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Some basics of perturbation theory

Diagrammatic extensions of DMFT

Dual fermion approach
e Formalism
e Diagram expansion
e Example approximations

@ Applications and illustrative results (1D and 2D)

Second-order and ladder approximation
Cluster dual fermion

Real space dual fermion

Dual boson
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Some basics

Coherent states |¢) are eigenstates of the annihilation operator:
Ca |¢> = ba ‘¢>

For fermions, the eigenvalues are Grassmann numbers.

Generators of the Grassmann algebra anticommute:
badp + Ppda =0 — @3 =0.

¢) = &= Zadac |0y = T](1 - guch) [0)

(e
Adjoint: (0| (1 + ¢}ca)
Overlap of two coherent states:

(¢l¢") = (O T[(1 + ¢hca) [J(X = $arc)) [0)

a/

= H(l + ¢Z¢a) = eZa 9ada
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Some basics

Matrix element of normal-ordered operator A[cl, ol

(8] Alcl, cal |6) = (9]6) Al da] = €20 92 A[3%, 0]

Closure relation

T dordone =i o) (6] = 1

A=Y (Al /qub done™Ze %290 3 {nl6) 6] Aln
/Hd¢ dne™ Ze 1% (9| AY I a0

- / [] dotdéne S ite (6] Alg)
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Coherent state path integral

7 = Tre BA-uR) _ /H dordpae” o Puda (—9| o B(A—pN) )

Break imaginary time interval [0, 3] into M slices of length

e = 8/M, such that e~B(A—uN) — (e‘e(’:’_“m)’v’

H — pN is in normal-ordered form up to a correction of order €2
e BH=uN) —. o=B(H=pN) . L O(£2).

M _ M * M f
z= [TIT1d6% xdvane” ZhrEe faklod TT (60 4] s e M 5 10(P) [6a,k-1)

k=1 « k=1

M M M
:/HHd¢;,kd¢a,k97 =1 Z(x(d’:y,k‘ba‘k*‘bz,kd’a,k—l)75 =1 Za{H[¢Z’k,¢Q)k_1]*u¢:;yk¢a,k_1}
k=1 o

M *
= [ TI 100 sdora e 1P Pkl

k=1 «
$a,0 = —¢a,m (antiperiodic boundary conditions)
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M
* w Pak — Pak— * *
s[%,%]:e{zz%ﬂ At 1fwa,k%,kq+H[¢a,k,¢u,k7ﬂ}4

k=1 «

In the limit € — 0, introduce short-hand notation

G 200 — (1) (), HIGh g Gakn] = HIG () 60()]

a,k
With
H=>edhon+ Vo (7). 6(7)]
[0
Symbolically:
z- D (), (e 6 #T{Ta 2a (M tea—wsa VISt (oI}
da(B)=—0al(0)

Coherent state path integral

[Negele & Orland]
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Perturbation expansion
Non-interacting average:

1 . B ar S0 5 (L tea—mbalr
(=g / DI6% (), da(nle= 18 97 Sa S5 Fr +ea—moalr)

)
Pa(B)==dal(0)

Perturbation expansion

1 *
Gayan(n = 72) = == [ DIA(), da(Mle e 00lgy, (o7, (m2)

__ % <e— s IrVIO(Mba (Mg, () (T2)>
V4 @2 0
Zy

o (1" B
=B E [P
z 0

n! n
n=0 :

x (V8™ (), @(r)] - VIO™ (), S by (Tag )8, (7ay))

For an instantaneous two-particle interaction

V(o™ (1), #(T)] = Vagys da(T)ds(T)d% (T)ds(T)
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Perturbation theory

Some crucial simplifications
@ Wick theorem
@ Linked-cluster theorem
@ Dyson equation

@ Diagram rules

Hartmut Hafermann Diagrammatic Approaches



. * * * gk *Z"‘i’ko"d)'
| Dio™, dloi, diy - - - Gjp b ... DL bT e i Pi Mij®j B
2 . J_"Z__ ¢i2M,J_1¢_ = > sgn(@)M_ oM, 11 i
I Dlg*, ¢le” =i 7i Vi o5 o (n) (1)
Mj — —(8r + ea — p)ij, bj = Do k'
GOy (1 = 72) = (Bay ()64, (12)),

8 .
[ D[6%(7), balr)e” Jo dT X 5 (T )( —tea—m)dalr d’al(Tl) 4)&2(7_2)]

- * Fol ca—m)ba
[ DI (r), ba(rle B 47 e SN o ba()
=—(0r +€a — “);117-1;@27-2 = 6241(7—1 - 7—2)5(“1“‘2
Define a contraction
G0y ()65, (72) = (Pay (T)@h, (12)) | = =6l ay (11 = 72) -

<¢a1(7'1)¢j;2(72) o ¢an(7n)¢;n(7n)>0 = Sum over all complete contractions

Example:
<¢al(n)qs;i(r{>¢a2(n)¢;§(¢)>owal(rlw () Gy (1167 ()

*¢a1(7'1)¢ (7'2)¢a2(7'1)¢ (7'1)

0 ’ 0 ’
=Gy (71 = T1)00 0 Gay (72 = ™20t
0 / /
- Gal(Tl —72)5a1a/G (72 _71)6a2a1
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Linked-cluster theorem

Gusan(m = 72) = = 2 (5 OO ()1, (7))

< o dTVIeL()da (Mg, (7 )¢22(72)>0
<e, I dTV[¢;(T),¢a(T)1>

Linked-cluster theorem:
Vacuum diagrams cancel out exactly to all orders in perturbation
theory
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Dyson equation

Diagrams can be categorized in reducible and irreducible ones.
Diagrams which cannot be cut in two by cutting a single fermion
line are called irreducible.

Define the proper self-energy ¥ as the sum of all irreducible
diagrams.

G =G+ G656

G=0G"+G'SG%+ G°£GozG0 + ...

Dyson equation generates all reducible and irreducible diagrams.
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Diagrammatic extensions of DMFT

= imp imp
@Impurity model :>ZV ) vertex /yyl//w

@ Include spatial correlations through diagrammatic corrections:
second-order, FLEX, Parquet, DiagMC, ...

B|-0-00 -
Oy m
Swk=—[ ] =3[ [ ]

o Examples: DI'A, 1PI, dual fermion, dual boson, TRILEX, ...

[ G. Rohringer, H. Hafermann, A. Toschi, A. A. Katanin, A. E. Antipov, M. |. Katsnelson, A. |. Lichtenstein, A. N.

Rubtsov, and K. Held, Rev. Mod. Phys. 90, 025003 (2018).
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Complementarity to cluster approaches

Cluster extensions . . .
Diagrammatic extensions

+ Control parameter: cluster size .
+ Long-range correlations

+ Rigorous summation of all No i bi
diagrams on the cluster + Nosign problem
- Limited cluster size, difficult to - Approximate at any scale

converge in practice - Truncation of fermion-fermion

- Ambiguous interpolation Interaction
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Recollection of DMFT

Mapping to impurity problem

/‘

Simplc®, c] = —Z o lw+p—Aae+ U Z NetN_ey,
w

1
WA p— e — TP

Gy(k) =

Self-consistency condition

g — ZG(k
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Dual fermions

Siat[c”, c] = — Z Civolw + plcive + U Z NgwtN—q,~wl

ivo qw

*
+ § €k kyo ko

kvo

Introduce impurity problem at each lattice site

Siatlc™, ] = SimplChios vl = Y e (B = ) ko

vko

Perturbative treatment of second term?
Complicated: no Wick theorem!
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Transformation to Dual Fermions

Decoupling: Hubbard-Stratonovich transformation
¥ _ _11-1
exp [Cho (Do — &) Cuko] = det [g 1 (Aw — k)] ¥
X /exp [—Fg, (A —en)g, 'f — g e — g ] DIf, 7]

— Introduces new fields which mediate coupling between impurities
Coupling of real to dual fields is local

Transformed partition function:
Z = Dy / D[f*, fle™ Zwwo favabie (Bvo—ei) 'va fuuo

/ Dlc*, cle Si{Smeler i1+ Salef cif A1)

SCf[C*v c, f*7 f] = Z (f agua Cvo + Cuagy lfVU)

vo
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Integrating out the original fermions

/D[le’" Ci]e_simp[c,' 7Ci]e_5cf[c,' ,C,-;fl. )f;] —

> (7,?"<<2<f(,gm, fw>>">.

n=0 vo
n even

First non-vanishing term:

) ZZ< I/agua Cuo € ' ’g,jg fu ot + Cl/O'gllo'lf f ’gu_’i’cl’lal>imp

vo v'g!
= Z Z gr/a gy CI/U >|mp 51/1/’(500’ fl/a fV ol = Z f:agua fVCT
vo v'g’! vo
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The vertex function

Next non-vanishing-term involves two-particle Green's function

ooo'o’ .__ * *
Eww T <CV0'CV+0J,O'CV/+W:0J Curor >imp
w+Q w +Q
a - 0 —_—
a o
ﬁ/("l) — +
!
Ié] g g 5 —_—
w w'
Vertex function
! !
ooo'o’ ._ 8w’ — B8ro8u o' 0w + BEuo8u+wodu oo

vv'w

Bvo8v+w,08v +wo' 8v'o!

Compute in QMC — Lecture by F. Assaad
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Transformation to Dual Fermions

Dual action

S[F* 1= ) BkalCl) ko + D VIF . £i]

vko
* 1 (4) * * 1 (6) * * *
VI fi] = _17’12347(16 By + %’7’123456737(2 ffy fofe T ...
~ — -1
Gl?lld = [gy(fl + (Al/ - 6k)] — 8vo

[A. N. Rubtsov, M. I. Katsnelson and A. I. Lichtenstein, PRB 77 033101 (2008)]
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Relation to DMFT

Avoids double counting of DMFT contributions

Hartmut Hafermann Diagrammatic Approaches



Self-Consistency & Relation to DMFT

A, = ADMFT __, GO _ GDMFT _ o
Self-consistency condition for hybridization A yields DMFT:
G, =0

@ DMFT appears as zero-order approximation
@ Diagrammatic expansion around DMFT for A = ApmrT

General self-consistency condition:

%Zékyzo = =0
k

Eliminates leading-order contribution and an infinite partial series
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From dual to physical fermions

Go =gt + (B~ — g
Giey ~ 1/v? — not a physical Green function

Exact relations between physical and dual quantities follow from
Hubbard-Stratonovich transformation, e.g.

Zkya

Yo = TpP + — =
" v 1+ zk1/crgua

G =Dy —a) T+ (D) —a) L gt G gyt (AL —a) Tt
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Dual Perturbation Theory
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Perturbation expansion

Gir = — (RF) /flf2 exp(=S[f*, f]) D[f*, ]

SIF 1= = D faGogtfa+ ) Vilf . £]

k7 aﬂ

Expansion of Green's function in the interaction:
exp<—ZW[e*,ﬁ1) - 1—Z_vf[f,-*,m;<ZZW[ﬁ*,ﬁ1w[§*,ol>
i 1 U J
-5 (ZZ; \/,-[f;*,ff]vj[f,-*,o]vk[f:,m) ¥
i
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Perturbation expansion

First-order (only those involving 'y(4) and 7(6)):
(——)Zw,aw/ﬁfz o fis s exp(—Solf™ ) DI, f]
() 52 asec [ A5 ialiay s ow(=Salr” DI
Second-order (only those involving 7(4) and 7(6)):
( ) ZZ'Ylaﬁw m;wx
x [ 65 i s Gt ee(=Solf™, M) DIF, 1]
*% ( ) (36) ZZ’YH’Xﬁ’Y(s K/\;J.ue(
/ﬁf2 . lﬁf f; f}hf} fuf f fic exp(fgg[f*,f])’D[f*,f]
5 (73) (3) S
i
X 65 GG A i Fa oty fis oa(=Solf ™, ) DIF. 1]

(6)
2,( ) ZZ'Ymﬁwéeg VikApvpn X

x [ 65 G fi i s i Bl G o exp(=Solf™, ) DIF*. 1]
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Self-energy diagrams

1 4 . =
(7) S 1 sns [R5 sy s exe(=Solr™, A) DI 1]
i

4 x = =
+1f5 i figfiyfis = —fifigfisfifigfy =(—1)" G1iaGig2Gisy

[ R e A [l R At
(@) _ (4) A
):fiaa = Yiap~s Giig~y

4 equivalent pairings
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Self-energy diagrams

* * * * & * *
- (-3) PO)DUINE W L LA A A L

1 5 ANk
a B It v
+hf fiafifl fif BN v =" Fuf i i £ in Fin fio e i

62 2 A =
=(=1)° 610 GjjguGjixy Gijsr Giv 2
1 .
b 4
O EE I SN R o

joav = T, iaﬁ'\(&’yn)\uu vﬁu Jixy

Nonlocal correction, 16 equivalent pairings

matic Approaches
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Self-energy diagrams

1 () (6) - - . & rpx *
5 (53) (5) s v [R5 Fiiaiy s G b e ex(=Solf™ . ) DI 1)
! 2

1 > (6) ) . % oo ok o * & rox .
Tl (_Z> (%) Z’Yinkuueijaﬁ’Yl; /ﬁf? fir fix fip fiv fie fic fja fip Ty fis exp(=Solf™, f]) DIF”, f]
! 5

FLFS i Fis i (e finf T iy = +IFTLF

Kop ok o ok o *
jrfintjut fifiafinfisfisficfjuficficfi figh

62 ~ 2 = = =
= (—1)"G1ia Gjixy Gijsk Gjive Gijc 1. Gig 2

(o _ (6) (4) & EE &
Yiap = (;) Z’Yiaﬁwéeq Virau Ciirvy Gijs Gjive Gijc
J

36 equivalent pairings

Hartmut Hafermann Diag

matic Approaches



Self-energy diagrams

" b exp(—Solf ™, ) DI 7]

* * *
f1f; fIB ‘fi'y fié ffe f:c fjh fJ)\(m fJV‘fmfmfz

2x 2 = 2 a2 2 =
=(—1)" G1ia Gijgp Gjiv~ Gijs u Gjixe Gijc r Gjn 2

@ _ (LX), ® ©
Tioan = (E ViaB~ysec Vv pn CiBe Ciivy Ciis u Giixe Gijcr
216 equivalent pairings: (1/2)(1/36)% x 216 = 1/12
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Self-energy diagrams

( ) ZZZ%QM MW'V/(«)CM,X

></F1f2 e finfi fj fi g tjyfk*efkcfk*pfkn exp(=So[f*, f]) DIF*, f]
4§ 5 v Iz ONe
a koA P n
. * * P
(Lfiaf,-ﬁfwf,éf Finfiufivfreficfipfints

=1 g e i F i Fis frefinFip Tk Fufkn s

&
=(-1)%G1a Gijgr Gjiv~y Gikse Gjinp Ghjc u Gn2 »
baig) -3¢ 5 GuseGnp G
ik o /aﬁwri NAMU’Ykstn Giipr Gjivy Gikse Gionp Chjc
J
384 equivalent pairings

Hartmut Hafermann Diag matic Approaches




Self-energy diagrams

( ) ZZZ%QM Jn)\uV’YIEE)Can

></f1f2 e fiBf; W, g fia f fir fkefkcfkpfkn exp(—So[f*, f]) DIF*, f]

9 v, Iz c i ) I v € ¢
a K A ) n @ J&] P n

“ « «
FLE T fi i Fis i Ein i Fcfhc FipFin

“ « « “

= =1 o fig e i Fis Eufin Fip fiu Fie Fin s

8x = 2 a9
=(—1)"G1ia Gijar Gkicy Gijs u Gjkxp Gjkve Gkn 2

f  _ (4)
Tikan = Z ’Yraﬁ'yé MW’Ykegpn Giign Gkicy Gijp Gikxp Gjkw e
96 equivalent pairings
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Diagram rules

@ Include a factor 1/n! for each tuple of equivalent lines
@ Determination of the sign: closed loop yields factor (—1)

| | Q
@ Symmetry factor for n-th order vacuum amplitude diagrams:

1/(2n)

cyclic permutations of (1,2,...n) and (n,...,2,1)
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Diagram rules

Self-energy diagrams in momentum space

@ Draw all topologically distinct, connected irreducible diagrams
involving any n-body interaction ~(2"

@ Connect the vertices with directed lines

e With each line associate a dual Green function Gy,

@ Assign a frequency, momentum, orbital and spin label to each
endpoint

@ Sum / integrate over all internal variables taking into account
energy- momentum- and spin-conservation at each vertex

@ For each tuple of n equivalent lines, associate a factor 1/n!

o Multiply the expression by (T/N)™S~! x s, where m counts
independent frequency / momentum summations and S and s
are the symmetry factor and sign described above.
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Second-order approximation DF(?)

DF(?) self-energy in momentum space:

Thvo = 2 N2 Z Z Z ’71/1/ w Gk+qu+w0 Gk’+qV +wo’ Gk/V ‘g’ Yyt VwaU

k'q v'w o’
172
2 N2

GO0G [/~ ~ ~ GoOT
§ Tov'w Gk+ql/+w0 Gk’+qv’+wcr’ Gi'v o' Vo
k'q v'w

Includes non-local, but rather short-range correlations
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N
Zz—g—%HH—H L=

Generate infinite series through Bethe-Salpeter equations:

coo'c’
rqul/ 'w

0coG0
quV "w

! ! T "1 I
_ . o0d'c ood' o a’o'o
=TYw'w T N E Yov''w Gk”—l—qu”—i-w Gk" " rqz/’u 'w

k/ll///a-//

o000

=Yolw — N Z ’yw/"w Gk”—‘rql/”-i-w Gk//]/” qu Ul

k// 11

Multiple scattering of particle-hole pairs with defined spin projection S,
First equation mixes spin components of vertices — total spin S is not
conserved in scattering processes

Second equation has S =1
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Ladder approximation

Spin diagonalization:
Equations decouple in terms of linear combinations

d(m) _ M (i) M

Tovw = Tovlw Tov'w

. T . L
a _ L« a «
rqyy’w = Tw'w — N E Yov''w Gk”+q1/”+w iy rqu”l/’w

k//l///
Describes collective spin and charge excitations:
74 density, S =0, S, =0 ((nyny) + (nyn) = (nyn))

y™: magnetic, S=1, S, =0 ((nom) — (non;) = (nsS;))

Paramagnetic case: result independent of S, —
™ M T

wiw — Twlw = Tovlw
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Ladder approximation

Solution by matrix inversion

[rqw vv! T [’yw]z/y’ + T/N Z k+qr+w GNkI/(SI/l//
k

Similar to a geometric series T =y(1 —q+¢*> —q>+...)
with g = GG~

Caution: series may diverge!

| BoSlos BolomoRomomnls
w<>w e -
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Ladder approximation

Schwinger-Dyson equation

PN
Yw, k) = — — 30 ]

Approximate the lattice vertex as T ~ " + [V — 5
Neglects particle-particle scattering; double counting correction -y

Horizontal and vertical electron-hole channel contribute equally to
ladder self-energy:

s s a & = = leha L g
B == 123 Y A GerarGosar Gen P — S8

k'q v'w

A4 =1 and A, = 3 accounts for spin degeneracy (S, = 0,+1)
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Applications
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Self-consistency

S
A —B L g

DMFT

inner

—1

loop

o — Ed —

outer loop

Anew = Aold =+ g_lGldocG71

loc
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1D Hubbard model

U/t=6, T/t =0.1, hy = —2tcos(ka) , ¥4 =

0

-0.05F B

-0.1Fc
3: -0.15
= 02t DMRG
38 i DMFT o |
G 025 0 DF it) —e—
g -03F DF itl 8
= el DFit3 o |

0351 DF it5

04 DF final —e— 7

-0.45-° ; : : :

0 2 4 6 8 1

@ Model is insulator for any finite U

@ Nonlocal correlations change the environment (A)
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1D Hubbard model

Cluster Dual Fermion

0 1 2 3 4 5 6 7
0 ~0.16 03 : T : : 03
-0.165 0.25 7025
~005 |- S
017 _o2kh CDFG(0) 302
3 3
= o1l -0.175 = 015 CDFG(1) 0.15
5 ol & o
E -0.18 2 o 0.1
~0.15 |
—0.185 0.05
0.05
0
-02
0 0.0

Significant improvement of the single-site solution
Diagrams have a tendency to restore translational invariance
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2D Hubbard model: Mott transition

Soezscond—order | DE

0.20 - L

& /DR

| oo reon
‘U(. 2o
040 . . 1 S o
f :f T=010 T =008
B T I s I e S
. .
0.05 U, U, 1 1
L L L L L L L L L t
500 550 6.00 650 7.00 7.50 800 850 9.00 9.50 10.00
U

@ Strong reduction of U. compared to DMFT
@ Short-range correlations reduce entropy of the Mott insulator
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2D Hubbard model: Spectral function A(k,w)
paramagnetic calculation U/t =8, T/t =0.235
DMFT E

r ¥
\ o P ‘*: X
M |

Q= (7(777)

€k+Q = —€k

Dual Fermion ¥4 =

r

e Strong modifications through dynamical AF short-range
correlations

[S. Brener, HH, A. N. Rubtsov, M. I. Katsnelson, A. I. Lichtenstein PRB 77, 195105 (2008)]
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Convergence Properties

What are the small parameters?
o Weak coupling limit (U — 0): v ~ U ,v(®) ~ U2 ...
@ Strong coupling limit (t ~ ex — 0); atomic limit (A = 0):

= _11-1
Gl(/)(k) = 8&v [gV+(A_5k) 1] 8 ~ 8k 8y

Large d-limit:
o Scaling t ~ 1/+/d
0 Gi=0, Giyj~1/Vd
o Ladder diagrams leading at order ~ l/ﬁ
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2D Hubbard model: ladder approximation

a
1.1+ Qi’;, Ult=4 8x8 e X T/t=04 16x 16
o
1.0 - g8 4
£ 09

@

L
Amax

0.8 QMC (Bulutetal.)
DF (diagrams a.b) -0~

0.7 I;_I\E/)HE? —— 1
06 0 d.l (;.2 6.3 (;.4 0‘.5
Irr, m Gm'+£2(k/+Q)
ST 6 (k)G (4 Q) 6 = A !
lk/
DF: I =~7® G =G* DMFT: " =" G=G°MFT

[HH, G. Li, A. N. Rubtsov, M. I. Katsnelson, A. I. Lichtenstein, H. Monien PRL 102, 206401 (2009)]
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2D Hubbard model: ladder approximation

T a

o o’

~e;

10°
SSONINE
\\&..\- _A=1T

107 \\ K519
U=4(N=32x32) X

N

102} (V=64 x60) —o— g
e
e

(N=128x 128)

U=8(N=32x32) R\-\\.
(N = 64 % 64) —o—

(N=128x 128) —o— NS
0 1 2 3 4 5 6 1 8§ 9

1-A%

In the critical regime for T — 0, y ~ €2 — 1 — A~ e F4

Néel temperature Ty—q as required by Mermin-Wagner theorem

[Junya Otsuki, HH, Alexander I. Lichtenstein, Phys. Rev. B 90, 235132 (2014)]
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2D Hubbard model: ladder approximation

; 0.3
0.9 [(a) § QMC (Moreo) "=
= 5 DMFT 0.25
. 081 1 DF8x8 —— 0
= 07 § : ..DIFMXM — _
I ! <. 3
3 06 f | < o015
i ‘ / 0.1
%z, 05 DMFT Ty
0.05
0 02 04 06 08 1 12 4 3 21041 2 3 4
T/t o

Downturn of susceptibility due to spin correlations (super-exchange)
Significant size-dependence
No more pinning of spectral function at Fermi level

[E. van Loon, HH, M. I. Katsnelson, Phys. Rev. B 97, 085125 (2018)]

Hartmut Hafermann Diagrammatic Approaches



3D Hubbard model: Critical exponents

Critical exponents describe universal behavior of physical quantities
near continuous phase transitions

Fluctuations penetrate the entire system

DI'A and DF reproduce the Heisenberg critical exponents

[A. Antipov, E. Gull, S. Kirchner, Phys. Rev. Lett. 107, 256402 (2011)]
[G. Rohringer, A. Toschi, A. Katanin, K. Held, Phys. Rev. Lett. 112, 226401 (2014)]
[D. Hirschmeier, HH, E. Gull, A. Lichtenstein, A. Antipov, Phys. Rev. B 92, 144409 (2015)]

See lecture by K. Held on Friday

Hartmut Hafermann Diagrammatic Approaches



Spin polarons in Na,CoO,

— _——

—
—
Y
/
N

M r

-,

Ladder approximation describes bound states between quasiparticles and
paramagnons

[L. Boehnke, F. Lechermann, Phys. Rev. B 85, 115128 (2012)]
[A. Wilhelm, F. Lechermann, HH, M. |. Katsnelson, A .I. Lichtenstein, Phys. Rev. B 91, 155114 (2015)]
Hartmut Hafermann Diagrammatic Approaches



Real space dual fermion (RDF)

Real-space formulation for inhomogeneous systems
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Diagrammatic extension of real-space DMFT (RMDFT)
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Real space dual fermion

Quasicrystals: the Penrose lattice

(a) T

coordination numbers
3(D,Q), 4 (K),5(J, S, S5), 6 (54) and 7 (S3) T =0.1, U = 10.0 for RDMFT, U = 7.2 for RDF
RDF double occupancy not only depends on coordination number, but

also on coordination of neigbors
[Nayuta Takemori, Akihisa Koga, HH, J. Phys.: Conf. Ser. 683, 012040 (2016); arXiv:1801.02441]
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Dual bosons: surface plasmons (Vg =

Conserving description of
plasmons in the correlated state

Spectral weight transfer and renormalized dispersion !

[E. van Loon, HH, A. I. Lichtenstein, A. N. Rubtsov, M. I. Katsnelson, PRL 113, 246407 (2014)]
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Did not cover applications to following models
o Extended Hubbard model
e Kondo lattice model
@ Falikov-Kimball model
and scenarios
@ Non-equilibrium systems
@ Disordered systems
@ Symmetry broken phases
o Multi-orbital systems
° ...

Can be combined with clusters, weak-coupling approaches
(Diagrammatic Monte Carlo, functional RG, ...)

[Rev. Mod. Phys. 90, 025003 (2018)]
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What's next?

Combination of diagrammatic extensions of DMFT with electronic
structure methods

@ Realistic treatment of spatial correlations in materials

@ Restricted to single-band models so far

@ Technically challenging but highly rewarding

Many interesting open questions:
@ Role of multi-particle interactions?

e What are good approximations (in terms of relevant physics,
conservation laws, diagrams ...)?

Further reading:
e Comprehensive review: Rev. Mod. Phys. 90, 025003 (2018).
o Textbook: e.g. Negele & Orland.
@ Technical derivations: PhD thesis — please send me an email.

Stay curious!

Hartmut Hafermann Diagrammatic Approaches


http://hartmut-hafermann.info/contact/

