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DMFT X(w,k) — X(w)

(O Mottinsulator
Heavy fermion
Emergent ordered state
Einstein phonon

X Ordered state beyond MF
Unconventional SC
Fermi surface structure
Transport

Beyond DMFT

Y(w, k)

Model calculations

2RTTAEF
BT
(e.g. Mermin-Wagner)

J. Ofsuki

Material calculations
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IRILF—NNY NiEE e(k)
Kofliar, Haule, e = e
Vollhardt project, w—FREEr R (DFT)

Imada, Miyake, Sakai, ...

HIEE (35/ERFEER)
ZiRT lkeda et al.

DFT+DMFT DFT+RPA £
RATER S0 (i) Ratars x(iv. q)

2T 155 (DMFT) Eom (RPA )

= 2 Tl
JTILIAE

Kusunose, Toschi et al, Rubtsov et al, Hafermann et al.
JO et al, Taranto et al, Kitatani et al., ...
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Two roots of including non-local correlations Y
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Finlie-size elusier
DMFT cluster extension
Kotliar et al. 2001
Hettler et al. 1998
, => H Potthoff 2003
Maier et al. 2005
Real space
Short-range correlations
DMFT e
Z (20.1 ) E (Zw ) k )

Local correlations
Diagrammaiic expansion
Kusunose 2006

Toschi et al. 2007
Slezak et al. 2009
T Taranto et al. 2013

Kitatani et al. 2015

To avoid a double counting problem

Momentum space =>dual fermion approach
(Rubtsov et al. 2008

Long-range correlations Hafermann et al. 2009)

J. Ofsuki
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(. Cluster extensions
(. Diagrammatic extensions

(. Non-local interactions
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Cluster extensions
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Cluster extensions
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single impurity - cluster impurity

© 6 08&® @ Self-consistency condition in

N t:y: - : - r-space: Cellular DMFT (C-DMFT)
® ®
® ®

N2

Hettler et al. 1998
- k-space: Dynamical Cluster Approximation (DCA)

X XXX Kotliar et al. 2001
- > Ak=2m/L
L _First Brillouin Zone |
T=t/40, 1'=0 Gull et al. 2013
Nc=4 Nc=8

. - .
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short-range correlation

- Dimer NE I TRTT Y
- Plaguette singlet D‘l R e 4se
- Frustration? ; e e n nom owsss
- d-wave superconductivity (NcZ=4) y P .. s
S 4 = = = = ® 45
> = = = = =4
0 0.1 X0‘2 0 0.1 0.2
Nc=16
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Momentum -selective Mott transition
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DCA
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Werner, Gull, Parcollet, Millis, 2009
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Problems in cluster DMFT ¢
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(i) Finite size effect

. oo Maier et al., PRL 95, 237001 (2005)
d-wave pairing suscepfibility

3.0 T L] L] L]
I

4A + bo!
8A x 4 too much enhanced in the
25T 10A x « minimum cluster size, Nc=4
16B ;( @ T T -
2.0 | 16A res ., 2 +08
20A © <8 7Y
D\? 15 k 24A [ ] x-/g":+ 06
- 26A A o
10} 0.4
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(ii) Sign problem in QMC

<Sign> ~ e_BA Sever sign problem for Nc>1

Very difficult to access low-T and thermodynamic limit

J. Ofsuki 9



Self-energy Functional Theory (SFT) 5’33
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Potthoff EPJB 32, 429 (2003)

Original system “reference system” (solvable)

4L L oot oife ol o
D S T OV Y DRV ARV Y
¥ DTS R RLY LY

(a) (b) (c)
H = Hy(t) + Hi1(U) H' = Ho(t') + H1(U)
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Choices of reference systems

Potthoff et al. PRL (2003)
(Nca nb)

Estagsiageind
oo on a8

B} direct DMFT @@@ (1,
OO®

additional symmetry breaking field
- VCA (Variational Cluster Approximation)
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Diagrammatic extensions
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Two-particle correlations in DMFT ¢y
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Bethe-Salpeter equation

e
N <I“E

['(k,w, k' W' q,v)

ireducible vertex

<
DMFT
(local approx.)
v
E(w, k) Floc(waw,;y)
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Expansion around DMFT: General idea
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(1) Dynamical mean-field theory (DMFT) (2) Auxiliary fermion lattice

“quasiparticles”  “residual interactions”

DMET j:(

U
2 ((.U) e
Jws Yww’ v 7w,w’;1/
.\
Local comelation? ®— ailal comelations
localized A ® fiinevant
Aw Aw A
A

Heavy fermions = exofic

Mott insulator superconductivity?

J. Ofsuki 14



Comparison in terms of quantities used
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Input to Input to effective

effective lattice | impurity

DIrA Kusunose 2006 G, UT u, U, A(o)
Toschi et al. 2007
Dual fermion  Rubstov et al. 2008 G, I w, U, A(m)
DMF2RG Taranto et al. 2014 G, U u, U, A(o)
FLEX+DMFT Kitatani et al. 2015 G, U u, U, A(®)
TRILEX Ayral, Parcollet 2015 G, U, A 1, U, A(®), U(w), J(o®)

J. Oftsuki 15



Dynamical vertex approximation (DIA)
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Kusunose 2006
Tosch et al. 2007

Y(w, k)
(a) K (b) K (c) K'Y
ey T N PN
: VT el L B R
E A7 I i vivio;: R 4B
A f” 72 . A A s B S0 %
kt  k+q?t kT/ kT 1 kiq,1 kT kt  k+qt k+qT Kt
U GPME (K, w) loc (w, W' v)
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FLEX+DMFT
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Kitatani, Tsuji, Aoki 2015
Y(w, k)

U GPMEL (k. w) No vertex used
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Dual fermion approach
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Rubtsov, Katsnelson, Lichtenstein 2008
Hafermann et al. 2009

% L ka — GDMFT

X

Jw

Yw,w’;v  (full vertex)

No bare interaction enters

iwk:8+@+
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Example: Self-energy
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Rubtsov, Katsnelson, Lichtenstein 2008

Tm¥ (0, k)

U/t=4 (metal) U/t=8 (Mott Ins.) $(2) _ @
wk

cf. Mott gap in DMFT

Im>PME Y () ~ —6(w)

k-dependent Energy gap
renormalization on the Fermi level

Fermi-surface structure + Strong local correlations

J. Ofsuki 19



Applications and development of DF approach
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« Dual fermion + Ladder approximation
— Hafermann et al. 2009, Paramagnon spectra
— LI 2013, Kondo lattice
— Antipov et al. 2014, Falikov-Kimball model
— JO et al. 2014, Superconductivity in Hubbard model
— JO 2015, Superconductivity in Kondo lattice
— Tanaka, next talk
— Takemori et al., Quasiperiodic lattice (2"9 order)

« DIA

J. Otsuki 20
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N=T v I RAEESIPOTCHARTZH. EOP>TEMT BH

* Legendre basis
v (iw, iw'; iv) Y R

e —— A = 10000
s BELBERDHET . 0=0", oto=v

- Intermediate representation bw i and w
Shinaoka et al., arXiv:1702.03054

107!

| X (iwo) / Xoo (i)

10-2

AX m B e
0 10 20 30 40 50
=0

Iiw, k,iw' kK ;iv, q)

- diagrammatic Monte Carlo, Iskakov et al. 2016
- Parquet equation, Lief al. 2016
- fRG, Taranto et al. 2014

J. Otsuki 21
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Non-local interactions
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Non-local interactions in cluster DMFT

exact >

_L_ -

mean-field =
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Non-local interactions in DMFT beyond MF
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H = th’jc;'rcj + zﬂloc(i) + Z Vijning + Z JijSi - S
ij i

17 17

decoupling with auxiliary bosons
- bosonic DMFT

Q-
— O,
o)

Retarded interactions

CT-QMC:
Werner, Millis 2007, 2011
JO 2013, Steiner, Nomura, Werner, 2015

J. Otsuki 25



Extended DMFT in several contexts
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 DMFT for guantum spins

— Quantum spin glass
Bray, Moore 1980, Sachdeyv, Ye 1993
Grempel, Rozenberg 1998, Georges et al. 2000

— 1/d fluctuations around MF
Kuramoto, Fukushima 1998, JO, Kuramoto 2013

— Impurity embedded in AFM
Vojta et al. 2000

* For electrons systems...

— Random coupling model
Parcollet, Georges 1999, JO, Vollhardt 2013

— Non-random coupling model (Extended-DMFT)

Smith, Si 2000, Haule et al. 2002,
Sun, Koftliar 2002 GW+extendedDMFT

J. Otsuki 26



dual boson

H = ZtijCICj + ZHIOC(Z-) -+ Z Vijninj + Z JZJSZ . Sj

ﬂ decoupling decoupling

dual fermion dual boson

>

Y mme- freats 34, and J,
< T on equal footing

)

dual fermion dual boson
( XqO ) ( JCI )

Perturbation theory around (E-)DMFT solution

J. Otsuki 27



Comparison in terms of quantities used
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Input to Input to effective
effective impurity

lattice

Dual boson Rubtsov et al. 2012 G, I:D,A u, U, A(w); Ulw), J(®)
w/ dual fermion

DMFT + GW Sun, Kotliar 2002 G, U; V] u, U, A(w)
Biermann et al. 2003

TRILEX Ayral, Parcollet 2015 G, U A w, U, A(w); U(w)
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Cluster extensions

— short-range correlations

— key: finite-size effect, sign problem
ii.  Diagrammatic extensions

— long-range correlations

— key: local vertex calculations, cross-channel fluctuations
iii.  Non-local interactions

— treating x, and V, J on equal footing

— key: retarded interaction, electron-phonon-like diagrams

J. Otsuki 29



