‘

Routes to spatial correlations beyond DMFT

The one-particle irreducible (1Pl) approach

G. Rohringer', A. Toschi', H. Hafermann2, K. Held", V. I. Anisimov®*,
A. A. Katanin®*

T Institute of Solid State Physics, Vienna University of Technology, 1040 Vienna, Austria
2Centre de Physique Théorique, Ecole Polytechnique, CNRS, 91128 Palaiseau Cedex, France
3Institute of Metal Physics, 620990, Ekaterinburg, Russia
4Ural Federal University, 620002, Ekaterinburg, Russia

@ G. R., A. Toschi, H. Hafermann, K. Held, V. Anisimov, A. Katanin, PRB, in press

G. Rohringer Spatial correlations 1/18



Introduction Diagrammatics 1Pl formalism Conclusions_

ﬂ Introduction
e Diagrammatic approaches
9 1Pl formalism and results

@ Conclusions and Outlook

G. Rohringer Spatial correlations 2/18



Introduction Diagrammatics 1Pl formalism Conclusions_

~ When is DMFT reliable...

v large number of neighbors for each site!
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" and when not?

Z for low-dimensional (d=1,2) systems

OO @O

e.g.: cuprates, heterostructures

7 close to (2"9-order) phase-transitions

O O
@ @O
@ O
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e.g.: QCP



-orrelations

@ cluster extensions of DMFT:
(G. Kotliar, S. Y. Sarasov et al., PRL, 2001; T. A. Maier, M. Jarrell et al., Rev. Mod. Phys., 2005)

© OO
®®®CDMFT © ©
©XOXO) -

= “short” range correlations!
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~ Spatial correlations

@ cluster extensions of DMFT:
(G. Kotliar, S. Y. Sarasov et al., PRL, 2001; T. A. Maier, M. Jarrell et al., Rev. Mod. Phys., 2005)
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= “short” range correlations!

@ diagrammatic extensions of DMFT:
@ 1/d-expansion (a. schiller, K. Ingersent, PRL 1995)
@ DMFT+Xg (£ z Kuchinskii, 1. A. Nekrasov, M.V. Sadovski, JETP, 2005)

o dynamical vertex(I") approximation (DI"'A)=- A. Toschi
(A. Toschi, A. Katanin, K. Held, PRB 2007)

DMF2RG = C. Taranto
dual fermion (a. . Rubtsov, M. 1. Katsnelson, A. I. Lichtenstein, PRB 2008)

One-particle irreducble approach (1PI)
(G. R., A. Toschi, H. Hafermann, K. Held, V.I. Anisimov, A. A. Katanin, arXiv:1301.7546)

¢ ¢ ¢

= inclusion of long range correlations!
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~ Diagrammatic approaches: General Structure

Starting point: DMFT
=Local Correlations [Xpmfrr(w)] included!

=-Construct non-local self-energy diagrams from:

@ DMFT Green'’s functions: Gpurr and Goc (bare propagators)

@ DMFT (local) n-particle Vertex functions (interaction):

— 2-particle vertex v*: F, T or A (= talk of A. Toschi)
— 3-particle vertex ~°

Resummation of all diagrams (exact solution) not possible!
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~ Diagrammatic Approaches: Approximations

Usually two approximations are involved:
1 Restriction to two-particle vertex ~(4) (= talk of A. Toschi)

2 Which type of diagrams?

o Low(est)-order perturbation theory
o Infinite resummation of diagrams

U

Ladder diagrams Parquet diagrams
(=-this talk) (=talk of A. Valli)

o Generate diagrams by RG-flow = fRG (=-talk of C. Taranto)
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Construct ladder for non-local vertex Fq with:
@ DMFT Green’s functions G = Gpurr or/and Gige
@ local vertex v(¥
Select one channel on physical grounds, e.g., particle-hole:

’ G ) G G
Fag|l =1 | + | 4@ PN I T PV ) A SO R
G G G

Analytical representation: Bethe-Salpeter equation=-

DF, 1PI, fRG G= (?E)MFT — Gl

Y= Floc i Fq
Ladder DTA GQ)GDMFT

Y = Tioe

G. Rohringer Spatial correlations 8/18



Introduction Diagrammatics 1Pl formalism Conclusions_

~ Diagrammatic Approaches: Ladder(ll)

Properties of ladder calculations:

G. Rohringer Spatial correlations 9/18



-atic Approaches: Ladder(ll)

Properties of ladder calculations:

_|_

G. Rohringer Spatial correlations 9/18



-matic Approaches: Ladder(ll)

Properties of ladder calculations:

@ if one channel dominates

_|_

G. Rohringer Spatial correlations 9/18



Introduction Diagrammatics 1Pl formalism Conclusions_
-nmatic Approaches: Ladder(ll)

Properties of ladder calculations:

o if one channel dominates
_I_ @ “easy” to calculate

G. Rohringer Spatial correlations 9/18



Introduction Diagrammatics 1Pl formalism Conclusions_
~ Diagrammatic Approaches: Ladder(1l)

Properties of ladder calculations:

o if one channel dominates
_I_ @ “easy” to calculate
@ describes 2"d-order phase transitions

G. Rohringer Spatial correlations 9/18



Introduction Diagrammatics 1Pl formalism Conclusions_
~ Diagrammatic Approaches: Ladder(1l)

Properties of ladder calculations:

o if one channel dominates
_I_ @ “easy” to calculate
@ describes 2"d-order phase transitions

G. Rohringer Spatial correlations 9/18



Introduction  Diagr ics 1Pl formali Conclusions_
~ Diagrammatic Approaches: Ladder(ll)

Properties of ladder calculations:

o if one channel dominates
_I_ @ “easy” to calculate
@ describes 2"d-order phase transitions

@ unreliable for competing instabilities

G. Rohringer Spatial correlations 9/18



Introduction Diagrammatics 1Pl formalism Conclusions_
.agrammatic Approaches: Ladder(ll)

Properties of ladder calculations:

o if one channel dominates
_I_ @ “easy” to calculate
@ describes 2"d-order phase transitions

@ unreliable for competing instabilities

@ requires matrix inversions = numerical
stability problems

G. Rohringer Spatial correlations 9/18



Introduction Diagrammatics 1Pl formalism Conclusions_
.Diagrammatic Approaches: Ladder(ll)

Properties of ladder calculations:

o if one channel dominates
_I_ @ “easy” to calculate
@ describes 2"d-order phase transitions

@ unreliable for competing instabilities

@ requires matrix inversions = numerical
stability problems

@ Selfconsistent calculations
problematic
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~ General Idea of 1PI

Separation of local and non-local degrees of freedom =
Hubbard Stratonovich

4

Integration of local degrees of freedom =

Heff — ) frfrff 4+ O FHFHFTfff 4 ..
\F//
loc
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~ General Idea of 1PI

Separation of local and non-local degrees of freedom =
Hubbard Stratonovich

4

Integration of local degrees of freedom =

Heff — ) frfrff 4+ O FHFHFTfff 4 ..
\F//
loc

4

Legendre Transformation = 1PIl-based theory (cf. fRG)
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Generating functional for the Green’s functions:

Zlyt ) = / Dic*, ¢] eS1e" e+ i o [6 (rmi()+ni (r)ai(~)]

L R4 UMY
Z on;} (72n) - - 0mj, (1) .
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v,K,o

Samlc*, ] = % S i+ AW) - 1] 6 ) (v) + Hle™ d.

AIM (numerically) solvable (1- and 2-particle Green’s function, vertices)

= express Syyp in terms of Sam
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~ 1Pl formalism - Hubbard Stratonovich (HS)

SHub[C, scil = 6 Z [—iv+ex—u] ckg(V)Q(cr v)+ ZHlnt[c, ,€il
v,k,o
Samlet, = — Z [=iv + A(v) — u] ¢ (v)eo (v) + Hlc™, c].

Separation: Local < Non-local
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SHUb[CI JCil = 6 Z [—iv+ex—u] Ckg(l’)ckcr v)+ ZHlnt[c, ,€il
v,k,o
Samle’, ¢l = = Z [—iv + A(v) — pl ¢t (v)eo (v) + HmleT, c].

v,o

Separation: Local < Non-local

SHub[C,ﬂ_a C,'] = ZSAH\A[Cﬁ_a C,'] = Z [A(V) = 5k] C;_Ck
i k

= only last term contains non-local degrees of freedom!
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~ 1Pl formalism - Hubbard Stratonovich (HS)

Zln* ) = / Dlc*, ¢] eS¢ e fi7 dr [6 (Dm(m)+n/ (r)a(r)]

Separation: Local < Non-local

Sl il = Samlc’, ¢l =D [A(V) — el G o
i K

= only last term contains non-local degrees of freedom!

Generating functional

Generating functional in terms of /™ and f:

Z[y*, ] o / DIf*, ] e~ S Bl e+, 0 Zaw 4
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@ Interacting part: expansion of In Zam[f;", f;] = connected,
one-particle reducible, vertex functions (At 2P-level: F)!

4

1PI
Legendre transform of In Zuyw[f;, f;] =Tam[¢™, ¢]

@ Non-interacting part: [Gomrr(v,K) — Gioc(¥)] ™", [Gioc(¥)] ™"

@ Interacting part: expansion of I'am[¢™, ¢] = connected,
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-ormalism - Dual Fermion approach(l)

Diagrammatic Elements: for dual electrons

éO =G — Gloc 6
—_— Yoo = Fleo - W P

Second order diagrams:

in DF at the 2P level: not in DF at 2P level:
G — G0 G — G
G -G, G -Gy
Floc Floc Foc Floc
G — G G|

+other technical problems (A. Katanin, J.Phys.A, 2013)
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~ 1Pl formalism - 1P| Diagrammatics .

Diagrammatic Elements: for 1PI

. k4 ’
G =G — G
Pl Qi
(4) @ (6)
Moc.1p1 = Fioc foe,1p1 = Floc > Yioc,1PT >
Gloc
........ Peennnnn
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~ 1Pl formalism - 1PI Diagrammatics

Diagrammatic Elements: for 1PI

_ P

@ @ (6)
Moc.1p1 = Fioc foe,1p1 = Floc > Yioc,1PT >

@ Local propagator available!
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~ 1Pl formalism - 1P| Diagrammatics

Diagrammatic Elements: for 1PI

_ P

@ @ (6)
Moc.1p1 = Fioc foe,1p1 = Floc > Yioc,1PT >

@ Local propagator available!
@ Technical problems are solved!
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Diagrammatic Elements: for 1PI

_ P

@ @ (6)
Moc.1p1 = Fioc foe,1p1 = Floc > Yioc,1PT >

@ Local propagator available!
@ Technical problems are solved!
@ Unifying aspect: Diagrams of DI'A and DF:
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~ 1Pl formalism - 1P| Diagrammatics .

Diagrammatic Comparison between 1PI, DF and DI'A

b)
FiOC
a) DF
FiOC FIOC
F‘lOC G- G]oc
G
7
Y .,
1PI
F‘h)(l F‘h](‘, F‘lOC
G = G + (G — Gioc)
DrA

G =G + (G — Gy,)

U
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~ 1Pl formalism - One shot numerical Results

U=1.0, B=17.0, k=(n/2,7/2) U=2.0, $=9.0, k=(m/2,n/2)
0 . . T T - 0 - - T
-0.05 05 |
o A
g 015 g 5p
3 0.2 E 2 TomFT ——
0.25 25 Zip =
0.3 3t EEDF -
-0.35 35 : : : o -
1 2 3 4 5 6
@,
U=1.0, B=17.0, k=(r,0) U=2.0, $=9.0, k=(r,0)
0 . . T T - 0 - - T
-0.05 05|
0.1 4l
g s g as|
3 -02 g 2
o -0.25 o
03 25
-0.35 S8
-0.4 -3.5

Hubbard model, simple cubic lattice, nearest neighbor hopping, half-filling
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~ 1Pl formalism - Self-consistent numerical Results

U=1.0, p=17.0, k=(n/2,/2) U=2.0, p=9.0, k=(m/2,/2)
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Hubbard model, simple cubic lattice, nearest neighbor hopping, half-filling
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~ Conclusions and Outlook

Conclusions
@ Complementary methods of Cluster extensions of DMFT

4

diagrammatic approaches

4

based on the local vertex

4
DIA, DMF2RG, DF, 1PI

@ 1PI= potential for a unifying formulation of diagrammatic
extension of DMFT
Outlook
@ Selfconsistency in 1PI
@ Parquet based implementation
@ Benchmark with cluster calculations/exact results
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