Continuous-Time Quantum
Monte Carlo Algorithms

i
.
l I ¢ L Emanuel Gull -
I | & %4 | —
0 M T2 g0 T T2 T3 3
GQ (COLUMBIA [ JNIVERSITY d
ﬁ & i 1 o_i IN THE CITY OF NEW YORK

January 7 2010

9
{}0 @B Funding: NSF-DMR-0705847

Friday, January 8, 2010



Overview

Quick introduction to the Dynamical Mean Field Theory
(DMFT)

Continuous-Time Quantum Monte Carlo Methods and
comparison to other methods

The Weak Coupling method
They Hybridization Expansion

Continuous-Time Auxiliary Field impurity solver algorithm
and large clusters

Some (very few) results (see P.Werner’s talk for more
applications)
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DMFT and Impurity Problem

s

B
Impurity Problem: S.g=— Z//o drdr’cl (T)Go (1T — ') e (T) + U/ drny (T)ny (1)

0
1

Self Consistency: G(iw,) = Y - " TRETEE
MWy T+ b — € — 2(WWn

keBZ
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DMFT and Impurity Problem

Limit of infinite
coordination number:

l(/ Impurity coupled to a bath

& self consistency
condition

. B 6]
|mPUI"It)’ Problem: S.g=— Z//o drdr’cl (T)Go (1T — ') e (T) + U/o drny (T)ny (1)
i 1
iwn + 1 — (k) — S(iwy)

Self Consistency: G(iw,) = Y~

keBZ
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DMFT Self Consistency

Impurity
Solvers

Noninteracting
Density of States:

DMFT

Selfconsistency
Loop

Theory, LDA, ...

Maximum Entropy
Method
Spectral Functions
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Cluster DMFT

Various variants developed by Lichtenstein et al., Jarrell et al., Kotliar et al.

(7, ) (m,7)
; s s s e o1 : S
@ - - D-- . Infinite coordination number:

momentum independent self

a I:I ....... o L0 energy.

Dynamic Cluster Approximation

(DCA): reintroduce momentum
(= =) =™ dependence to DMFT.

DCA self energy is chosen to be constant within patches of the Brillouin zone

g N

: . B
Cluster impurity s —— [ [ ar 3" cl, (16 o (7 = ) eso () + [ dr > Unyy (s (7
0

problem o 0o i

Vi = Gx(iwn) " - Gi_rnlp

‘ &l dk
Self consistency G(K,iw,) = / .
condition BZ patch ‘wn + i — €(k) — Xk

GO (iwn) ™t = Xx + G (iwp)
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Hirsch, J. E.,and R. M. Fye, 1986, Phys. Rev. Lett. 56, 2521

Hirsch Fye QMC Impurity Solver

L
Z tzt7 cwcja —I—c cw 1 UZ”@T”N y—— Tre — Tr H 6—AT(H0—I-V)
(2j),0
[=1

Trotter breakup: discretization of
[ ~ H e~ ATHog—ATV the integral, introduces Trotter
I—1 errors

Auxiliary field decomposition
] | _
exp | —AT (UnTnl — 5(774 + nl)> = — Z exp [Aag(nt —ny))

o==1
cosh(\) = exp(ATU/Z)

AT

> Sampling of partition

0 6 discretized time slices
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Continuous-Time Algorithms

.PaI"tItIOI:l function in thg P [e‘BHOT s dTV(T)}
interaction representation: 7

Expansion into perturbation series (powers of the interaction V ):
© B
7 = Z/dﬁ > / dr Tr [e_ﬁHOeT’“HO(—V) e e_(TQ_Tl)HO(—V)e_TlHO} .
k=0 Tk—1

Graphical representation of
terms of the integral at
different orders:
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Continuous-Time Algorithms

.PaI"tItIOI:l function in thg P [e‘BHOT s dTV(T)}
interaction representation: 7

Expansion into perturbation series (powers of the interaction V ):
© B
7 = Z/dﬁ > / dr Tr [e_ﬁHOeT’“HO(—V) e e_(TQ_Tl)HO(—V)e_TlHO} .
k=0 Tk—1

Graphical representation of Wo = Tr [e PHo o)
terms of the integral at 0 8
different orders:
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Continuous-Time Algorithms

.PaI"tItIOI:l function in thg P [e‘BHOT s dTV(T)}
interaction representation: 7

Expansion into perturbation series (powers of the interaction V ):

o~ ¢
7 = Z/dﬁ > / dr Tr [e_ﬁHOeT’“HO(—V) e e_(TQ_Tl)HO(—V)e_TlHO} .
k=0 Th—1

Graphical representation of Wo = Tr [e PHo o) ‘
terms of the integral at 0 8
different orders: Wi(ri) = Tr {6—(6—71)110 Ve—TlHo} )| o |

0 E 3
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Continuous-Time Algorithms

.PaI"tItIOI:l function in thg P [e‘BHOT s dTV(T)}
interaction representation: 7

Expansion into perturbation series (powers of the interaction V ):

o~ ¢
7 = Z/dﬁ > / dr Tr [e_ﬁHOeT’“HO(—V) e e_(TQ_Tl)HO(—V)e_TlHO} .
k=0 Th—1

Graphical representation of

Wy =Tr [e_ﬁHO: a)
terms of the integral at

5

different orders: Wi(ri) = Tr {e‘(ﬂ_“)HO Ve_”HO} | o |
0 E s

Wa(m1,m2) =Tr {6_(5_71)H0V6_(71_T2)H0Ve_mHo} )| @ ® ‘

0o "2 3
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Continuous-Time Algorithms

Partition function in the

. . . Z ="Tr [e_BHOT e I dTV(T)}
Interaction representatlon: T

Expansion into perturbation series (powers of the interaction V ):

o~ ¢
7 = Z/dﬁ > / dr Tr [e_ﬁHOeT’“HO(—V) e e_(TQ_Tl)HO(—V)e_TlHO} .
k=0 Th—1

Graphical representation of Wo = Tr [e PHo o)

terms of the integral at 0

different orders: Wi(ri) = Tr {6—(6—71)110 Ve—ﬁHo} . ‘ o
0 E

Wa(m,m) = Tr {e_m_Tl)HOVe_(Tl_TQ)HOVe_TQHO} )

W3(7-177-277-3) — Tr [e—(ﬁ—Tl)HOVe—(Tl—T2)HOVe—(7'2—7'3)H0V€—7'3H0} d) ‘ O o0
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A.N. Rubtsov and A.l. Lichtenstein, |ETP Letters 80, 61 (2004);
Werner et al, PRL 97,076405 (2006)

Weak Coupling and

Hybridization Expansion
o0 8
7 = Z/dﬁ x / dri Tr [e_BHOBTkHO(—V) - e_(”_Tl)HO(—V)e_“HO} .

Two complementary approaches: Expansion in the interaction (e.g. the ‘Hubbard U’)

@ (|) [|3 Z tZ[I CZJCJJ + C;'O_C/io') -+ UZniTnil.
(ij),o .
Hopping exact
Expansion in the hybridization Local Hamiltonian
exact
ﬁ (') % ' — 'B Z el cwcja + c;f-acw) +U Z N1 -
@ | T * o T | (i7),0 z

Any analytical diagrammatic expansion can be converted into a QMC algorithm!
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Advantages of Continuous Time QMC

No Approximations

0 ' T ' T ' T ' T

e e HF, At=1
021® oo HF,AT=0.5
-U. oo HF, A‘c — 0.25 H

Fe o |H ED, n .= 5,6
048 e e CT-AUX

| o General interactions
— ] (e.g. exchange & pair
“n hopping), new physics

Intuitive picture: Smooth functions (diagrams)
need to be approximated by a discretized

ﬁ version; resolution needs to be about 10
@ (L ; times larger than the features. Numerical
effort is cubic (O(N?)) for all algorithms

0000000000000
0 b
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Discretization Errors

HF & ED results: Georges et al, RMP 68, 13 (1996)

0 T T T | T |
i oo HF At =1 d
eo-o« HF, At =0.5
021 ‘ o—o HF, At =0.25
- @ o | " ED,ng . =3,6p
= 0418 . e CT-AUX |
N 0.6
= _
e
0.8
1
| | | | | | | | |
0 0.5 | 1.5 2 2.5
(Dn

No discretization of the imaginary time interval as in Hirsch-Fye is necessary,
extrapolation is avoided from the start.
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Gull,Werner, Troyer, Millis, Phys. Rev. B 76,235123 (2007)

Performance Comparison

150 ' | l | I ., I | | |
Traditional QMC : :

| algorithm s Weak Couphng Algor.lthm |
9 . aaHybridization Expansion
= e-@ Hirsch Fye
0 100 - ® _
v D)
o -
8— o9
l e B _
2’ % Weak Coupling method
£ =
2 50 —
90
S &
E ,>_:<, . Hybridization method -
> 5 Ak — A
Z N A — —— — & — —h— —

A A — AT
O | A’ | | | | | | | | | | |
0 10 20 30 40 50 60 70
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Gull,Werner, Troyer, Millis, Phys. Rev. B 76,235123 (2007)

Performance Comparison

100 > Weak Coupling Algorithm
a- 4 Hybridization Expansion

O
)
s

D) B
S N
'g N
o o
o) =
5 S50
o >
=
0
t|l:m
> |
S h
g X
E v
=
Z\./ O
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A.N. Rubtsov and A.l. Lichtenstein, |ETP Letters 80, 61 (2004)

Weak Coupling Algorithm

Weak coupling partition function expansion (SIAM):

Zéo :i(—l?k ///Oﬁdﬁ...dm N T T 00, (1) = @sion] - [0, (Th) = Qsponc])

k=0 §1°*Sg O

= (_U)k Y o
=SS [ anan Y [Jaens

k=0 ' 0 §1°Sk O
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A.N. Rubtsov and A.l. Lichtenstein, |ETP Letters 80, 61 (2004)

Weak Coupling Algorithm

Weak coupling partition function expansion (SIAM):

Zéo :i(—l?k ///Oﬁdﬁ...dm N T T 00, (1) = @sion] - [0, (Th) = Qsponc])

k=0 S1-Sk O
:Z( k') /// dry---dry Y | [det Df
k=0 . 0 S1°*S O
ci(m)  ep(m)
| ;_{ o w | Location of interaction vertices

0 cl(n) cy(m) &
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A.N. Rubtsov and A.l. Lichtenstein, |ETP Letters 80, 61 (2004)

Weak Coupling Algorithm

Weak coupling partition function expansion (SIAM):

Zéoz - /// dry - dr ZH oy (71) = Cron] - [P0 (Th) = sy )

k=0 S O
o
-y = /// irywdn. 3 Jaet
k=0 Sk O
cl(m) cr(m)
T T
| ;_{ o w | Location of interaction vertices
0 cI(ﬁ) cy (1) G 3
gO
| % | Green’s function lines
0 ! 0 3
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A.N. Rubtsov and A.l. Lichtenstein, |ETP Letters 80, 61 (2004)

Weak Coupling Algorithm

Weak coupling partition function expansion (SIAM):

Zéoz - /// dry - dr ZH oy (71) = Cron] - [P0 (Th) = sy )

k=0 S O
o
-y = /// irywdn. 3 Jaet
k=0 Sk O
cl(m) cr(m)
T T
| ;_{ o w | Location of interaction vertices
0 cI(ﬁ) cy (1) G 3
gO
| % | Green’s function lines
0 ! 0 3

Monte Carlo
sampling 2)
process: 0 5
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A.N. Rubtsov and A.l. Lichtenstein, |ETP Letters 80, 61 (2004)

Weak Coupling Algorithm

Weak coupling partition function expansion (SIAM):

Zéoz - /// dry - dr ZH oy (71) = Cron] - [P0 (Th) = sy )

k=0 S O
o
:Z L| /// dry -+ -dry Z HdetD(’
k=0 Sk O
ci(m)  ey(m)
| ;_{ o w | Location of interaction vertices
0 cI(ﬁ) cy (1) G 3
gO

| il | Green’s function lines

n| B W W | Vertex insertion.
Monte Carlo 0 g

sampling 2)
process: 0 9
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A.N. Rubtsov and A.l. Lichtenstein, |ETP Letters 80, 61 (2004)

Weak Coupling Algorithm

Weak coupling partition function expansion (SIAM):

Zéoz - /// dry - dr ZH oy (71) = Cron] - [P0 (Th) = sy )

k=0 S O
o
:Z L| /// dry -+ -dry Z HdetD(’
k=0 Sk O
ci(m)  ey(m)
| ;_{ o w | Location of interaction vertices
0 cI(ﬁ) cy (1) G 3
gO

| il | Green’s function lines

v | B W B W | Vertex insertion.

Monte Carlo 0 G
sampling 2)
process: 0 5
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A.N. Rubtsov and A.l. Lichtenstein, |ETP Letters 80, 61 (2004)

Weak Coupling Algorithm

Weak coupling partition function expansion (SIAM):

Zéoz - /// dry - dr ZH oy (71) = Cron] - [P0 (Th) = sy )

k=0 S O
o
:Z - /// dry -+ dry Z ] [ det Df
k=0 Sk O
ci(m)  e(n)
| | ;_{ N o w | Location of interaction vertices
0 cj(n) c{m Q(TJ I5;
gO
| g | Green’s function lines
0 ! 0
2z
b | W 3 B B | Vertex insertion.
Monte Carlo 0 8
sampling 2 | W | 4 » | o] X i 4 o | Vertex removal.
process: 0 50 8
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A.N. Rubtsov and A.l. Lichtenstein, |ETP Letters 80, 61 (2004)

Weak Coupling Algorithm

Weak coupling partition function expansion (SIAM):

Zéoz - /// dry - dr ZH oy (71) = Cron] - [P0 (Th) = sy )

k=0 S O
o
:Z - /// dry -+ dry Z ] [ det Df
k=0 Sk O
ci(m)  e(n)
| | ;_{ N o w | Location of interaction vertices
0 cj(n) c{m Q(TJ I5;
gO
| g | Green’s function lines
0 ! 0
gy
b | W 3 B B | Vertex insertion.
Monte Carlo 0 8
sampling 2 | W | 4 » | o] X > o | Vertex removal.
process: 0 50 < 8
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A.N. Rubtsov and A.l. Lichtenstein, |ETP Letters 80, 61 (2004)

Weak Coupling Algorithm

Weak coupling partition function expansion (SIAM):

A
2 CO [ trivean, 3 [Tl () = @usa] - () = )
0 k:O S O
O
S (o)
_Z 5 /// dry -+ dy Z ] [ det D,
k=0 Sk O
ci(m)  e(n)
| ;_{ o w | Location of interaction vertices
0 cj(m)  aln) Gy o s
| g | Green’s function lines
0 ! 0 3

b | W 3 B B | Vertex insertion.
Monte Carlo 0 g
sampling 2 | W | 4 » | o] W B o | Vertex removal.
process: 0 50 < 5 |
o| ® W™ | Vertex shift.
0 p
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A.N. Rubtsov and A.l. Lichtenstein, |ETP Letters 80, 61 (2004)

Weak Coupling Algorithm

Weak coupling partition function expansion (SIAM):

A
2 CO [ trivean, 3 [Tl () = @usa] - () = )
0 k:O S O
O
S (o)
_Z 5 /// dry -+ dy Z ] [ det D,
k=0 Sk O
ci(m)  e(n)
| ;_{ o w | Location of interaction vertices
0 cj(m)  aln) Gy o s
| g | Green’s function lines
0 ! 0 3

b | W 3 B B | Vertex insertion.
Monte Carlo 0 g
sampling 2 | W | 4 » | o] X B o | Vertex removal.
process: 0 50 5 |
| (| Vertex shift.
0 p
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Gull et al., EPL 84 37009 (2008)

Continuous-Time Auxiliary Field

Decoupling of the 1 — 6?(] (n”nu _ ;nu) = % Z exp (ys(nit —niy)),
interaction with an s==1
auxiliary field: cosh(7) = 1+ %

o0 B B K\F
Partition function Z=Y > / dTl'°-/ dri (%> Z ({5, Tu 1),
expansion in the k=051, s =+1"" Th—1
interaction !
representation: Zx({si,7:}) = Tr H exp(—AT;Hp) exp(siv(ny —ny)).

i=k
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Gull et al., EPL 84 37009 (2008)

Continuous-Time Auxiliary Field

Decoupling of the 1 — 6?(] (n”nu _ ;nu) = % Z exp (ys(nit —niy)),
interaction with an SZilﬁ
auxiliary field: U

Y cosh(v) =1+ e

o0 B B K\F
Partition function Z=Y > / dry - / dry, (%> Z1({5k, T }).
expansion in the k=051, sp==21"0 Th—1
interaction !
representation: Zx({si,7:}) = Tr H exp(—AT;Hp) exp(siv(ny —ny)).
i=k
¢
Diagrams of the (‘) l J‘J " l
partition function: ‘ § { ‘ ‘ } o ‘
0T ™ 50 T s ;
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Gull et al., EPL 84 37009 (2008)

Continuous-Time Auxiliary Field

Decoupling of the
interaction with an

auxiliary field:

Partition function
expansion in the
Interaction
representation:

Diagrams of the

partition function:

Monte Carlo
Sampling:

pU i1 + Ny 1
L= —= (mapni — —— =3 8;1 exp (ys(nip — niy))

h(y) =1+ ==
cosh(y) =1+

Z:i > /OBdTl'--ledi (%)kzk({sk,m}),

k=051, s ==1

Zx({si,7:}) = Tr H exp(—AT;Hp) exp(siv(ny —ny)).

i=k
| | { |
0 B0 m 3
P | F |
0 T1 T2 50 T1 T2 T3 6
insert

— T~
K U I I b
0 71 T2 5 0 71 73 T2 ﬁ

R’ -~

remove
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Werner et al, PRL 97,076405 (2006)

Hybridization Expansion

Expansion in the interaction representation, where V = Hnix, Ho = Hioc. Density - density
interactions.

7 — Tre PH — Ty {6—5H0T7_€— K dTHmiX(T)i|

o0 B
— Z/dﬁ > / dr Tr {e_ﬂHOeT"’HO(—HmiX) e e_(T2_T1)HO(—HmiX)6_T1HO
k=0 Thk—1

Configurations
remove
/\
Frfull H} 7—5. .7-6
1 1
0 0 M
; g Sampling [o-0——o——o]
Hem vl g ® 0 o g0 o
0 ﬁ 0 1 ' ﬁ Process Imax \_t/
| 6—@ 60 e o | oo ¢ :
o 7 ¢ NG s a) Q)
0 B
b) H—® / e) HO-O@ O
Ho | @——.—— @@= o | —
| 1 T P’ T2 T3 73
0 ) . p o _—9 0—o
N T=75—7f ’ C)O ﬂf) ! oo ;
60 000—0| |90 69— % " BT 5
M Hloc . . . . . .
[ 690 0 06—0| |96 6 66—9 Interactions g C d T T C
M M T it i
6 606—+o| (99 66— (density density) o ¢ e et
0 3 0 3 0 T3) 71y iy T2 Tg T31 5
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P. Werner and A.J. Millis, PRB 74, 155107 (2006)
K. Haule, Phys. Rev.B 75, 155113 (2007)

Hybridization - General Interactions

More complicated interactions (clusters, multiorbital, phonons, ...)?

4 OmO

Configuration of Hioc

N A
Configuration of V ; | 4! S

=
G O

Oql O
>
L
[3

Matrix exponentials

BHOT o~ fo dTHle(T)j| /

-y / - / ry Ty [EPGEH (11,,.,) . G (.., A

occupation number basis [Hioe, S;| = 0 = [Hioc, N] further symmetries CJ% ¢

_ % O\Oﬂ_..

Cl —HjoeTs e ]

P Y Y NP S

o o L] O = ==

33 33 33 33
— = — — — = — —

Hloc Hloc Hloc

=
Cbl
=
—)Q—l—
ml
T
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Choosing the appropriate Algorithm

Large cluster calculations: e alr
Continuous-time auxiliary L
[ ¢
field method (up to 10x10 | £
clusters)
T, —) (m,—m)

Problems with density density interactions, many
orbitals: Hybridization expansion (linear in the number

of orbitals)

Problems with general but weak interactions:VVeak Coupling expansion .~
215,

Problems with general interactions but few orbitals: Hybridization JI?%% N

expansion. v
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Cluster Dynamical Mean Field Theory

Maier et al., Rev. Mod. Phys. 77, 1027 (2005)

Hubbard model on
2d square lattice:

; 7
; o
‘ ....... ' ....... ‘ ....... . ....... ‘ o_;
B
® O ‘ _______ ® O 3 E
| . %
‘ ....... ‘ ....... ‘ ....... ‘ ....... ‘ % ,_.g
5 T
. ....... ‘ ....... ‘ ....... ‘ ....... ‘ 6 _‘é\
0o
® O ‘ _______ ® O 5 5 5 5 5 L
5 8-site cluster Tiling of the BZ
Restriction to paramagnetic bath e, = —2t(cos(py) + cos(py)) — 4t’ cos(py) cos(p,)

DCA self energy is chosen to be constant within patches of the Brillouin zone.

8-site (cluster): clear node / antinode distinction. Regions away from the Fermi
surface (at zero and (11,1T) ) are not mixed in with regions around the FS.
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Cluster Dynamical Mean Field Theory

Maier et al., Rev. Mod. Phys. 77, 1027 (2005)

Hubbard model on
2d square lattice: H = - Z tij(c;

Phys. Rev. B 58, R 7475 (1998)

DCA: Hettler et al.,

Tiling of the BZ

“8-site cluster
Restriction to paramagnetic bath e, = —2t(cos(py) + cos(py)) — 4t’ cos(py) cos(p,)

DCA self energy is chosen to be constant within patches of the Brillouin zone.

8-site (cluster): clear node / antinode distinction. Regions away from the Fermi
surface (at zero and (11,1T) ) are not mixed in with regions around the FS.
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Cluster Dynamical Mean Field Theory

Maier et al., Rev. Mod. Phys. 77, 1027 (2005)

Hubbard model on
2d square lattice: H = - Z tij(c;

’ ....... . ....... ‘ ....... . ....... ‘ O_;
‘ ....... ‘ | . ' E

® O O O © RN
. &0 & 00 6o

® . _______ ‘ _______ ‘ _______ ‘ . ...... ‘ ' % o
T

o . _______ ‘ _______ o ‘ . . ; ; Q § g
; ; ; : ; : : o
5 5 | @ @ @ @ @ t'=0

‘ ....... . ....... ‘ ....... ‘ ....... ‘ 5 5 5 5 5 .
5 5 5 8-site cluster Tiling of the BZ

Restriction to paramagnetic bath e, = —2t(cos(py) + cos(py)) — 4t’ cos(py) cos(p,)

DCA self energy is chosen to be constant within patches of the Brillouin zone.

8-site (cluster): clear node / antinode distinction. Regions away from the Fermi
surface (at zero and (11,1T) ) are not mixed in with regions around the FS.
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Cluster Dynamical Mean Field Theory

Maier et al., Rev. Mod. Phys. 77, 1027 (2005)

Hubbard model on
2d square lattice: H = - Z tij(c;

- EEREK. 3
’ ....... . ....... ‘ ....... . ....... ‘ O_;
‘ ....... ‘ | . ' E
® O O O © RN
. &0 & 00 6o
® . _______ ‘ _______ ‘ _______ ‘ . ...... ‘ ' % o
T
o . _______ ‘ _______ o ‘ . . ; ; Q § g
; ; ; : ; : : o
5 5 | @ @ @ @ @ t'=-0.15t
‘ ....... . ....... ‘ ....... ‘ ....... ‘ 5 5 5 5 5 r.
5 5 5 8-site cluster Tiling of the BZ
Restriction to paramagnetic bath e, = —2t(cos(py) + cos(py)) — 4t’ cos(py) cos(p,)

DCA self energy is chosen to be constant within patches of the Brillouin zone.

8-site (cluster): clear node / antinode distinction. Regions away from the Fermi
surface (at zero and (11,1T) ) are not mixed in with regions around the FS.
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Cluster Dynamical Mean Field Theory

Maier et al., Rev. Mod. Phys. 77, 1027 (2005)

Hubbard model on
2d square lattice: H = - Z tij(c;

Phys. Rev. B 58, R 7475 (1998)

DCA: Hettler et al.,

_______ Y e e =03t
| Tiling of the BZ

“8-site cluster
Restriction to paramagnetic bath e, = —2t(cos(py) + cos(py)) — 4t’ cos(py) cos(p,)

DCA self energy is chosen to be constant within patches of the Brillouin zone.

8-site (cluster): clear node / antinode distinction. Regions away from the Fermi
surface (at zero and (11,1T) ) are not mixed in with regions around the FS.
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Cluster Dynamical Mean Field Theory

Maier et al., Rev. Mod. Phys. 77, 1027 (2005)

Hubbard model on
2d square lattice: H = - Z tij(c;

Phys. Rev. B 58, R 7475 (1998)

DCA: Hettler et al.,

Tiling of the BZ

“8-site cluster
Restriction to paramagnetic bath e, = —2t(cos(py) + cos(py)) — 4t’ cos(py) cos(p,)

DCA self energy is chosen to be constant within patches of the Brillouin zone.

8-site (cluster): clear node / antinode distinction. Regions away from the Fermi
surface (at zero and (11,1T) ) are not mixed in with regions around the FS.
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Spectral function A(0) at the Fermi
energy as a function of chemical potential
exhibits clear crossing points.

Sector C transition occurs before sector
B transition. Transitions coalesce on the
electron doped side for larger t’, but not
on the hole doped side.

E. Gull, O. Parcollet, PWerner, A. |. Millis, arXiv:0909.1795
P.-Werner, E. Gull, O. Parcollet, A. . Millis, Phys. Rev. B 80, 045120

Results: Doping Driven Transition

0.6

—~~

(Q\
@0.4
M
@,
=l Hﬁt:lo
=15
2 [P .
0 =—a 3t =20
4 Bt =25
—FLGO

0 . T iNetsessnntiih |

3 2 a1
1 U=7tt =-0.15t vt

oo [t=10
-+ pPt=15
= -a 3t =20
a4 Bt=25
é\ — FLGO
= ] |
= e
8 I‘c’ |
v
g
a
g

0 I | I I

1| For large electron and hole doping:

behavior consistent with Fermi liquid
theory.

For intermediate doping: A(0) is
suppressed in comparison with FL,
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Spectral function A(0) at the Fermi
energy as a function of chemical potential
exhibits clear crossing points.

Sector C transition occurs before sector
B transition. Transitions coalesce on the
electron doped side for larger t’, but not
on the hole doped side.

E. Gull, O. Parcollet, PWerner, A. |. Millis, arXiv:0909.1795
P.-Werner, E. Gull, O. Parcollet, A. . Millis, Phys. Rev. B 80, 045120
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Conclusions

For a review on continuous-time algorithms see my PhD thesis
http://e-collection.ethbib.ethz.ch/view/eth:31103

Open source codes: In preparation, will be published this summer as part of the
ALPS (alps.comp-phys.org) libraries.

New algorithms allow access to new physics: Larger systems, extrapolation to the
infinite system, general interactions, and more orbitals.
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