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outline:

e the cluster approach

e diagrammatic perturbation theory
self-energy-functional theory
implementation of the variational cluster approximation
selected results
relation to other methods
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Kinetic and potential energy
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Why consider the Hubbard model ?

* generic many-body problem

e fermion statistics (second quant.)

e lattice model (vs. impurity model)

e Coulomb interaction

e most simple setup for the
“correlation problem”
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L sites: dimension 4L = e In4'L

using symmetries:
Ny and N| are conserved

dimension L L
ensio N N,

for L=10: 63504 (half-filling)
for L=12: 853776
accessible by Krylov-space methods
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strong finite-size artefacts
all excitations gapped

no phase transitions

no phase diagrams
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solve the cluster problem exactly
use the solution fo reconstruct
the solution for the full problem
(this is approximate !)

find a clever way how to do this
step (“embedding problem”)
Machiavelli: "divide et impera”?
Goethe: “verein und leite”!
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hopping matrix t hopping matrix t’ inter-cluster hopping V

t=t'+V treat this term
perturbatively !
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e free system: e reference system:

Zt’bj CioCjo — HO ) thj CioCjo = HO )

1jo )0

e free Greens function e Greens function of the ref. system:
1 , 1
Go(w) = Gy(w) =

w+pu—t w+p—1

1 1 1 1
we have: G = = \4
O(w) w—l—,u—t’—V w+,LL—t’+CU‘|‘,U_t/ w—l—,LL—t/+

or: Go(w) = Go(w) + Go(w)VGy(w) +

sum all orders: @) = Gy(w) + G{)(w)VG@ the “free” CPT equation !

1
Gi(w)' -V

solve: Go(w) =
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o “free” CPT equation:

Go(w) = Gh(w) + Go(w)V Go(w) (exact)
* CPT equation:

Gw) =G w)+GFwVGW) (approximate)

Gros, Valenti (1993), Senechal et al. (2000)

CPT:

 provides interacting G for (almost) arbitrarily large systems (large L)
e (in principle) controlled by 1/L¢ (with Lc: number of cluster sites)

e with Lc=1, this is the "Hubbard-I approximation”

Hubbard (1963)
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e compute Greens function of the reference system, e.g., by exact diag.:
(H' = pN)|n') = E,|n')

) {n|efy lm’)

 partition function

7' = Ze_BE’In

m

e CPT equation:
Gw)=Gw +GFwVGw)  with t=t'+V

e solve by matrix inversion for any frequency:

1
TGV

G(w)




farbre CPT in practice (cntd.)

e make use of translational symmetry (if present):

I: cluster index

i: site within a cluster

k: wave vector of
reciprocal superlattice
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finite cluster - finite Hilbert space - analytic functions
(H' = pN)|n') = By |n’)

(e=#Fm 4 e=PFn) (m|cig ) (0[], |m)

w— (B}, — Ep,)

7 = Ze_ﬁE:n
m

() = —-TInZ"  analytic function of 3, u, U, ...

quantities of the lattice model: no second-order phase transitions
B 1 e.g.: antiferromagnetism
CGl(w)t-V 1 .

1( ) Mst. = 7 > (=1 (nig — nyy)

Aw) = ——ImG(w +i07) '

. aTn'st.
B 8Bst.

G(w)

Ty Y
(cjo,cw> = /_oo dw B 1Aw (w)
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e original system

H = H()(t) + Hl HO = Ztijcjgcja = Hy(t
1j0

e reference system
Hl — HO(t/) —|— H]_ Zt'l] 'I,O'C]U — HO )

1jo
CPT:
Go(w) = Gy(w) + GH(w)V Gy (w) V=t—t

e a different reference sys’rem

~

H' = H(t') + H =Y tijclocio = Ho(t)
a different CPT ? Ve
Go(w) = Gy(w) + Gy(w)VGo(w) V=t—t=V_—At

we have:

~ ~/

Go(w) = Gy(w) + Gy(w)VGo(w) = Gy(w) + Gy (w)V Gy (w) +
but:

Gw) =G W) +GWVG W)+ #G W) +GwVGE (W) +




use the freedom
L Universitit Hamburg to cure the drawback ?

e.g. spontaneous antiferromagnetic order

4 6666 6669 &
90000006006

Y

i

seasasese PP POPOPOPOYTY

By, =0 Bét >0
physical field fictitious field

CPT construction with a symmetry-broken
reference system !

Gw) =G w)+GwVGw)
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e.g. spontaneous antiferromagnetic order

660 b6666bé
000000000

000000000
S o
000000000 : The optimal neld shou

000000000 .l ,
000000000 % % @ i minimize the grand potential !
000000000 X

209909990 299090009 Q P opt -

physical field fictitious field

Q: how to find the “right” field ?
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we need a variational principle (consider T=0, ground state):
E(t') = min.
the Ritz principle ? define: optimal parameters:

OF[|¥(t))]
ot/

E[|#)] = (@|H[P) =min.  E(t) = E[|¥(¢))] =0

we have:

W (t') = [Vi(t)) @ [Wa(t5)) @ -+ @ [Wryr (t).,))
this yields:
E[w(t))] = (Z(t)[(Ho(t) + Ho(V) + H1)|¥(F)) = Eo(t) + (¥ (t) | Ho(V) ¥ (t))

for decoupled clusters as a reference and with Hellmann-Feynman theorem:
a / a / a / / / / 8H t/ /
BN = 2 By(t) = ()| (Hole) + H)(e)) = () T )
ot ot ot
this yields: * optimal parameters do not depend on V
e for optimal parameters: all one-particle correlations vanish
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we need a variational principle (consider T=0, ground state):
E(t') = min.

the Ritz principle ? define:
E||¥)] = (¢|H|¥) = min.

we have:

c
E, a reference and with Hellmann-Feynman theorem:

/ L 0 N 0 / / A / 8H0(t/) /
(D] = 5 Eolt) = s () [(Ho(8) + H) P (2)) = (0 (¢)|— = (t)
this yields: * optimal parameters do not depend on V

e for optimal parameters: all one-particle correlations vanish

ot
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with SUGT _ Luttinger, Ward (1960)

wanted: QG
G] e Baym, Kadanoff (1961)

Lsz[c;] _ 3G+ trInG — tr(G; — GG
A4 £ 4

elements of G : G, (iwy,)

_ 1
n ijo

TrA = % zn: %: ein0” Ajio (iwy)

Luttinger-Ward functional

grand potential (fermionic)

Matsubara
T frequencies
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Hamiltonian: e Greens function
H=H—uN=Ho+ H =Ho(t)+ H Gijo(T) = ~(Teis(7)c},(0)) Cig(T) = €' Cige™ ™"

S-matrix: GijolT) = % Z Gio (i) €70
S(7,7') = T Hr=7) g~ Mo’ T

B
. . Gijg(iwn) :/ dT Gijo‘(T) ei“’“
equation of motion: 0

a / / o .
—5.5(r7) = Hii(r)S(1,7)  with free time dependence of H; ;
formal solution:

S(t,7) =T exp (—/ dT”HLI(T”)>

partition function:

Z =tre " = tr (e PHoPHoe™PH) = r (e77M05(8,0)) = Zo(S(8B,0))© Cio(T) = S(0,7)cri0(7)S(T, 0)

starting point of perturbation theory:

(Texp (= drtyi(7)) erim(r)ch )
(Texp (= Ji drta(r)) >(O)

7 B (0)

expand, use Wicks theorem,
and then ..




Ve ooy di@dgrammatic perturbation theory

.. get, e.g., the second-order contribution to Z/Z, as:

e OO Q@@

OO O

200 % %

O
oF oF B

e use the linked-cluster theorem, to get the grand potential
as the sum of connected diagrams only, this yields: 2 — g
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Green’s function . irreducible
diagram reducible - seit_energy diagram

b) « > c)Q Q = Self—ene_rgy

: : I/ 1
—_— o—<—9

diagram with
Dyson’s equation self-energy insertion skeleton

€)oe—e—0 =600 Q\«\‘ f) <>

1 ’ \\ 1 1 1
*—o—09° ————o

skeleton  skeleton skeleton—-diagram expansion

S

o —0  @o6——

g)

“renormalization”
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e remove self-energy insertions and replace free by interacting propagators ?

Q Q
olaprapranranito
O

 this would imply a double  dont care !

counting of diagrams ! e sum all renormalized closed skeleton diagrams
up to infinite order:

®=g+GD+§§+

e Luftinger-Ward functional
(does not give the grand potential)
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grand potential and LW functional:

AQ=d+trlnG — tr(XG)

Luttinger-Ward functional:

cpgg

self-energy, skeleton-diagram expansion:

@,

I TR bl BT

é [ — )

Dysons equation

derivative of the LW funct.:

0G]
65Gija(iwn) = ij(zwn)[G]

to be discussed:

* variational principle ?

e grand potential: proof ?

e tr In (...) term is ill-defined !
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grand potential:

AQ=d+trlnG — tr(XG)

functional:
6Q[G
®[G] +trlnG —tr(G; ' — GHG -7%?1=0 ?

functional derivative:

Q|G
;LE%A::55%@may+Whu;—th;“—G‘UG)

=X[G]+G ' -Gy
thus:
6Q[G]

_ _ -1 ~—1
b—5 =0 & Z[G]=G; -G /




Q=3+trlnG — tr(TG) ?
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proof: |

consider the deriv
i [® + TTin G
O

' Lo
B i— TiSG)X — )+ @) T (3)

50y (G 5G o3 (1wn)

- 22 5Gagliwn) P

Gapli oG
9G op(iwn) :Tr< 0G

V—a o

O
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Q=d+trlnG —tr(TG) ?

proof:

consider the der
9 [@ + Trin G
op

vetve Wlit}:b(:gc;ﬂ _ )+ @+

BuylG]_0Caslion)

=32 5t

o . 0G
8Gaﬁ(w)n> ::Tf( .

= 2

Second terp, .
o
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Q=d+trlnG —tr(TG) ?

proof:

consider the der
9 [@ + Trin G
op

vetve erj}f{z@ﬂ _ )+ @+

Obrap ™ =

56ulG) 0Gaslion)
0"
=% 2 5Gaplion)
6 mn

o . 0G
8Gaﬁ(1’wn> :Tf< .

= 2

Seconq term:

a() 9
\2:\
(9/4 aﬂTrlnG:Tr

third term: - el
0

0 0 G)=Tr </G> +Tr <Z/>

A o) ol s

—_
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9 [P+ TrinG —Tr(2G)] =Tr (G_la—G) —
ou ou

=Tr _(G_la—G
I op

=Tr

= —1Tr

= —Tr
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G = -TrG
o ) Tr ‘ s T .

% = —ZTZe Y Gy (twn)
=Tr _(G_la—G 1

op =) =

21
(81

83 [®+TrInG —Tr(ZG)] =Tr (G 1
1L

;{ dw 0" £(w) Gaa(w)

(-G —

O

1
— Z f(w) Goal(w +1i0T)
— 2m1

—

=Tr

1 — o0

— —Tr with Dyson’s equat Z Sl
2

T J oo

0" £(w) Gaalw — i0%)

= —Tr
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G = -TrG
o ) Tr ‘ s T .
% :—ZTZe Y Gy (twn)

| oG
= Tr (G—l— -y w0t

i o B = 2#2% du e f(w) Gaa(w)
(O(—G~1 -

8& [®+TrInG —Tr(ZG)] =Tr (G 1
1L

O

1
— Z f(w) Goal(w +1i0T)
— 2m1

—

=Tr

1 — o0

— —Tr with Dyson’s equat Z Sl
2

T J oo

0" £(w) Gaalw — i0%)

= —Tr

o1

9 [P+ TrinG —TrN(X2G)] = —
oL oL

q.e.d. foru— —oc:

TrinG =0
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first step:

%Tx‘lnG = —%Trln T = —%Trln(iwn +u—t)=-Tr

second step:

N2=0 for u— —oo0 — need toshowthat TrinG =0 for

but TrinG = —Trln(iw, + pu —t) — oo

third step:

1
regularisation needed: TrlnG +— TrinG — oo =TrIln G — Trln -

Wy + 1 — €Q

iwn—l—u—so
W +u—1

= Trln

— Trlnl =0 for pu+— —o0

v
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Q=+ trinG — tr(XG) well-defined ?

third term:
1 = . 1 . 1
tr(EG) — Z E Z ezwn0+ Eijo’(iwn)GjiO'(iwn) ~ Z ezwnO"‘ =~ eanO+ L e

(1% n
1j0 n=—0oo n n

second term:

1 1 1
. —— = En:lnu/n)wgn:n:oo

add a (parameter-free) counter term:

1 1
Q= Q- — In - with €9 — 0o eventuall
5 ; Wwn, + 1 — € ’ '

e infinite constant
* regularizes the tr In (...) term
 all calculations unchanged
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CPT with parameter optimization:

t —» H' = Hy(t')+ H —» G'(v)

T

more precisely:
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CPT with parameter optimization:
t —» H =Hy({t)+H —» Gw) —» Guw) =GWw+GwVGw —» Q[G]

| (9

conditional equation for the parameters t"

) . 0 oG . 1. 0G
0=—ZO(G -V)=-5 2 =(Z+G ' -Gy') =

ot ot'
this must be rejected since:
o it is ugly
e DMFT cannot be reproduced
- DMFT: Goc=G'loc , but there is also a “bath”
- if at all, then (G V)i0c=(G' e .. See below

recall:
Q[G] = [G] +trInG — tr(Gy ' —G™H@G

59
5% =[G +G ' -Gyt
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consider:

1 1 1

_G/_l—V:w_F,UJ_t/_E/_t—'_t/_Gal—zl

a different way to do CPT !

parameter optimization:

t —» H =Hyt)+H —» YW —» Z(w)=%(w) —P» Q]

T QO[] =

ot’

this is nice ! construct approximations by choosing certain trial self-energies
.. and it recovers DMFT ! (see below)

we need a self-energy functional

B% =3 : self-energy and Greens function are conjugate variables

use Legendre transformation
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Legrendre fransformation:
F[X = 9[G[X]] — TH(EG[X]) immediately implies:

define self-energy functional:

Q%] =Trln 1 P[G[Z]] - TH(EG[X))

G,' - X

variational principle ?

602X _ 1 im0 :
5 =0 TrA = BZZG Ajio (iwn)

compute functional derivative:
50X 1 ( 1

X B\G;'-x

- G[Z])

this means:

5[ %]

5y
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Q¢ u[X] = Qu[Gu[E]] + TrIn Gy [X] - TM(EGy[X])

1 1
Q2 Y| = oy |GulX]]l + Trin —Tr | X
t,U[ ] U[ U[ ]] Gt_é_z ( Gt_,é_2>

Qt,uX] = QulGu(E]|+ TTInGy([X] - Tr <2 Gt—’(l)l_ 2)

Qt,U[E] = (I)U[GU[E]] + Trln

3 - Tr(EGu(X])

t,0
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Q¢ u[X] = Qu[Gu[E]] + TrIn Gy [X] - TM(EGy[X])

1 1
Q2 Y| = oy |GulX]]l + Trin —Tr | X
t,U[ ] U[ U[ ]] Gt_é_z ( Gt_,é_2>

Qt,uX] = QulGu(E]|+ TTInGy([X] - Tr <2 Gt—’(l)l_ 2)

Qt,U[E] = (I)U[GU[E]] + Trln

3 - Tr(EGu(X])

t,0
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Q¢ u[X] = Qu[Gu[E]] + TrIn Gy [X] - TM(EGy[X])

1 1
Q2 Y| = oy |GulX]]l + Trin —Tr | X
t,U[ ] U[ U[ ]] Gt_é_z ( Gt_,é_2>

Qt,uX] = QulGu(E]|+ TTInGy([X] - Tr <2 Gt—’(l)l_ 2)

Qt,U[E] = (I)U[GU[E]] + Trln

3 - Tr(EGu(X])

t,0
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Q¢ u[X] = Qu[Gu[E]] + TrIn Gy [X] - TM(EGy[X])

1 1
Q2 Y| = oy |GulX]]l + Trin —Tr | X
t,U[ ] U[ U[ ]] Gt_é_z ( Gt_,é_2>

Qt,uX] = QulGu(E]|+ TTInGy([X] - Tr <2 Gt—’(l)l_ 2)

Qt,U[E] = (I)U[GU[E]] + Trln

3 - Tr(EGu(X])

t,0
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Q¢ u[X] = Qu[Gu[E]] + TrIn Gy [X] - TM(EGy[X])

1 1
Q2 Y| = oy |GulX]]l + Trin —Tr | X
t,U[ ] U[ U[ ]] Gt_é_z ( Gt_,é_2>

Qt,uX] = QulGu(E]|+ TTInGy([X] - Tr <2 Gt—’(l)l_ 2)

Qt,U[E] = (I)U[GU[E]] + Trln

3 - Tr(EGu(X])

t,0
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Q¢ u[X] = Qu[Gu[E]] + TrIn Gy [X] - TM(EGy[X])

1 1
Q2 Y| = oy |GulX]]l + Trin —Tr | X
t,U[ ] U[ U[ ]] Gt_é_z ( Gt_,é_2>

Q¢ u[Z] = PulGyy — =] + Trln Gy[T] - T(EGy[=])

Qt’U[E] = CI)U[Gt_,é — 2] + Trln G-

1
U u[E] = Pu[Gyy — ]+ TTInGy[E] - Tr [ Z——
’ G ;- %

Q4 u[Z] = Pul[Gyy — =] + Trin ~ Tr(ZGy[X])

Gip— =
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Q¢ u[X] = Qu[Gu[E]] + TrIn Gy [X] - TM(EGy[X])

1 1
Q2 Y| = oy |GulX]]l + Trin —Tr | X
t,U[ ] U[ U[ ]] Gt_é_z ( Gt_,é_2>

Q¢ u[Z] = PulGyy — =] + Trln Gy[T] - T(EGy[=])

_ 1
Qt’U[E] = (I)U[Gt,é — 2] + Trln G-

1
U u[E] = Pu[Gyy — ]+ TTInGy[E] - Tr [ Z——
’ G ;- %

Q4 u[Z] = Pul[Gyy — =] + Trin ~ Tr(ZGy[X])

Gip— =
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discussion:
e self-energy functional:
Q=0 saddle point vs. minimum

why not insert an arbitrary
self-energy ?
what is the reference system

\ t
how to evaluate the functional

on the restricted domain ?

| Y. space how to define the domain ?
l where is the original idea of CPT ?

[T=1,
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6666666666

"
oz i

PP OPOPOPTOS

1
QY] = [¥]+ Trln — Trln exact !

1
Gy' - X G, ' -X

insert trial self-energy:

1 1
[y = 2 —I—Trln— — Trln

G,

Qimm > space to T(z) T(s)

[T=1%4

\ t space =0
v : ) ot’
SFT Euler equation: /=t

opt

00| Xy]
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ot/ =0

v :ti)pt

1
G, — Xy

G;' - %,
T(l) T(z) T(s)

Q2] =2+ Trin _1; — Trln
O /

1
1 - -1
G() - 2t’ G -V

.. get term (1) ? .. get term (2) ?

(H' = puN)n') = Ep[n’)

7' = Ze_ﬁE;n

m

.. get term (3) ? L ¢

G, -y

(e7#Pm + e=PFn) (m|cig|n') (0[], [m)

w— (B, — E7,)
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1
G, ' - Xy

Q2] =2+ Trin ; — Trln
002 Xy]

_ -
" H=topt T(l) T(Z) T(3)

. evaluate the Tr In (...) ferms ?

1 .
—TrinG' = B Z e“""OJr (tr In

1
G iw,) =V

TrIn

/.
= —trinG (zwn))

/_1_V

]. ; ot 1
= =N 0 gy
an:e T VG ()

— _% Z eiw"0+tr ln(l — VG/(iwn))

n=—oo

o0

~ 3T e (14 O(Lfwn)) ~ Y €0 O(1fw,)

n=—oo n=—oo

converges, and be coded this way, when combining +/- n-terms:

trln (1—Vzi )—I—trln (1+V%) — trln (1—V L )<1+VW ):O(l/wi)

W,
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do everything analytically:

1

1
Trl —Trl — 1 1_'_ /me _|_ 1 1+ ,Bw
nG Y nG/ — Zt Z n(l+e Zﬁ n(l+4e7m)

.. only the poles of G and of G’ are needed !

Lehmann representation of G’, obtained by ED:

1
a9 Ky = Wi = (rlcals)

Lehmann representation of G: f \

1 , , , orbitals excitations
G(w) GV =G W)+ GFwVGE(w)+-

eXp(—ﬁEé) + exp(—FEY)
Z/

1

e U
w—MQ

w— A —A’ —A’

..)Q'T:Q'

to get poles of G, diagonalize
M=A + Q/TVQ/

matrix dimension: number of one-particle excitations in a cluster
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Recipe for practical calculations

A typical VCA calculation is carried out as follows:

Construct a reference system by tiling the original lattice into identical clusters.
Choose a set of one-particle parameters ¢’ of the reference system and compute V' = t—¢'.

Solve the problem for the reference system (U is fixed), i.e. compute the Green’s function
G’ and find the poles w;, and the ()'-matrix.

Get the poles w,, of the approximate Green’s function of the original system by diagonal-
ization of the matrix M = A’ + Q"'V Q.

Calculate the value of the SFT grand potential via Eq. (61) and Eq. (68) and by calculating
the grand potential of the reference system (2’ from the eigenvalues of H'.

Iterate this scheme for different ¢/, such that one can solve

00 3y]
ot

tl:t’opt

/
for ¢, ;.

Evaluate observables, such as 2[X ' |, G(w) and static expectation values derived from

/

the SFT grand potential by differentiation, at the stationary point ¢, .

Redo the calculations for different parameters of the original system, e.g. a different U,
filling or /3 to scan the interesting parameter space.
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* half-filling, T=0, large L, small L
* a single variational parameter

—o 06— o0—0 o— H * minimum or maximum
U

® Sha“ow minimum For Weak U 0.0 LI B ! N B

e strong U: t’ close to t

o
~
T T

direct

o
o1

ground-state energy E /L

T Y S

0.5 1.0 1.5

intra-cluster hopping t’
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U2

0 0.05 0.10

P
(@)}
£
Qo
Q.
o
<
| —
)
4=
(72}
=
?
@
=
£
‘©
£
-
Q.
o

2.13
2.12
2.11
2.10
2.09

8 10 12 14 16

U

ground-state energy E /L

VCA,L=10

exact (BA) _|

|
2

|
4

|
6

8

| | |
10 12 14 16
U

e best results for weak and strong U

here: VCA is exact
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larger clusters:
larger Hilbert space AND
more parameters
.t_1.t_2.t_2.t_2.t_1, find a stationary point in
v t, ty th 1 a high-dimensional space:
e.g. minimize

0[] /0|2

C

o bt th th 1]

t’

pbc )
S e e typically, the system
ty ot ottt

E e—e_es_e_99 makes use of more
Lt parameters
ST TUTURS effects are strongest at
.Qﬁb. the edges

VCA respects particle-
hole symmetry
VCA finds its own type of
boundary conditions

(7))
S
)
)
o
S
©
S
©
o
(®)]
£
Q.
Q
o
e
©
O]
N
£
—
Q.
o
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e.g. spontaneous antiferromagnetic order

660 b6666bé
000000000

000000000
S o
000000000 : The optimal neld shou

000000000 .l ,
000000000 % % @ i minimize the grand potential !
000000000 X

200000000 riass XSS SN Q P opt -

physical field fictitious field

Q: how to find the “right” field ?
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U=8 1

D=2 Hubbard model, n=1, T=0
cluster with L¢=10 sites

| | | ) | low cluster symmetries
03 -02 01 0 01 02 03 favorable
B' solver for the reference
system: Lanczos

fictitious staggered field
! / . / ) o )
H = Hlp (=B Zzz(nn i) (mean field, Weiss field)
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e different clusters and pairs of clusters
used for an A-B sublattice ordering

O
O
o
[
O
O
o
o
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VCA: cluster mean-field approach
includes short-range spatial
correlations
. mean-field-like on a scale
Q=0Q[r] | beyond linear cluster extension

i ; Y space

/r=7, system

OSSP
IOPOP:
OSSP

original reference
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original reference
system

Q:Q[Z];

i ; Y space

[T=1,

\ t space
-
* single-site mean-field theory

* like Hubbard-I but with
parameter optimization
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reference
system

0,090,000,
. 9,09,090,0,

— 0. 9,0,90,0,
Q=0[7] 0,090,000,

L L 0,0,0,0,0,0,

e choice of the reference system:
same interaction part ! (“universality”)

\ t space , o
l * bath sites: more variational degrees of
freedom

e improve description of temporal
fluctuations

[T=1,

1

'[¥] =Trln
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5 Q[X¢] =0

Q=Qmﬂ

i ; Y space

[T=1,

\ i t space
t’

remember:

e continuum of bath sites

e this vyields ...

original

reference
system
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5 Q[X¢] =0

Q=Qmﬂ

i ; Y space

[T=1,

\ i t space
t’

remember:

e continuum of bath sites

e this yields .. DMFT

original

reference
system
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original reference
system

Q:Q[E]@ ."...

i 000000

. 000000
Fa. 000000
000000

\ i t space
t!

here: DMFT self-consistency condition

+9[G(Z) - TH(ZGZ) (G_f 2) e
0o 11,0

G,'-% G[2]> T

8 . 59[2] 82t/ o 8Q[Zt/] o 1 1 / azii,o
o7 P = s o > U= _EZZ Go—l_z_G .ot

Wn 10
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e cellular DMFT
\
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e cellular DMFT
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CPT - a nice idea, but lacks self-consistency or variational character

o646

grrorrg

§+DDD @ R
,5||5||5 ¢=©++©+...

Greens functions and perturbation theory are needed as a formal language

e

variational principles can be constructed with
functionals of dynamic (frequency-dependent) 0

. Q%) = Tt ———— + JG[Z)] - TH(ZG[=))
quantities (self-energy) G, - %

§Q[Z¢]=0
e the benefit: nice new cluster

mean-field approximations
Q=Q[X] l

the CPT-idea lme e and a new view

of a reference < on DMFT and
system saves ==

; t space related theories
the day »r -

-9 DMFT

Ns-¢-pIA |

local degrees of freedom

I
|
| —
L—T
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Senechal et al. (2004)

FIG. 1: AF (bottom) and dSC (top) order parameters for
U = 8t as a function of the electron density (n) for 2 x 3,
2 x 4 and 10-site clusters. Vertical lines indicate the first
doping where only dSC order is non-vanishing.
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Pozgajcic (2004)
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Mott insulator

suuii

y

T T 1
6}
o
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| ! | ! | ! | ! | [
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variational parameter V
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