
qu — [(Xw =+ Xquwa)_l + Aw — Vk]_l Zqu — Xw Aw
q

A. Rubtsov, M.I. Katsnelson, A. L., Annals of Phys. 327, 1320 (2012)
Plasmon in correlated system: Poster of Erik van Loon



Summary

® Electronic structure of correlation systems can be well
described in LDA+DMFT scheme

® Local correlations efficiently included in
CT-QOMC impurity solver

® The problem of Double-Counting in LDA+DMFT
can be efficiently solved within GW+EDMFT (Lectuer 2)



