Momentum-dependent pseudogaps
in the half-filled 2d Hubbard model

Nils Blimer

Institut fiir Physik, Johannes Gutenberg-Universitdt Mainz

GUTENKERG..

[D. Rost, E. V. Gorelik, F. Assaad, N. Bliimer, arXiv:1205.6788]

° . TR 49: Condensed matter systems FOR 1346
. ¢ po with variable many-body interactions LDA+DMFT
Frankfurt / Kaiserslautern / Mainz Augsburg et al.

Scalettar group seminar, Davis - 2012/08/27 - Nils Bliimer




QOutline

Motivation

History: pseudogap in unfrustrated half-filled Hubbard model

Scalettar group seminar, Davis - 2012/08/27 - Nils Bliimer



QOutline

Motivation
History: pseudogap in unfrustrated half-filled Hubbard model
Challenge: size-dependent momentum grid, Trotter errors

Unbiased PG spectra at high-symmetry points

Scalettar group seminar, Davis - 2012/08/27 - Nils Bliimer



QOutline

Motivation

History: pseudogap in unfrustrated half-filled Hubbard model
Challenge: size-dependent momentum grid, Trotter errors
Unbiased PG spectra at high-symmetry points

Full momentum resolution along high-symmetry lines

PG characteristic temperature T

Scalettar group seminar, Davis - 2012/08/27 - Nils Bliimer



QOutline

Motivation

History: pseudogap in unfrustrated half-filled Hubbard model
Challenge: size-dependent momentum grid, Trotter errors
Unbiased PG spectra at high-symmetry points

Full momentum resolution along high-symmetry lines

PG characteristic temperature T

Numerically exact multigrid DMFT+DQMC
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Motivation I: nonlocal AF signatures in d = 2 at finite T7
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FIG. 2. (Color online) Hypercubic lattice at strong coupling:
Double occupancy vs entropy. In all cases, the minimum of the double
occupancy corresponds to s* &~ In(2) (dotted line). The shaded area
indicates the nonmagnetic contribution to D. Inset: D(s) ind = 1 for
various interactions.
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FIG. 2. (Color online) Hypercubic lattice at strong coupling: e less local observable: A(w)

Double occupancy vs entropy. In all cases, the minimum of the double
occupancy corresponds to s* &~ In(2) (dotted line). The shaded area
indicates the nonmagnetic contribution to D. Inset: D(s) ind = 1 for
various interactions.

Scalettar group seminar, Davis - 20 - Nils Bliimer



Motivation II: exact (unbiased) DMFT+DQMC implementation
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Cluster solver for dynamical mean-field theory with linear scaling in inverse temperature
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DMFT: better impurity solver? Standard: direct QMC impurity solvers

(Hirsch-Fye, CT-QMC) - cost oc T3

lattice Dyson equation

Khatami et al: solve auxiliary Hamiltonian
by DQMC (instead of ED) - cost oc T~}

[impurity Dyson nquati()nj

Proposal: eliminate Trotter (+ FS?) error

Impurity solver from BSS Green function ~~ exact solver
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Motivation IlI: pseudogap physics in high-T. cuprates

La, Sr,CuO, /T \ R, Ce CuO,

020 0.10 0.10 020
Hole doping / St content (x)  Electron doping / Ce content (x)

<% A S A Band filling

FIG. 2. (Color online) Joint phase diagram of the LSCO/
NCCO material systems. The uncertainty regarding the extent
of AF on the electron-doped side and its coexistence with su-
perconductivity is shown by the dotted area. Maximum Néel

[Armitage et al., RMP (2010)]

Scalettar group seminar, Davis - /08/ - Nils Bliimer



Motivation IlI: pseudogap physics in high-T. cuprates

La, Sr,CuO, /T \ R, Ce CuO,

020 0.10 0.10 020
Hole doping / St content (x)  Electron doping / Ce content (x)

<% A S A Band filling

FIG. 2. (Color online) Joint phase diagram of the LSCO/
NCCO material systems. The uncertainty regarding the extent
of AF on the electron-doped side and its coexistence with su-
perconductivity is shown by the dotted area. Maximum Néel

[Armitage et al., RMP (2010)]

300} Nd, Ce CuO, 1 La, Sr CuO, ]
g 200} L “Normal’’ ]
2 Metal
2
g 4
()
E 100} A % 1
B AE  |AR|
a - sc Nl

0.3 0.2 0.1 0.0 0.1 0.2 0.3
Dopant Concentration x

FIG. 1. Schematic phase diagram of high-7. superconductors
showing hole doping (right side) and electron doping (left
side). From Damascelli et al., 2003.

[Lee et al., RMP (2006)]
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Origin/nature of pseudogap: preformed sc pairs, competing phenomenon (AF)?

Characteristic pseudogap temperature T near x = 0: at or far above Ty?
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Motivation IlI: pseudogap physics in high-T. cuprates
Superconductivity and the Pseudogap in the
two-dimensional Hubbard model
Emanuel Gull,!?* Olivier Parcollet,® Andrew J. Millis?
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2Department of Physics, Columbia University, New York, NY, USA
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arXiv:1207.2490v1
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Motivation IlI: pseudogap physics in high-T. cuprates

arXiv:1207.2490v1

Superconductivity and the Pseudogap in the
two-dimensional Hubbard model

Emanuel Gull,'** Olivier Parcollet,® Andrew J. Millis?
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Figure 1: Superconducting phase diagram of the two-dimensional Hubbard model in plane
of interaction strength U and carrier concentration 2 computed using the 8-site (right panel) and
4-site (left upper panel) DCA dynamical mean field approximation at temperature 7' = #/40
with #'/t = 0. Dashed line: location of the normal state pseudogap onset. Circles (red and light
green) and red shading indicates the superconducting region, squares (black) and no shading the

Unfrustrated 2d
Hubbard model
(t' =0): sc at
half filling?7?7?

Enormous FS
effects in DCA
(4 / 8 sites)!

N |4]8]16

Upg | 42]56] 3
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Momentum-dependent pseudogaps
in the half-filled 2d Hubbard model
- an unbiased QMC study

[D. Rost, E. Gorelik, F. Assaad, and N. Bliimer]

‘/ 3 i Rx
Nils Bliimer
Univ. Wiirzburg Univ. Mainz
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Pseudogap in half-filled Hubbard model - brief history |

Unfrustrated model: particle-hole H=—t Z el o + UZ iy
symmetry at n =1 (if),o i

Interesting: momenta k
with ¢ = 0 (i.e. nonin-
teracting Fermi surface)

M

“antinode” X = (mr, 0)
“node” M’ = (71/2,7/2)
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Pseudogap in half-filled Hubbard model - brief history |

Unfrustrated model: particle-hole H=—t Z el o + UZ iy

symmetry at n =1 (ij).o i
Interesting: momenta k 0.6
with ¢ = 0 (i.e. nonin- ) ixd '
teracting Fermi surface) L sie U=4
8x8 ()=1
M 04 | X ," RN § g=5 |
A r--- toxto |1\ of
5 XL AN p=(n/2:m/2)
M 8, 3 C 1
=z
21X
. 0.2
0.0
. -4.0 -2.0 0.0 2.0 4.0
“antinode” X = (mr, 0) w
“node” M’ = (1/2,7/2) DQMC [White, PRB (1992)]: PG pure FS effect

- Nils Bliimer
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Pseudogap in half-filled Hubbard model - brief history Il

Interesting: momenta k 0.6
with ¢ = 0 (i.e. nonin-
teracting Fermi surface)

(b)

M

X = (m0)
M’ = (7/2,7/2)
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Pseudogap in half-filled Hubbard model - brief history Il

0.6

Interesting: momenta k
with ¢ = 0 (i.e. nonin-
teracting Fermi surface)

M

X = (m0)

M’ = (7/2,7/2)
DCA + DQMC under/overest. PG [Huscroft . (2001)]

’ Goal: first exact (unbiased) DQMC spectra in thermodynamic limit
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Goal: unbiased spectra (A7 — 0, N — o0) along high-symmetry lines

M

- Y Wanted: spectral function with continuous momentum
resolution along high-symmetry lines through BZ

\

Special path: Fermi surface included (“beyond DMFT")
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Goal: unbiased spectra (A7 — 0, N — o0) along high-symmetry lines

M

\

Scalettar group seminar, Davis -

8x8 10x10 12x12

X

201

Wanted: spectral function with continuous momentum
resolution along high-symmetry lines through BZ

Special path: Fermi surface included (“beyond DMFT")

FS effects shift physical quantities
M and lead to incommensurate k grids

= not every k-point is accessible
= pointwise extrapolation rarely possible

- Nils Bliimer



Elimination of Trotter errors

Discrete
reference G

Gref (Ti )

G(7) = [AW)K (T, w)dw

Continuous
reference G

Gref(T)

Go(T)

G without
Trotter errors

AGo(T
Gref — AGo \ 0( ) extrapolate

Difference for
T =

0.5 T T T T
At=0.10 =+
At=0.20 =%
04 | A1=029 -% _|
: At=0.42 ‘B
At—0 —
__ 03| -
=
O] \ 20 21 22 23 24 25
02 \ 4
U=4 8x8 T=0.20
0.1
0 !
0 0.5

e Extrapolated G yields valid, consistent spectral

Scalettar group seminar, Davis

2012/08/27

Nils Bliimer

AGan(7)
AGa,, (1)

Differences
AT

Difference for
each Ga, (77)

&
Spline fit

e A7 =0.1 “good enough”



Elimination of finite size effects: high-symmetry points

At high-symmetry points: local FS extrapolation possible for each 7
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Elimination of finite size effects: high-symmetry points

At high-symmetry points: local FS extrapolation possible for each 7

T T T T T T
0.7 I 8x8 Ir12x12 [ 16x16 [ Lo b
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Elimination of finite size effects: high-symmetry points

At high-symmetry points: local FS extrapolation possible for each 7

T T T T T T
I 8x8 1 12x12 [ 16x16 [ L > 7

o o
o N
T
I

A(o;w,0)
o o o o
N w o~ o

o o o o o
oo N o =

A(o;m/2,m/2)
o
N
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Elimination of finite size effects: high-symmetry points

At high-symmetry points: local FS extrapolation possible for each 7

Scalettar group seminar, Davis -

- Nils Bliimer

At weak coupling
(U/t =4):

pseudogap remains in
thermodynamic limit

d-wave type
anisotropy grows with
lattice size



Pseudogap strength versus temperature?

Scalar measure of pseudogap strength: rg =1 — Ag(w = 0)/ max,, Ax(w)
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Pseudogap strength versus temperature?

Scalar measure of pseudogap strength: rg =1 — Ag(w = 0)/ max,, Ax(w)

1
0.8
0.6
0.4
0.2 \k*
O ;

0.1 0.2 0.3

e —F—-

pseudogap strengtl

©
[ERN

PG opens first at antinodal point X; rx = 0.5 triggers PG at nodal point M’
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Pseudogap strength versus temperature?

Scalar measure of pseudogap strength: rg =1 — Ag(w = 0)/ max,, Ax(w)

1
0.8
0.6
0.4
0.2 \k*
O ;

0.1 0.2 0.3

e —F—-

pseudogap strengtl
L I LA L
L I L I L I L I L

o
-

PG opens first at antinodal point X; rx = 0.5 triggers PG at nodal point M’

Precision of scalar measure r limited by MEM
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Test of maximum entropy procedure: local vs. k-summed spectra

G(1) = Gi(r) = % >k Gi(7); = - f dwA(w) 1+e =
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Test of maximum entropy procedure: local vs. k-summed spectra

G(r) = Gi(7) = 7 Xk &(7): =— [7 dwA(w H;iﬁw

A(w)

i T 7 U=4T=028]

ays
..""‘..'-.-I-AA

ol 1, {TTrempeegrengeee g

0 1 2 3 4 5 6 7
|}

Perfect agreement: A(w) = Aji(w) = 5 2k Ax(w)
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Comparison with Huscroft results at k = (7, 0)
0.6

A(m,0,0)

Huscroft et al. (2001):
FS-DQMC overestimates gap
DCA underestimates gap

Nils Bliimer
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Comparison with Huscroft results at k

T T T : ;
05 | _
k! U= 5.2, T=0.20 E)
‘ g
- “ £
o4 I‘ DCA (L=8) Huscroft <
a “I DAQMC (L=8) Huscroft ===
B 03 :‘I‘ ]
< o2} R
Huscroft et al. (2001):
0
0 1 2 3 4 5
(O}

FS-DQMC overestimates gap
6  DCA underestimates gap
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Comparison with Huscroft results at k

\ U=52,T=0.20

DAQMC (L=8) Huscroft ===
unbiased DQMC ==

DCA (L=8) Huscroft ==+ |

Huscroft et al. (2001):
FS-DQMC overestimates gap

3
®

Result fulfills expectation:
unbiased spectrum is found between
FS-DQMC and DCA result!

- Nils Bliimer

Scalettar group seminar, Davis -
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Elimination of finite size effects: high-symmetry lines

At high-symmetry points: local FS extrapolation possible for each 7

Better: global Fourier fits along high-symmetry lines ~» continuous k-resolution

G on discrete Fit parameters for Fitparameteys in ) G in thermodynamic
momentum grid each lattice size thermodynamic limit limit & continuous in k
fit G as evaluate
Gg(; ki) function of k extrapolate fit function

Go(T: k)

U=4 At=0.1 B=5.6 1=2.8

Gix-Gy
fit parameter
o
I

a
b
c
1 1 1 1 ! 1
0 0.002 0.004 0.006 0.008 0.01 0.012
-2
L

[ajajc}
I
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Spectral function for square lattice at weak coupling (U/t = 4)

4
3
M 0
i -4
i M\ ¥
____i:: X 4
! 830
-4
T =(0,0)
X = (m,0) 4 U=4,T=0.18
M =@m2m2) g o
M = (rn,m) 4

Alw) T X M M X

First unbiased spectra in thermodynamic limit (from DQMC and MEM)!
Finite-range AF opens pseudogap; k dependence (beyond DMFT) at X — M’

Scalettar group seminar, Davis - 2012/08/27 - Nils Bliimer



Anisotropy along the fermi edge (U/t=4)

T — N
- -0 - -0

A B B
TEET I R A R R

[ P — O — -0

I I N ' S I R
o T | P [ [ [

S P NS 0 N N S — O
AN I N ' (e I N -
X M X M

8x8 16 x 16 thermodynamic limit
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Anisotropy along the fermi edge (U/t=4)

T — N
- -0 - -0

A B B
TEET I R A R R

[ P — O — -0

I I N ' S I R
o T | P [ [ [

S P NS 0 N N S — O
AN I N ' (e I N -
X M X M

8x8 16 x 16 thermodynamic limit

Here: momentum dependence purely from nonlocal correlations (beyond DMFT)
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Anisotropy along the fermi edge (U/t=4)

I — N R
- -0 - -0

A B B
TEET I R A R R

[ P — O — -0

I I N ' S I R
o T | P [ [ [

S P NS 0 N N S — O
AN I N ' (e I N -
X M X M

8x8 16 x 16 thermodynamic limit
Here: momentum dependence purely from nonlocal correlations (beyond DMFT)

Momentum resolution of FS-extrapolated spectra far beyond brute force!
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Scalar measure of momentum dependence

6= Gl = /5 (Gi(1) — Ga() o

| T r T
15 - : —
0.03|- Uu=4 B : Lo e |
[ P 16x16 —o— ]
> i ~10 ‘:k.\ 3 14 X 14w+ E
('? 0.02 |— o 'E— [ . °\“-.‘ 12X12 eodee ]
s 5 /: E [ D.,n.:\\' 10x 10 -e- ]
e ¢ a « [ N 8 X 8--m-- -
0.01 - o ] 5 - ]
| §- | [ ’
0 1 | 1 | N 0 B . | , | L
0.1 0.2 0.3 01 0.2 0.3
T T

Momentum dependence maximal at pseudogap opening

Strong finite-size effects

Scalettar group seminar, Davis - 2 / - Nils Bliimer



Scalar measure of momentum dependence: weak/strong coupling?

6= Gl = /5 (Gi(1) — Ga() o

0.03 T T T T T T T IO
us -©-
12x12
HE
] LY T T T T
0.02 - I ) 04~ -
= NS L .
I :- FEY éo.a 7
N = % o2 -1
= / %
9 / \' 0.1~ TDMFT,
0.01 F ; Y 0oL 1 £ 1 -
/ .0 2 4 6 8
/// ’Q\ V)
0 ! ! ! ! ! ! ! e et
1

0
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Scalar measure of momentum dependence: weak/strong coupling?

6= Gl = /5 (Gi(1) — Ga() o

0.03 T T T T T T T T _I<>
12x12 5 oS-
T
0.02 1
= -
(O]
_ _
o}
0.01 | | ]
8
.
0 | | | | P St TP Dy et
0 01 02 03 04 05 06 07 08 09 1
T
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Scalar measure of momentum dependence: weak/strong coupling?

6= Gl = /5 (Gi(1) — Ga() o

0.03 T T T T T T T T

0.02 -

|Gy - Gyl

0.01 -

0 01 02 03 04 05 06 07 08 09 1
T
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Scalar measure of momentum dependence: weak/strong coupling?

6= Gl = /5 (Gi(1) — Ga() o

Maximal k-dependence

0.03 .
L AL B A" S s defines T*
12 X 12 us E] ue .A.
U4 -©- U8 g~ .
— : T is consistent with
- 0.02 |- £ v pseudogap in the spectra
3 _
X DO T * - .
& | T coincides with
= TRMFT . .
0.01 | P T mean-field (DMFT) critical
4 6 8
u temperature!
e, [arXiv:1201.5576v1: Gorelik,
5 ’7"#}1'.";;5,’_{&;,._.,},,, e .
0 L e Rost, Paiva, Scalettar,
0 01 02 03 04 05 06 07 08 09 1 Kiiimper, Bliimer]

T
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Numerically exact DMFT+DQMC method

Daniel Rost
Univ. Mainz

[D. Rost, F. Assaad, and N. Bliimer]

Fakher Assaad Nils Bliimer
Univ. Wiirzburg Univ. Mainz
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DMFT+DQMC: scheme and relation to ED

DMFT iteration scheme [latticc Dyson equation
(direct impurity solver):

~ cost o< 33 (QMCQ) 2o @

impurity solver

[impurity Dyson cquation}
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DMFT+DQMC: scheme and relation to ED

DMFT iteration scheme [ldttlc(, Dyson equation
(direct impurity solver):
~~ cost oc 33 (QMCQ) Zo

[anurlty Dyson cquatlon}
ED requires Hamiltonian G

. . €0
representation, e.g. with \ " . ;
1
star topology Uo v
~~ cost exponential in ng Nea a® e .
4 3 2

€3

fit {5,, ol

G {EnVi}] = Gimpl| < €

4[fu11 or Lanczos ED ]%
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DMFT+DQMC: scheme and relation to ED

DMFT iteration scheme
(direct impurity solver):
~~ cost oc 33 (QMCQ)

ED requires Hamiltonian
representation, e.g. with
star topology

~~ cost exponential in ng

Khatami et al (2010):
use determinantal QMC
for Hamiltonian

~» cost x 3

% %)
©

FT: 7 = iw,

[ lattice Dyson equation

[impurity Dyson equation}

!
IGIN; {ei, VY] — Gimpl| < €

4[ determinantal QMC ]
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DMFT+DQMC: scheme and relation to ED

DMFT iteration scheme [lattice Dyson equation
(direct impurity solver):

~ cost o< 33 (QMCQ) 2o @

[impurity Dyson equation}

ED requires Hamiltonian @
representation, e.g. with
star topology

~~ cost exponential in ng

Khatami et al (2010):
use determinantal QMC
for Hamiltonian

fit {es, ViYes!

:
IGIN; {ei, Vi}] — Gimpl| < €

'

<A7—min S AT S ATm(uc>

~» cost x 3

P8 (Mainz): eliminate
discretization error(s)!

unbiased determinantal QMC JJ
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Mott metal-insulator transition within paramagnetic DMFT: reference

T T T T T T T T
0.1 -+ n

crossover region

0.08

critical end point

0.06 E
T coexistence
region
0.04 - . 4
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Mott metal-insulator transition
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within paramagnetic DMFT: reference




Mott metal-insulator transition within paramagnetic DMFT: QP weight
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Mott metal-insulator transition within paramagnetic DMFT: D
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Mott MIT within paramagnetic DMFT: extrapolation of D
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Mott MIT within paramagnetic DMFT: extrapolation of D
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Summary

First unbiased spectra in thermodynamic limit
@ by elimination of Trotter errors

© and extrapolating to the
1

thermodynamic limit

@ showed that occurrence of pseudogap
is no FS effect

@ clearly resolved k-dependence
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Summary

First unbiased spectra in thermodynamic limit
@ by elimination of Trotter errors

@ and extrapolating to the
thermodynamic limit

achieving consistency with previous results

X

@ showed that occurrence of pseudogap
is no FS effect

@ clearly resolved k-dependence
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Summary

First unbiased spectra in thermodynamic limit
@ by elimination of Trotter errors

@ and extrapolating to the
thermodynamic limit

achieving consistency with previous results

X M

@ showed that occurrence of pseudogap
is no FS effect

@ clearly resolved k-dependence

e characteristic pseudogap temperature T~
agrees with mean-field (DMFT)
critical temperature
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