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The Hubbard model at strong coupling
H=—-t% Z (c;;cja + ch;cw) + U Z N,

(i.j).0

t » Weak coupling: U/t < 2
Vi \ metals, Fermi liquids
? Strong coupling: U/t = 6
ﬂ/ insulators, antiferromagnets




Cuprate phase diagram

[Shen et al., Science, 307, 5711 (2005)]

[Kohsaka et al., Science, 315, 1380 (2007)]
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Stripe physics in hole-doped antiferromagnets



Antiferromagnetism at half-filling
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Hole-doping an antiferromagnet
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Hole-doping an antiferromagnet
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Stripe order

» More Holes: G
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Stripe order

2z More Holes:
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» Change of antiferromagnetic domain at maximum in hole density




Stripes in the Hubbard model

> Proposed within Hartree-Fock approximation

[D. Poilblanc and T. M. Rice, Phys. Rev. B 39, 9749(R), (1989)] [J. Zaanen and O. Gunnarsson, Phys. Rev. B 40, 7391(R) (1989)]

? Early evidence in DMRG simulations (T" = 0) of the t — J model (U/t — oo limit)

T 0.15

0.2

t’=0.1

[White, Scalapino, Phys. Rev. Lett. 80, 1272, (1998)] [White, Scalapino, Phys. Rev. B 60, R753(R), (1999)]




Stripes in the Hubbard model

ZStripesat T =0,p=1/8, U/t =8,t'/t =0

magnetic moments
003 011 019 026 026 022 013 004 ' 003 0.1 0.19

013 0o [White Scalapino, Phys. Rev. Lett. 91, 136403 (2003)]

® ® ¢ ¢ b ¢ o @5@ ® ¢ ¢ ¢ ¢ 0 @ [Ehlers et al., Phys. Rev. B 95, 125125 (2017)]
@ ® ¢ ¢ ¢ ¢ © ®® @ ¢ ¢ } ¢ © @ [LeBlanc et al., Phys. Rev. X 5, 041041 (2015)]

018 016 012 007 007 010 015 017 | 0.18 016 012 007 007 010 015 017 [Jiang et al., Phys. Rev. Research 2, 033073 (2020)]
hole densities

[Zheng et al., Science 358, 6367 (2017)]
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[Huang et al., npj Quant Mater 3, 22 (2018)]



Stripes, antiferromagnetism, and the pseudo gap
In the doped Hubbard model at finite temperature
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Numerical methods

METTS
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METTS

» Decomposition of density matrix into typical pure states
1 - 1 _
(0) = ETr(e‘ﬂ 0) = Ezpl- (w;|Oly;) with p; >0
i

.. . [White, Phys. Rev. Lett. 102, 190601 (2009)]
P Mlnlma”y_Entangled Typlcal Thermal State [Stoudenmire, White, New J. Phys. 12, 055026 (2010)]

1
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» Algorithm: random sampling of the states |y)
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Magnetic and Charge ordering
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Magnetic and Charge ordering
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Magnetic and Charge ordering
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Thermodynamics
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The pseudogap regime

2 Region where Fermi surface is partially gapped

[Shen et al., Science, 307, 5711 (2005)]
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The pseudogap regime

? Onset temperature 7* as a maximum in the magnetic susceptibility

[Johnston, Phys. Rev. Lett., Phys. Rev. Lett. 62, 957 (1989)]
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Momentum distribution function

1 & .
n (K) = N Z ezk-(r,—rm)<cl?;cm0>
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Electron correlations
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Energy gaps

ZSpingap Ag = Ey(m + 1,m — 1) — Ey(m, m)

2 Single particle gap Ag)

» Charge gap Ag)

* 2)
» Computed using ground < ie /1
state DMRG 0.4 —*— A/t _a
______ i . s = = —
» Charge gap vanishes, 00
spin and single particle gap 000 0.02 004 006 008 010 012
remain finite 1/L



Computational technique:
Minimally entangled thermal typical states
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METTS

» Decomposition of density matrix into typical pure states
1 - 1 _
(0) = ETr(e‘ﬂ 0) = Ezpl- (w;|Oly;) with p; >0
i

.. . [White, Phys. Rev. Lett. 102, 190601 (2009)]
P Mlnlma”y_Entangled Typlcal Thermal State [Stoudenmire, White, New J. Phys. 12, 055026 (2010)]
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» Algorithm: random sampling of the states |y)



Tensor network methods

Bond dimension DD

v
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2 Density matrix renormalization group (DMRG) for studying ground states

[S. R. White, Phys. Rev. Lett. 69, 2863 (1992)] [S. R. White, Phys. Rev. B 48 (1993)]

2 Finite-temperature calculations have been deemed challenging



Imaginary-time evolution

» Computing the imaginary-time evolution accurately is the key challenge

1
| l//,> = ——ePHZ| 0i>

VP
> Key algorithmic breakthrough: time dependent variational principle (TDVP)

[Haegemann et al., Phys. Rev. Lett. 107, 070601 (2011)]
[Haegemann et al., Phys. Rev. B 94, 165116 (2016)] D
[Yang, White, Phys. Rev. B 102, 094315 (2020)] 4

[Paeckel et al., Ann. Phys. 411, 167998 (2019)] Dimax TEBD/

» Imaginary-time evolution using TEBD + TDVP, / >TDVP
together with accurate Lanczos-based ’
exponential integrators.




Imaginary-time evolution
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Validation with other methods
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Validation with other methods

DQMC, T/t =0.22, p =1/8,t'/t = —-0.25, U/t =6
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> First application of the METTS algorithm 351 k = (r,7)
to simulate the 2D (1.5D) Hubbard model —J}— Dinax = 2000
3.0 1 —J—  Dunax = 3000
> Access to a broad temperature regime —J— Dinax = 4000
_ _ = 251
> Determine onset temperature of stripes =
» Antiferromagnetism in the 1k :g”/ 8_’7;)000
pseudogap regime . Do — 3000 \
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Outlook

Exploring the cuprate phase diagram “Handshake” with other methods

Mott insulating states with competing orders in the
triangular lattice Hubbard model
A. Wietek, R. Rossi, F. Simkovic, M. Klett, P. Hansmann,

M. Ferrero, E. M. Stoudenmire, T. Schéafer, A. Georges
arXiv:2102.12904
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The METTS algorithm

> Step 1: compute

1) |o2) |o3)

ly) = L g | ) 3 / J / d

VP |91) |2) |%3)

» Step 2: measure ,L ¢ ~L
(w1 Oy (G1|OR) =P (alOls) —H (ws|Olws) —H

> Step 3: choose new product state |o;, ) according to probability | (y;| 0, ;) |2



Thermodynamics

Specific heat: Entropy:
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Thermodynamics

Maxwell relation:
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Validation with other methods
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Validation with other methods
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Thermodynamics
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Superconductivity?

” No superconductivity at 7 = 0, p = 1/8, U/t = 8 from DMRG and AFQMC
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Energy gaps

ZSpingap Ag = Ey(m + 1,m — 1) — Ey(m, m)

2 Single particle gap Ag)

» Charge gap Ag)
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» Charge gap vanishes, 00
spin and single particle gap 000 0.02 004 006 008 010 012
remain finite 1/L



—20

- —307

_40_

750_

1

{ni h!b%ir
B L TTORH

Ml' hi"'ll W\t'

Uw’-

0

200 400 600

METTS step ¢

—58
—60
_62_

_64_

Sm(k);

| ‘1 ll" \u 4 J’lf [t‘ L

100 200

METTS step i

~15.01
1751
~20.0 1

—22.5 1

—15.0 1
.« —17.51
=

—20.0 1

—22.5 1

b

J

S? collapse

1 1'M nm

(a)

i

S* collapse

(c)

h H’M ||~ W“‘Wr"’

s g4y

200 400 600

METTS step ¢

10744

6 x 1071

m 4 %107t
3 x 107!

2x 107!

10°

R S* collapse | (d)
b N

10~

|p[H](1)

1073 _

V>

0.0 2.5 5.0 7.5
time lag [

47



"Handshake” among numerical methods

T/t = 0.1

05 Potenial energy:

0.6 1
= - DiagMC E =UZ Nl
20.41 4 VBT pot < ) ll>
S - CDMFT ]

0.2 —— DMFT

0.0 —+— DMFT (PM) (a)

0.5 1

Kinetic energy:

Ein=—1 2 (&) &j + 6;661'0)-
(i.j).0




The triangular lattice Hubbard model

Ult =12 T/t = 0.0125
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