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DMFT for the Hubbard dimer

this is a toy model: coordination number is one

DMFT is exact for t=0, U=0, for a single correlated site
and in the infinite dimension limit



the Hubbard dimer
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@@ (=0: exact diagonalization

N, S, S.) N S E(N,S)
0,0,0) = 0) 0 0 0
1,1/2,0); = ¢l _10) 1 1/2 £d
1,1/2,0)2 = ch,|0) 1 /2 ed
2,1,1) = chrcli]0) 2 1 24
2,1,-1) = ch,ct,10) 2 1 24
2,1,0) = \/Lﬁ _chcgL + CLCQT_ 0) 2 1 2e4
2,0,0)g = \/LE _chcg¢ — CLCQT_ 0) 2 0 2e4
2,0,0); = cl.ct)]0) 2 0 2q+ U
2,0,0)y = chrch [0) y 0 2 + U
3,1/2,0); = el ychach |0) 3 1/2 3eq 4+ U
13,1/2,0)s = chyciact |0) 3 1/2 3eq 4+ U

4,0, 0) = CJ{TchgTC;JO} 4 0 deg +2U




@0 finite ¢ exact diagonalization ~ N=1

11, 5,5.)a E,(1,5) d.(1,5)
1,1/2,0) 4 = %(u, 1/2,0)1 —|1,1/2,0)2)  eq+t 2
' |1,1/2,0>_:\/Lﬁ(|1,1/2,0>1—|—|1,1/2,0>2) gq—t 2

e, = eq — tcos(k) B
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@0 finite t: exact diagonalization

half filling (N=2)

2,5,5.)a E.(2,5) do(2,5)
2,0,0)+ = a1/2,0,0)0 — 2%(2,0,0)1 + [2,0,0)s) 2¢q + 3 (U+A(L,U)) 1
2,0,0), ::-53(]2,0,0>1-\2,0,0>2) 2eq + U 1
2,1,m) = [2,1,m) 2€d 3
2,0,0)— = a22,0,0)0 + 25(]2,0,0)1 +(2,0,0)2) 2¢q + 3 (U—A(L,U)) 1

A(t,U) = VU2 + 16t2

A

—

4y

U=0 2t




the ground state (N=2)

CLQ(t, U) al(t, U)
G)r = (C]iTcg¢ — chgT) 0) (CJ{TCL + chcgi) 0)

V2 V2
) 1 AWU)-U ) A 2
“(t,U) At U) 2 ’ (4 U) = At,U) A(t,U) - U’

A(t,U) = VU2 + 16¢2

Fo(2) = 264 + %(U —ARU))



@0 finite t: exact diagonalization  N=3

3,5,5z)a

E.(3) do(3,9)
3,1/2,0), = %(1,1/2,@1%— 1,1/2,0)2) 3eq+ U+t 2
3,1/2,0)_ = %(1,1/2,@1— 1,1/2,0)9) 3eq+U—t 2

— {4, —

B




Lehmann representation

B
G, (ivn) = — / dr ¢ (Te, ()eh (0)).
0

o~ AE(N')B | o~ AE/(N)B

iy + AE(N)—AE; (N')

G7,(ivy,) = () el 1N

N =

[I"NN'

AE|(N) = E(N) — pN



@@ the local Green function

using Lehmann representation

1Bl 2P~

N 1 —w(t,U) | 14+ w(t,U)
vy — (— Eo(2) + U+3eq+t—p) vy — (— Eo(2) + U+3e4—t—p)
E(3)-E(2) — - -

U=0: E(Q) — 24 — 21



“ the local spectral function

W=2t
t=1




@@ the local Green function

change from site to k representation

1
C O': — (C ::C
k \/5( 1+ F C2¢)

10 ——————————  — ——
| k=D
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‘—‘ the local Green function

- l | sum two terms together
NN

d1*d0

@2)-5(1)

w(t,U) 1+ w(t,U) )

+
U + U+3e4+1— ,u)




@@ the local Green function

change from site to k representation

G (i) = ; : 1
V) = = | - : - '
(N 9 ZVn+/i—5d‘|‘t_20(07ZVn) zyn+u—8d—t—20(W,ZVn)
Ga(ajil/n) GG(;fiVn)
U U 1

etk 3t

2 41’”71_'_,“_5(1 >

er, = —tcos(k)



local Green function

U=0 vs finite U

1

e = €4 — tcos(k)

A

local self-energy plus modified hybridization function



@@ the local Green function

energy level modified energy level

Ed Ed + Z?(Zyn)

local self-energy

Ela(iVn) _ Ea(ﬂ', iVn) e 20(07 iVn) — | | Wy + U 55 2
2 2 4 (wp+p—eq—35)%—(3t)?

second order in U!

it is a function! »

more poles



@@ the local Green function

hybridization function

0 t2
F~(iv,) =
(i) Wy — (€4 — 1)

modified hybridization function

(t -+ AZl(iVn))2
o~ (ea — o+ 57 )

F?(iv,) =

non-local self-energy

1

AXT (ivy,) = 5 (Za(w,z'un) — ZJ(O,Z'V”)) — —



local Dyson equation

1 1

57 (ivy,) = |
i (ivn) &7, (ivn)  G7,(ivn)

similar to quantum impurity Dyson equation

1 1

2 Wy ) = : :
Alivn) = G Gy ~ GG




map to a quantum impurity model ?

the Anderson molecule

1 2 1 2

AN = 60Y e =t (Chylon + clotus ) + 20D itao + Uitayina,

~ same local self-energy and Green-function?



H self-consistency haiffilling: N=2

[2e4 0 0 0 0 0
0 24 O 0 0 0
) 0 0 2, O 0 0
HEaUO=1 0 o 0 9, VB
Hubbard 0 0 0 —V2t 244U 0
\ 0 0 0 —2t 0 244U /
[ cates O 0 0 0 0\
0 Ed+Es 0 0 0 0
o 0 0  cqte, O 0 0
HyaUties) = 4 0 0 egte. —V2 —/3
Anderson 0 0 0 2t 244U 0
\ 0 0 0 =2t 0 2.

same occupations of Hubbard dimer Es=Eq+U/2=l



@ —® solution: Hubbard vs Anderson

Anderson molecule

o) Y N 1

dd(zyn) _Z‘Vn _ (gd — W+ Zlo-(ZVn) =+ F(ST(ZV’I”L))
o

Hubbard dimer
o ( ) 1
Wy ) =—- ' '

11 Wy — (€4 — p+ X7 (ivy) + F7(ivy))

o

the local self-energies are identical!

let us neglect the non-local self-energy in Hubbard model



@—® solution: Hubbard vs Anderson

hybridization function

FO(ivy,)

local self-energy approximation



Green function U=4t

vs Hubbard (local self-ene approx)

only local self-energy




“ DMFT for the dimer

H=¢4 fo% - tz (CJ{UCZU T Cgacl") i UZMT&“ CD_CD
10 o i

map to quantum impurity model (QIM) in local self-energy approximation

£ 7 | "

QIM solver j ‘L :
self-consistency loop | - Jl _ l . 11 .




@ —® DWVFT for the Hubbard dimer
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- U=0 | | U=4
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DMFT for the one-band Hubbard model

_€d> >4 CioCio > / za ’LO'_I_UZTLZTTLZJ/




self—consistency loop

_€d> 4 za Cio t> 4 ’LO‘ za—l_UZnZTnzi

(i) @

v

» quantum impurity model (QIM)

QIM solver: QMC, ED, NRG, DMRG,...

self-consistency loop Gaa=Gii I




dynamical mean-field theory

Gi,j

HLDA

Ui,i

G =G

Metzner and Vollhardt, PRL 62, 324 (1989); Georges and Kotliar, PRB 45, 6479 (1992)



a real-system case: VOMoOy4

VOMoO,

Energy (eV)

Amin Kiani and Eva Pavarini, Phys. Rev. B 94, 075112 (2016)



a real-system: VOMoQOg4




DMFT for materials



DMFT for real materials

realistic models

realistic self- %4)’( :@)’@’@’@’Q
consistent ‘(s (ORI ‘(, OO >
quantum-impurity 05* 0"\;«» ’ § ‘o‘isé;o \v‘}'
(Ql) model Q)’ VAN ‘)‘ IS 0,
feees fssses



In theory, more Iindices

YES

Jolly good show!

You converged




in practice, QMC-based solvers

computational time

[imited number of orbitals/site
finite temperature

sigh problem
some /nteractions are worse than others

some bases are worse than others

we need minimal material-specific models



minimal material-specific models

A

H E tabc Ch + E Uit C) cdc /C g1
cdc’d’

chose the one-electron basis in a smart way — minimal models

idea: DF T-based Wannier functions

 span full Hamiltonian

* good electron density

* very good description of weakly correlated states
» average and long-range Coulomb included

* information on lattice and chemistry

* allow energy- and symmetry-based downfolding

E. Pavarini et al., PRL 87, 047003 (2001); PRL 92, 176403 (2004); New J. Phys. 7, 188 (2005)



details matter!

week ending
VOLUME 92, NUMBER 17 PHYSICAL REVIEW LETTERS 30 APRIL 2004

Mott Transition and Suppression of Orbital Fluctuations in Orthorhombic 3d! Perovskites

E. Pavarini,! S. Biermann,? A. Poteryaev,3 A.1 Lichtenstein,> A. Georges,2 and O. K. Andersen”

1 v r v r - ~ + - ~ ~ - - ~ ~ -
ael . metal || | metal|
3 g X 1=0.68 eV 1=0.68 eV 3

£ Us5eV SIVO3 U=5 eV Cavo3
T s
B
C
(@

. Insulator]| Insulator,
%‘; 1=0.64 eV % LaTiO3 1=0.64 eV Gt

B 06F U=5eVv .

=

(o)

(&)




flexible and efficient solvers

FE. — Y SRS e self-energy matrix in spin-orbital space

mm/ zma zma

1/ mm’ o
I UznianiTrw
m

1
e 5 Z (U —2J — J5gg’)nim0nim’0’

im#Em’oo’

16384

8192

4096

speed up

i i
— T D (ot el T ot oy et o))

m=£m/

DMFT and cDMFT 1024

1024 2048 4096 8192 16384

generalized quantum impurity solvers: #OPU
general HF QMC
general CT-INT QMC e —————
general CT-HYB QMC T|O3

+ CT-HYB: A. Flesch, E. Gorelov, E. Koch and E. Pavarini
Phys. Rev. B 87, 195141 (2013)

2048

m (T)

05

+ CT-INT: E. Gorelov et al, PRL 104, 226410 (2010) FM PM
+ CT-INT+SO: G. Zhang, E. Gorelov, E. Sarvestani, and E. Pavarini, 5 . Lo 22T
Phys. Rev. Lett. 116, 106402 (2016) 20 30 40 & 60 70 80

T (K)

sign problem: smart adapted basis choice






linear-response functions

INn short

(m) ~



with more Iin detall

a small space- and time-dependent perturbation H+

A

H %H+fdrH1rt

o~ - OO

property of the system external field

A

O, (r;t) = ! T=1NLQ, ()= (=N,

Tr (e #AMA)  B=1/kgT
Tr (e—ﬁ(ﬁ—uN)>

(A)o =

AA(r;t) = A(r;t) = (A(r))o

difference wrt unperturbed equilibrium case



with more details

linear effect on some property P

(By(r5t)) = (P, (7))o + (0P, (r;1))o.

t
(6P, (r: 1))y = —i / dr / dt’ <{Af’y(fr;t),Aﬁ1(r’;t’)}> ]
oo 0
replacing H7 with its expression

(6P, (r:1))o = —i Z / dr /_ ; dt’ <{Af’y(r;t),AOA,/(r’;t’)}>Ohyf(r’;t’)



Fourier transform

(6P (q;w))o =D _Xp.o, (@wh, (g w)

example: magnetic susceptibility

A A

s (@w) =i [ e ([S.(@0.5.-q:0)]) o).



Fourier transform

(6P (q;w))o =D _Xp.o, (@wh, (g w)

example: magnetic susceptibility

A A

s (@w) =i [ e ([S.(@0.5.-q:0)]) o).



In Imaginary time and frequency

SZ (71, 7T2) Zp (1) p?x — _g:uB<OJ|5-V‘OJ>7

Xgi ao () = (TAS(1,7)AS%(0,0))0,

Xt g (i) = / dre“ X g 5o (7

bosonic Matsubara frequency w, = —2m

| N



let's make it more complicated

XS'Z SA'il, (T) — <TAS13(7-177-2)A‘§5’ (7_377-4)>07

1125123, 134
Tll/ = Tl — Tl/



let's make it more complicated

Fourier transform

(7’-19 7'-29 7:39 7:4) £l>

125123, 134

/\

V = (Vna —UVUp — Wm,y Up/ _|_Wm7 _Vn’)

fermionic bosonic

- T
v, = E(2n +1) w,=—2m

p



lll: magnetic response for the Hubbard model



Hubbard model

atomic hoppings atomic
—€d> >4 Za ZJ t> >4 Zazalﬁd+ﬁT+IA{U
(i) o

at half filling:

1. t=0: collection of atoms, insulator
2. U=0: half-filled band, metal

MZ (q) — ggB S: S: SUCITH—qaCkJ
k o

Xzz(Q§ Z.Wm) — <Mz(q;wm)Mz(_Q§ O)>0 o <M2(q)>0<MZ(_q)>O7



T.— 7

magnetic susceptibility 3-times «=x-5

Xzz(q§T):(guB)2%ZSUSU _—Z kaka

oo’

Xooo!o! (A3T)

[X((B T)} ko,k’'c’ — <Tcka (Tl)cl];—i—qa (TQ)Ck’+qa’ (7-3)62’0’ (7-4)>0

— (T oy (T1)Chy g0 (72))0 (T s o (T3)Chr o (T2) ),

1 1 ,
. 5 __ 2 n,m .
Xz2(@3iwm) = (9pB)" 7 d 5550 5 gn/xm,/(,/(q,zwm),

oo’

RRRRRRRRRRRRRRRR



non-interacting limit



Matsubara formalism and Wick theorem

| |
[X((I; T)} kok'oc! <Tckc7 (Tl)CL+qa (TZ)Ck’+qa' (TS)CL/J' (74)>o
| | | |

— (T (T1)Chy g0 (72))0 (T s g (T3)Chr 0 (T2) ),

k+q k'+q 1Gk+qya (1Vn + 1w )
Vn+Wm Vn+Wm
a y
XO = XO
a V
Vn Vn’
k k’

igk:om’ (ZVTL)

[XO(q; iwm)]kLa,kz’LW — _Bngkow’ (iyn)gk’—l—qa’v(iyn’ + iwm)én,n’ék,k’

a=o,Y =0 a' =0,y =0



energy (eV)

non-interacting limit

d
hypercubic lattice cr = —2t y cos(ky, a)
v=1

d=1 d=2 d=3

ya /\ /N




Hubbard model, U=0, n=1, d=2

ey, = —2t|cos(kya) + cos(kya) T~350K

_ .
d=2

2 0 2

%0(d;0)

nesting vector

proportional to
density of states
(Pauli)

M

X

weakly T dependent (except close to van-Hove singularities/divergencies)



g=0, finite temperature

d=1 d=2 d=3
N I
- | A |
N U I ) =t AR
2 0 2 2 0 2 2 0 2
energy (eV)
d=1 d=2 d=3
1 _— | —
. \
X | |
O ....................................
2000 4000 2000 4000 2000 4000

T (K)




let us switch on U...



Bethe-Salpeter equation




an exact solution: the atomic limit



atomic limit (f=0) & half filling

N, S, S.) N S E(N)

0,0,0) = [0 0 0 0

LIt = cLo) 1 1/2 Ed

L4 = o) 1 1/2 Ed

2,0,0) = cLcl|0) 2 0 24+ U
G (iv,) = 1 1 I 1




static magnetic local susceptibility

) (Q,UB)2 ( Tr [G_B(Hi_'“Ni) (52)2} Ty [6_5(Hz’—uNi) S;} 2
XZZ( ) - kT < Tr [6_5(Hi—ﬂNi)] B Tr [G_B(Hi_,uNi)] >
\ /
Cy /2 oBU/2
T 14 €PU/2
1 C'q /90
large U: Curie form Xzz(()) — (Q,UBS)Q = /




imaginary time and frequency

RRRRRRRRRRRRRRRR



Matsubara formalism, no Wick theorem

— < T <P symmetries: six independent sectors
= LT

sector E, 77: 7, > 0

N 6’7‘12U/2-|—7'34U/2 +500/6(,3—T12)U/2—7'34U/2 /
Xiaa,ia/a/ (T ) = 2(1 n eﬁU/Q) — G'L',i (7_12) Gi,i(7_34)'

The mean-field terms GY;(712) GY -(734) cancel out in the actual magnetic linear response func-

tion, so here we do not give their form explicitly and we will neglect them 1n the rest of the

calculations. For a single atom, the contribution of the 77 sector to the imaginary-time mag-

netic susceptibility 1s

11 E : (gup)” 1 N
2 T19—T
XZZ(T+) — (g:uB) ZE SGSJ’Xiaa,ia’J’(T+) — 45 (1 T eﬁU/Q)e(B - 34)U/2.




Fourier transform: 6 integrals

Xl (i) = B (gu)* Y sign(P)

B T14 To4
. . . L IWp, T1a+1wp, Toat+iwp, T
frliwp,,iwp,,iwp,) —/ d714/ d724/ dTgy WP TIATIWP T2ATIWPSTIA £ (1) 4 Toy, T34)
0 0 0

1 (ot 1
SE(T14, T2, T34) = (1 + eBU/2) ePU/? em(natma)U/2 o (1 + ePU/2) 9E(T14, T24, T34).

wp, wp, W P, gp(T14, To4, T34) sign(P)
E(123) vV, —Wm — U, Wy, + Uy eBU/Q 6—(7'12+7'34)U/2 +
A(231) —Wm — UV, Wy + Uy v, eBU/2 o—(T12+734)U/2 4
B(312) Wy, + Vpyr v, —Wm— Y, _€‘|‘(’7'12—|—T34)U/2 4
0(213) —Wy, — V,, v, Wy + Uy _eBU/2 o= (T12+734)U/2 o
D(132) v, Wi + Ut —Wp — U, et (T12+734)U/2 B
F(321) W + VUt —Wm — U, v, 6—|—(7'12—|-7'34)U/2 B




calculating the integral

B T14 To4
IP (CE, —Z, x;iwpl ) inQ ) in3) - / d7-14 / d7-24 / d7_34 e* T4 Py T24 F1W P, T34 633(714_7_24—'_734
0 0 0

B T14 T14—T . . . | . ,
:_|_/ dT14/ dr / dr’ e(’bcupl—|—pr2—|—pr3—|—33‘)’7'14—?,(¢0132—I-WPg)Te—(’prg—l—aZ)T
0 0 0

1 1 1 1
- iwp, + T —iwp, + [iwpl +x n(z) " BéwleerQ]
1 1= 0wp,+wp, 1 1 1
i iwp, + 2 i(wp, + wp,) [iwpl +2  i(wp +wp, +wp,) —|—:13]

n(z)

+ Oy +orr, Z.wP:Jr " { [(z‘wp11+ x)] 2 % - [(iwp11+ :v)] : n(:c()x) } |




;r n,n
oo Xiaa,ia

U

0

dM. dM
/1 :Mn’ - Mn A 57?, n’ 5?1 —n/’
_(0) o Mg Bn(y)[ , ]
1
_5 {Mn’ _ 6 [n(y)an,n’ — n(_y)5n,n’] }Mn

static case: y=U/2

and after Matsubara sums

5 1 6BU/Q

4k 1 + ePU/2

Xzz (O) — (g:uB)



Increasing U, low T

10

o NN B~ O 0
o N B~ O O
o NN b~ OO

10 10
8 8
6 6
4 4
2 2
0 0
-10 -5 0 5 10 -10 -5 0 5 10
J. Musshoff, G. Zhang, E. Koch, E. Pavarini J. Mussl:off, A. Kiani, and E. Pavarini,  E. Pavarini, E. Riv. Nuovo Cl;:n. 44, 597-640 (2021). ,J J U L I C H

Phys. Rev. B 100, 045116 (2019) Phys. Rev. B 103, 075136 (2021) https://doi.org/10.1007/s40766-021-00025-8 FORSCHUNGSZENTRUM
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Bethe-Salpeter equation

k+q k+q k+q
Vn+Wm —>» VntWm  Vn+Wm — >
a a
Xo + Xo T
a a
Vn P P Vn Vn K

o N O~ OO
o N OB~ OO

#) JOLICH

FORSCHUNGSZENTRUM



vertex in the small U limit

2y 2y
I Mn — ~N — ——
e o 7

d

’ 1
Z O-O-/ X:LU’Z ’iU’U’(O) ~ _MnMn’ _I_ 6MRMTL/ o _{Mn/Mn _|_ 55n,n/
| Y

dy

with normalizations: I~ U

)
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Phys. Rev. B 100, 045116 (2019)

Increasing U, low T

10 10 10
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Phys. Rev. B 103, 075136 (2021) https://doi.org/10.1007/s40766-021-00025-8
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Bethe Salpeter equation

5 1 6BU/Q

4]€BT1 GBU/Q

Xzz(q; O) — (g:uB)

1 1

[ =
X5.(q;0)  xz2(q;0)

small U ["~ (WzB)QU
T — 4]€BT 65U/2—1
(gup)? ePU/? AkpT
large U h (g1B)?

#) JOLICH

FORSCHUNGSZENTRUM



Hubbard model

atomic hoppings atomic
—€d> >4 Za ZJ t> >4 Zazalﬁd+ﬁT+IA{U
(i) o

at half filling:

1. t=0: collection of atoms, insulator
2. U=0: half-filled band, metal

MZ (q) — ggB S: S: SUCITH—qaCkJ
k o

Xzz(Q§ Z.Wm) — <Mz(q;wm)Mz(_Q§ O)>0 o <M2(q)>0<MZ(_q)>O7



Bethe-Salpeter equation




the small U/t limit

Hartree-Fock: perturbation in U

simplest version: expectation value site independent

: ' 1
Hyr =) |k U(§—0m> Mo

ko -

m: magnetization

m % 0 ferromagnetic solution



Hartree-Fock: perturbation in U

energy (eV)
o

mU=0 mU=2t
™ TN
\\ // 5/ \\\
// \\
X M r'r X M

het(q) = 2m(q)U

r

m ~ y(h+ hyg) = y(h+2mU)

x(q;0)

Xo0(q;0)

1 —1TIx0(gq;0)’




the small /U limit, half filling

H = ¢4 Z ZCIGCZ‘J —1 Z chaci’a

(1) ©

+Uzm-¢n7;¢ = Hy+ Hr + Hy

idea: divide Hilbert space into np=0 and np>0 sector

np = number of doubly occupied sites

next perturbation in U high energy np>0 sector

HS:%FZ

(32")

~

S; -

1
Sir — =N
4nn

I

412
U



static mean-field theory: perturbation in I

— —FZ -Sz' . Si/ — %nzm - — FZ _Sq; : <Sz’> — —nmf,;/:

(13") - - (14”)

I,=-T Z o1 (Ti+R;)
(i7)

(8%.;) = —gusm(q) = —upm cos(q - R;)

m(q) ™~ Xat(h =+ heff(q)) ™~ Xat(h =+ qu(Q))

C1/2
Xat = T/

C' /2
T T kBTq — Cl/QFq

Curie-Weiss susceptibility — X.2(g;0) =






susceptibility in DMFT

1. perturbation around DMFT solution

. 1 . . .
[XO(Q§ 7J¢dm)]LO”L,y = —B0nn/ m Z GB}&FT(’C; ZVn)GB}\WdFT(k + q; v, + zwm)
k
k+q k'+q 1Gk+qvyar (1Wn + W)
Vn+Wm Vn+Wm
a y
Xo — XO
a V
Vn Vn’
k k'



what about the vertex?




DMFT for 1- and 2- particle GFs

Green Function Susceptibility

k-dependent Dyson equation matrix ' g-dependent Bethe-Salpeter equation matrix

G(k; wvy) = Go(k; ivn) + Go(k; ivn) X (k; v )Gk ivn) ¥ X(q; iwm) = Xo(g; iwm) + Xo(q; iwm)L'(q; iwm) x(g; iwm,)

local self-energy approximation local vertex approximation

Y(k;ivy) — X(ivy) I'(q;iwm) = I'(iwm)

local Dyson equation local Bethe-Salpeter equation

G(iv,) = Golivy) + Go(iv,) X (iv, )G (ivy,) X (twm) = xo0(twm) + X0 (twm )L (1w ) x (iwm, )




local-vertex approximation

vertex in BS equation In infinite dimensions

[X(q;iwm)]La,L,y = [Xo(q; wm) + X0(q; twp JE (W) X (q; twr)] 1 1

oy iy

define local susceptibilities

[XO(iwm)]La c [le — AT Z XO q?“‘)m)]L L 9

Y

[X(Zwm — AT Z qa ZWm



local-vertex approximation

2. solve local BS equation

local susceptibility: from quantum impurity solver

3. solve g-dependent BS equation

(@ iwm)] 1 = [x0(@: wm) + Xo(gs i) DX (3 i) 1, 1

~

q-dependence here from non-interacting part
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FIG. 3. Antiferromagnetic susceptibility yar(7T) vs tempera-
ture 7 when U=1.5 and ¢=0.0. The logarithmic scaling be-
havior is shown in the inset. The data close to the transition
fit the form yarx|T—T.|" with T.=0.0866 + 0.0003 and
v=—099+0.05. The points at U=0 reflect exactly known

limits.
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Bethe-Salpeter equation

k+q k+q k+q
Vn+Wm —>» VntWm  Vn+Wm — >
a a
Xo + Xo T
a a
Vn K K Vn Vn K
w, =0

o N OB~ OO

o N O~ OO

' [ X ]
J. Musshoff, G. Zhang, E. Koch, E. Pavarini J. Musshoff, A. Kiani, and E. Pavarini,  E. Pavarini, E. Riv. Nuovo Cim. 44, 597-640 (2021). ’ J U LI C H

Phys. Rev. B 100, 045116 (2019 : i -021- -
y ( ) Phys. Rev. B 103, 075136 (2021) https://doi.org/10.1007/s40766-021-00025-8 FORSCHUNGSZENTRUM
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alternative representations

(instead of fermionic Matsubara frequencies)

fM(r) = e em™) { V2L pi(a(7)), >0
| —(=1)"™V20+1 p(z(t+8)), 7<0

where p;(x(7)) is a Legendre polynomial of degree [, with x(7) = 27/ — 1; here the factor
(—1)™ in the second row ensures anti-periodicity for all values of m, which is the index for
the bosonic Matsubara frequency w,,. Via the orthogonality properties of the polynomials we

obtain

Xary (im) = 52213 (0%) X (i) f™(07). (90)

i

The expansion coefficients in Eq. (90) take the form

Xﬁxf; (2wm) / dTo3 / dTio / dTg, €~ WmT23 fm(ﬁg)x,W (T14, To4, T34, 0) f7 (134),  (91)



Example: Hubbard model in small /U limit

INn the atomic limit

N 1 , U? 1
G(ivy) = i = S (i) Y(ivy) = pA

4 v,

small /U limit: approximate form for the self-energy

TUU2 1

4 v,

Y(ivn) = pH




Example: Hubbard model in small /U limit

DMFT bubble

1 . 1 Jo 1 Jq
4./ryU 2. /roU 4. /rpU

X0(g;0) ~ (9uB)’

Jq = 2J[cosq, +cosq,], Joxt?/U

local magnetic susceptibility

1 ePU/2
4kgT 1 + ePU/2

X-2(q;0) = (gus)°



Bethe-Salpeter equation

F e o~ G [V (1 3 g) T

local vertex

1 1 1

+(q;0) = ~ (gup)*~ =
Xz2(4:0) x%.(q;0)]7t =TI (915) 4 kpT + Jg, /4

Curie-Weiss behavior



cluster-size evolution
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FIG. 26. Inverse antiferromagnetic susceptibility vs tempera-
ture in the half-filled 2D Hubbard model calculated with the
DCA/QMC method for various cluster sizes N. when U=6t.
The lines are fits to the function (7—Ty)”. Inset: Correspond-
ing Neél temperatures as a function of the cluster size. Ener-
gies are in units of 4¢. From Jarrell, Maier, Huscroft, and
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static and dynamical response
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high-T; superconducting cuprates

H = — LLt chcz,a—l—ZUnmnu
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half filling (x=0)
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iIncreasing X, finite q
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finite frequency: spin waves
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conclusions
DMFT and LDA+DMFT

dimer
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conclusions

linear responses in local vertex approximation
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