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I. The method. Anderson Model (Rubtsov et. al PRB (05))
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Dyson. Expansion around U=0.
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- New dynamical variable s. Exact mapping onto CT-Hirsch-Fye (K. Mikelsons et al. preprint)
(Rombouts et al. PRL 99, Gull et. al EPL 08)

—>Sign problem behaves as in Hirsch-Fye. (Absent for one-dimensional chains, particle-hole symmetry,
impurity models)
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Weight / Sign.
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K =UpB(5* -1/4), cosh(a) -1 5>1/2

> H, =U(an -[1/2- 5])(n¢d —-[1/2+ 5]) +\U5(an — nid)/

N
Absorb in H

> Particle-Hole symmetry o = () and only even powers of n occur in expansion.
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Sum with Monte Carlo Weight

Sampling.

Configuration C: set of n-vertices at imaginary times [Tl,Sl] [TQ,S2 ]---,[T S ]

Add § %
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Measurements.

<T Hy 7,5 Hylz,.s,] d;(r)da(r')>o: Gy(7,7") - Z G*y(7.7,) (M?,") .y G7o(T7)

G°.(r,7) =
C(TT) <THU|:2-19S1]'”HU[Tn’Sn]>0 a,p=1

Wick theorem applies for each configuration C of vertices.

Direct calculation of Matsubara Green functions.
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Average Expansion parameter.

(n) = - pU((n'; -172)(n", -1/2) = &)

»CPU time scales as <n>3 > same scaling as Hirsch-Fye.

><n> is minimal at particle-hole symmetric point, o = ()
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Histogram of expansion parameter.



Examples.

a) Particle-hole symmetric Anderson Model, U/t=4.

1 E T I T I

o G(7) Ft = 400 | (n) =270

Hirsch-Fye: L., = 400/0.2 (A7t =0.2)
Speedup:  (2000/270)" ~ 400
1‘“"06é 0 30 300 400

Tt

b) Off particle-hole Symmetry, U/t=4 pt=40.
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Speedup (200/65)’
Direct calculation of G(iw,,) is possible.
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Projective schemes.  What about it!


IT) Projective Schemes

Ground state

Finite temperature
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No thermal fluctuations

Thermal fluctuations

Formulation.
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@)MC+DMFT
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DMFT: self-consistency cycle.

Question:

G(z) for 7e[-0,.0,], > Glo,) = [dr " G@) ?

MaxEnt.
l, i ! T ! I
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— Fit
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Glw,) = |do

(im,) = | o FIAN
- MaxEnt as a fitting procedure. 00—
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Example: Mott transition.

Hamiltonian:

H =t 8ol +UD s

(i,))

Bethe-DOS: bandwidth W=4

Phase diagram:
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Simulations at 6r~20-30

give good estimate of ground state

properties.
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Before starting let me mention that this RU has provided an enormous motivaiton to try to deveop more efficient tools for correlated electron systems. 




[TII) Phonons. Integrate out phonons in favor of a retarded interaction.

Hubbard-Holstein:

A P2 k
Ztlj ZGC]o- +UZnTn +gZQ(n _1)+Z i 5

i,j,0

Integrate out the phonons

7= j | dc'dc | exp —SO—der n.@)n, (1) + Tdrfdr'Z[ni(r)—l]Do(i— Jor=)n,(z)~1]

2
D°(i—j,r—-7")= £ P(rt—71
(i—J, )= by ( )
1)
P(r) = ; e e =~k I M
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Attractive, retarded interaction (time scale 1/w,).

Antiadiabatic limit: lim , , P(7) =6(r) - Attractive Hubbard.


Presenter
Presentation Notes
Vibrations-Mode eines  Molekül. 


[TII) Phonons. Integrate out phonons in favor of a retarded interaction.
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DDQMC. Expand both in Hubbard and retarded phonon interaction.
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One-dimensional quarter filled Holstein model.

{ S(iw )= 3

k N2
H = Zg(k)ckacka EQ.
Va Filled Holstein model @ 0y,=0.1t
Luttinger Liquid. Peierls phase.
Bipolaronic CDW.
Gapless spin Gapfull spin A
Gapless charge. Gapless charge.
- Luther-Emery.
- }TJTT'I:'-‘T.‘.
& “a *
| Flat band width W > L T ] :g_i }
m 2k W

Obtained from:

= Static and dynamical spin and charge structure factors, and optical conductivity

(Lattice simulations; L=20, 28, T/t=1/40).

= Temperature dependence of the single particle spectral function (CDMFT, L .=8-12).



Static properties. Lattice simulations. cog=0.1t

Charge N(gq) = Z e'” < ﬁ(r)ﬁ(0)>

0.8- - Dominant 2k, charge correlations,
. at 4~ 0.35
0.6 .
Z 0.4f -
0.2r .
=20. Bt=40,p=0.5

> 4
q




Static properties. Lattice simulations. cog=0.1t

P(r)

Pairing P(r) = <A*(r)A(0)>, At(ry=él, el

I I [ ! I
L=20, pt=40,p =05

GO A=0.15
1 A=0.25
& A=0.35

0.01%

0.001¢

0.0001

GO r=0.15
51 A=0.25

20

Short ranged pairing correlations grow -
Two electrons with opposite spin share the
same potential well (Bipolarons).

Long range pairing correlations drop =
Bipolarons tend to localize.



Static properties. Lattice simulations. cog=0.1t

Spin  S(q) = > ¢ ($.(r)S.(0))

T I | |

0.5 . N .
i _;féﬁ%ﬁﬁ“e \ ] Pairing suppresses spin response.
0.4- g ) -
I éj Gor=013 |
! A=U1D

= 0.3F / X G 4=0.25 é%\ -
At / &% h=0.35 \ ]
02 4/ 2k % -
W4 R\ ]
0.1-&/ L=20. Bt=40,p = 0.5 \& -

| | | | L |

% > 4 6

q
Luttinger liquid. | Peierls phase.
~ (0.3 Bipolaronic CDW. Z

Insulator or metal?



Charge dynamical structure factor. Lattice simulations. oog=0.1t

N(g,@) = %Ze‘”'" (nlii ()|m)] 5(E,~E, -o)| Pt=40, p=0.5

Peierls.

Luttingey liquid.

0 - — 0
1 0 2 q T 0 w2 gr
0.1 Charge couples to phonon. _ Piling up of spectral weight
- Phonon modes are apparent in +—— at 2k Slow dynamics of ~ <—
0.01 charge response. the CDW.

0.001



Charge dynamical structure factor. Lattice simulations. oog=0.1t

N(g,@) = %Ze‘”'" (nlii ()|m)] 5(E,~E, -o)| Pt=40, p=0.5

Peierls.

Luttingey liquid.

53 3
Charge
velocity?
2 2
1 1
0 — 0
1 0 2 q T 0 w2 gr
0.1 Charge couples to phonon. _ Piling up of spectral weight
- Phonon modes are apparent in +—— at 2k Slow dynamics of ~ <—
0.01 charge response. the CDW.

0.001



Optical Conductivity.

Continuity equation: a'(q,a))zﬁz(l—e‘ﬂ“’)N(q,a))
q

Long wavelength limit: N(q,®) zN(‘lﬁ(‘%‘l - a)) with N(q) =aq
> o'l(w)=lim_,0'(q,0) = av,6(®w) atT=0.

1=20, Bt=40

10 I IIIIIII| | IIIIIII| I IIIIIIII LILLLLILLL | & | | |

GOA=0.15 i n

I o i
8 - N - = 2=0.15|
. \ — A=0.35}

== 0.8

OQOO'I 0.01 0.1 | 10
W/t

- A=0.35is a metallic state!



Spin dynamical structure factor. DDOQMC lattice simulations. oog=0.1t

S(q,w) = %Z e Fhn <n

S.(q)|m)| 8(E, ~E,-w)| Bt=40, p=0.5

Pejerls.

Luttiqger liquid.

0 T2 - 0 /2 qr
1 q
Bipolaron formation = suppression of low energy spectral weight.
0.1 .
Interpretation: At 1=0.35, A,,~0.2t, A.=0
0.01

0.001



- Two particle data is consistent with:

v

Luttinger Liquid. Peierls phase.
| Bipolaronic CDW.
. ~0.3 .
Gapless spin Gapfull spin
Gapless charge. Gapless charge.

- Luther-Emery.

- Confirmation with single particle spectral function.



b) Single particle spectral function. Lattice model. Luttinger Liguid phase. CDMFT L =8.

1=0.25, w,=0.1t, p=0.5
T'=02t> w, T'=0.0125t << o,

T =0.067¢

2 -
kF— i
F
/2
0
2 4 0 1 2 3 4 " 0
o/t F 2 1 0 1 2 3 4
10 w/t
1
0.1 0
0.01 2 1 0 1 2 3 4

0.001 o/t



b) Single particle spectral function. Lattice model. Luttinger Liguid phase. CDMFT L =8.

QMC T =0.2¢ > o,

n

/2

10

0.1

0.01

0.001

A=025, w,=0.1t, p=0.5

Self-consistent Born Approximation.

n

/2

Engelsberg, Schrieffer Phys. Rev. 1963

W&%

fus?

Y(iw)= 6 3



b) Single particle spectral function. Lattice model. Luttinger Liguid phase. CDMFT L =8.

QMC T =0.0125¢ << @,

I

/2

0.01

0.001

A1=0.25, w,=0.1t, p=0.5
Luttinger Liquid approach/Bosonization.

Meden, Schénhammer, Gunnarson, PRB 94,

~o>

k,o

s
“YJ
Z E(k)f:;_aék_g — Z vrk (R;al—%k_g — f,;gf,k_g)

k.o k.o

Phonon creation
Electron-Phonon interaction. operator.




b) Single particle spectral function. Lattice model. Luttinger Liguid phase. CDMFT L =8.

QUC T =0.0125¢ << @,

I

/2

0.01

0.001

A1=0.25, w,=0.1t, p=0.5

Luttinger Liquid approach/Bosonization.

Meden, Schénhammer , Gunnarson, PRB 94,

kF
0.61 .
204+ -
ool Polaron |
’ Gapped Charge
Spin

L | L L L
05 04 03 -02 -01 0
o/t

Hip = Y vplglojog+ > vrlalphpg +wo Y ki
q q q

_9 Al ~ At A
© o Sl (oL ) @ o) 09

6'q . Spin density (boson), decouples.
P, : Charge density (boson), mixes with phonon.

- Bogoliubov transformation.



b) Single particle spectral function. Lattice model. Luttinger Liquid phase. CDMFT L =8.
A1=0.25, w,=0.1t, p=0.5

Quc 7 =0.01257 << o, Luttinger Liquid approach/Bosonization.
4 Meden, Schénhammer , Gunnarson, PRB 94,
kF
0.6- .
04r .

/2 02l Polaron |

' Gapped Charge

Spin

L | L L L
05 04 -03 -02 -01 0
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4>-
fﬁfixi

(

0.01

0.001



b) Single particle spectral function. Peierls phase insulating phase. CDMFT L.=12.

= = = MC —
QMC T=0.05 < A 0.35, @, 0.1z, yo, 0.5 Q T—0.025t<cq)

Interpretation:
Breaking of a bipolaron.

Energy cost is the spin gap:
Agp~v0.2t~2A

Consistent with Luther-Emery
liquid.




Luttinger Ligquid, A=0.15, 0.25

. K, ) g
(n(rin(0)) = - 1{ s + Ay cos(2kgr)r =K.y
(7r) )

+ Az cos(4k pryr 15

+ By c{r‘:‘a[:gkfr:]r_l_h'a 4.

(S(r)5(0) =
(71)

(ATTA0)) = Ccr 1~ He 4

K, =nlim
+()

L=20. Bt=40.p =0.5

> 4
q

N K, =1.0341£0.0006 at A =0.15
K, =1.0441£0.0002 at A =0.25

Luther-Emery Liquid, A=0.35

. A ) i
(n(r)n(0)) = T—; + Ay cc.ﬁ[\gkﬁ)r—f‘-p 4.
+Ag cos(4k pr)r4Ke
(AT (F)A0)) = Cr e 4 ...

Dominant 2k charge > Kp<1

D']E . .
i L=20, pt=40,p=0.5
0.01F GO1=0.15 4
: 5F1=0.25
= . [¢©A=035
[a ¥
0.001F .
0.0001 : : ' :
0 5 10 15 20
r

Pairing correlations fall of quicker than
1/r2 > Kp<1/2



Summary.

Weak-coupling CT-QMC.

» Simple and flexible method. Perfectly suited for cluster methods (DCA, CDMFT)

> Allows to acces “large” clusters.
> Projective schemes oy

. . . i
» Generalization to include phonons. ¥

4 Filled Holstein model .

Luttinger Liquid. Peierls phase.
Bipolaronic CDW.

v

Gapless spin ﬂ“c Gapfull spin
Gapless charge. Gapless charge.
- Luther-Emery.

Charge, spin and single particle spectral functions, and temperature dependence thereof. v
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