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Quantum simulation of Quantum Matter

High-Tc
superconductivity

Nature 475 (2011)
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e Motivation
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Quantum simulation of Quantum Matter

High-Tc
superconductivity

> Ultracold atoms in optical lattices

Mirror 1,064 nm
Window 780 nm

Shefsbn et al., Nature 467 (2010)
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Quantum simulation of Quantum Matter

> Rydberg tweezer arrays

> Ultracold atoms in optical lattices I - rac{\ons
PN l: e g .“ _[
7 ed \ . _
. mode R ,.
’ (IDpticatI)Ialtice Sp‘“ —
aser beam~ i
_ence 354 (2016)
Mirror 1,064 nm
Window 780 nm
& re Young et al., Science
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Sherson et al., Nature 467 (2010)
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Quantum simulation of Quantum Matter

> Rydberg tweezer arrays
> Ultracold atoms in optical lattices

\
—

-

&~
opicaliatice > Dipolar atoms & molecules

laser beam~

Mirror 1,064 nm
Window 780 nm

d
b
oot TN
//

Sherson et al., Nature 467 (2010)

Christakis et al., Nature 614 (2023)
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MUNCHEN

Doped quantum magnets

The Fermi-Hubbard and t-J Models

Hpn = —t Z (Cl -Cj,o +h.c.) +Uzﬁj,Tﬁj,L
(i,§),0 J
repulsive U>0 — strong pairing?!?

* Large U > t: no double-occupancy

" - I _
Hy_y=—t ’P[(Z +Cjo T+ h.c.]P Sl Jg (Si - S5 — ininj) + NN[\(IJI;jpplng term
lh] ?O- l'?c]

- ¢ g9
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Doped quantum magnets

The Fermi-Hubbard and t-J Models ‘ ;‘
g*.‘.

.
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’
’

g

(i,§),0 J
repulsive U>0 — strong pairing?!?

?'IZFH = —t¢ Z (é;r,aéjﬂ + h.c.) +Uzﬁ’j,Tﬁj,i
’

* Large U > t: no double-occupancy t>J
~ . . SN 1
Heg=-1P Z éio-éj,o =3 h.c.]P ol JZ (Si Ao Zﬁiﬁj) + NNN hopping term
(ij).0 (i) oW
#e iy
bosonic spin model
Waterloo, 10/2024

fermionic charge model
4
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Doped quantum magnets

The Fermi-Hubbard and t-J Models ‘ ;‘
g*.‘.

.
’
i
.
’
’
’

g

(i,§),0 J
repulsive U>0 — strong pairing?!?

?'IZFH = —t¢ Z (é;r,aéjﬂ + h.c.) +Uzﬁ’j,Tﬁj,i
’

* Large U > t: no double-occupancy t>J
" " o A oA 1
Hi_g=—-tP Z éiaéj,g -+ hC]P ~+ JZ (Sl . Sj — Zﬁiﬁj) +W
(ij),0 (i) ' OoW)
neglected in t-J
#eo iy
fermionic charge model bosonic spin model
4 Waterloo, 10/2024
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Doped quantum magnets
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Hart et al. 2015
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Exploration of doped quantu L

ultracold atoms
Annabelle Bohrdt **<4¢, Lukas Homei

Sy : . 0
Christian Reinmoser “°, Eugene Dem| = — 1) ot
Earlier reviews: Esslinger, Ann. Rev. Cond. Mat. 1 (2010)
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e Doped quantum magnets
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r/J A

L ] L ]
Antiferromagnet in 2D it
netal 2 ‘
a1
T~U 3
c
5 —
10 MI g 3D, § =0
8 :8_’? 107 9 0 deros ot 201 Sy *Hart etal. 2015
@ ’ Greif et al. 2013 o ,
w6 w400 Koepsell et al. 2019 * L | pp— T /J ~ 1.3
.2'2 Salomon et al. 2019 i
o 1.0 * e 4 PRISONS 0t 81, 2076 'l
w4 ¥4 Koepsell et al. 2021
_ strange :
ot 202 Y, 9 £ onwetarz09/ | 3D, 6 =0
2 Eussia e T metal __,-" FOlaEan A0ty *‘Shaa etal, 2024
0 T/J ~0.5
FL
0.2 0.4 0.6 0.8 1.0 1.2

T/t

. doping 9

I

* Bulk antiferromagnet (AFM) >
0 0.2 1.0

—_;
Earlier reviews: Esslinger, Ann. Rev. Cond. Mat. 1 (2010)
Tarruell & Sanchez-Palencia, Compt. Rend. Phys. 19 (2018)
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Doped quantum magnets

r/J A

Antiferromagnet in 2D f
netal ‘

Brown et al. 2019

r~u 1

. Hart et al. 2015
Nichols et al. 2019 Cheuk et al. &

, : 3D, 6 =0
Antiferromagnet in 3D

Shao et al., Nature 632 (2024) — Pan lab — *Gredetai. 2013 N T/J~13
0.6 ' '0 H"*Safomon et al. 2019 . Parsons et al. 2016 X
120 Stra nae E Koepsell et al. 2021
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e % N Bohrdt et al. 201
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! & doping &
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* Bulk antiferromagnet (AFM)
Fabian Grusdt  ————— Waterloo, 1072024
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Doped quantum magnets

r/J A

ny

r Hidden AFM correlations in 1D

/L

Antiferromagnet in 2D

Antiferromagnet in 3D
Shao et al., Nture 632 (2024) — Pan lab 00 B%d,oomz ,O O String correlator

0.6
120}
T T T T T
Paramagnetic NM

04}

Cstr(d)

Tt

_Cla)

02}

—-— o’ 1 W, |
E . P %Y % Signatures of spin-charge separation!
* Bulk antiferromagnet (AFM) L ——
A/ GirUs g —————— Waterloo, 10/2024
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e Heavy-fermions & Kondo physics

The Anderson & Kondo models : _
MixD ¢t =0
* Cold atoms: ! A @ top layer
H=—taB Z(&(T,ba + h.c.) + Z Ui, n i BM B @ bottom layer
o u=a,b |
+A Z Moo Wannier-Stark states
* Large |A + U, 3| > t,5: Kondo coupling Trotzky et al., Science 319 (2008)
~ A A 22 22
— : J = —=48 AB_ ¢, =0
Hi =J; SA-Sp LT AT Tt A W
Fabian Grusdt 6 Waterloo, 10/2024
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i Heavy-fermions & Kondo physics

tﬁlzo

The Doniach phase diagram: Kondo lattice J( ﬁ:ﬁﬁ i

Ty ~ D exp[-14Jp)] A

d A

Kondo interactions
dominate

RKKY interactions
dominate

Fabian Grusdt 7 Waterloo, 10/2024
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Heavy-fermions & Kondo physics

MUNCHEN

The Doniach phase diagram: Kondo lattice ﬁ%
J( ‘
" N
3
E . .
2 Kondo interactions
‘é Fermi liquid dominate
2 «
RKKY interactions
dominate H :
v eavy-fermion
> antiferromagnetic :gpxe‘rrcc::onductwlty y
.= superconductor
0 20 40 60
pressure (kbar)
https://physicsworld.com/a/ferromagnetic-superconductors/
Fabian Grusdt 7 Waterloo, 10/2024
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New models: Stripe
QN s . pe
formation and strong pairing
) éﬂ New scenario: Hidden symmetry
‘ breaking & AFM order
Fabian Grusdt 9 Waterloo, 10/2024
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Stripes
I

|
V.

Fabian Grusdt 10 Waterloo, 10/2024
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ome The mixD t-J model

UNIVERSITAT
MUNCHEN

Mixed-dimensional systems:

* Suppressed charge motion along y!

* Tunable super-exchange interactions along y!

42 2t2 2t2
= —, ‘I_Y — +
U U+A U-—-A

see also: Dimitrova et al., PRL 124 (2020)
Trotzky et al., Science 319 (2008)

Jx

% Effective mixD t-J Hamiltonian:

A= 3 [t 3 PonlE] by +he ) Pou +1, (s ¥

(1.5)x o

Fabian Grusdt 11
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e, The mixD t-Jz model
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. . . Su et al., Nature 622 (2023)
Mixed-dimensional toy model:

Magnetic
. . N A dipole
H=—t Y P, é0+he)P+Y J.5:8; Ny
o (i), (i.) -
1D 2D VW . 4
v - v
7 O WLV W,

1:1 mapping to Z2 LGT with dynamical charges T

optical lattice

(4.0) o J 2% P (4,3),

= (ﬂ3 —€q,t)e (J em,J)m+T(z z+ex)x7—(3 Jtez)e

> confinement?!
Fabian Grusdt 12 Waterloo, 10/2024
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The mixD t-Jz model

Mapping to Z2 gauge theory: Phase: Oorm  tunneling electric terms
Zo minimal lin —hi#% W hi +h.c —é’?x Tlite, j
2 MIRANAECOUPIE i’(i,j)' o 4 (13) ' (iteyjtey)

4
-

* Key ingredient: Squeezed space construction
Kruis et al., PRB 70 (2004)

* The 1D t-J, model: H=—t Z 75(6;663',0 + h.c.)75 + Z ngfgj
0,(%,3) . (2,3)

* Hidden AFM order: f * f o * ? * O ? * Squeeze (remove holes)
Chitpotyoaty —— HHHEEILY

Fabian Grusdt 13 Waterloo, 10/2024
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o The mixD t-Jz model
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Mapping to Z2 gauge theory:

Zis minimal coupling

Phase: Oorm  tunneling electric terms

T oo
—h! Ta,.])h*] + h.c. _XT(“;,j)T(ai—f-ey,j‘Fey} ,

1

* Key ingredient: Squeezed space construction
Kruis et al., PRB 70 (2004)

% The 1D t-J, model:
0,(%,3)

* Hidden AFM order:

C tvtedtioty

H=—t > P, éo+hec)P+ ) J.525z

(4,3)
Z2 Gauss law
(constraint):

Gil) = [y, V]

tvtietioty e T

Fabian Grusdt

Pirsa: 24100054

T+ =-1 =i
WL i,
i — R S | =-1 1%=-1
13 Waterloo, 10/2024
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The mixD t-Jz model

Exotic phases — hidden AFM order & meson gas:

Mean-field description
stnpes .I

0 0.05 0 1 0. 15 0.2 0.25
doping ny

temperature T/.J,

Fabian Grusdt 14 Waterloo, 10/2024
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The mixD t-Jz model
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Exotic phases — hidden AFM order & meson gas:

Mean-field description

3

N
o
T

Confined chargons

ature T/J,
N

- AFM order M eson

B o ‘ Stripes

i gas - incommensurate AFM
£ S
g . - = / order along x

str!pes / - long-range AFM along y

0 ‘
0 0.05 0 1 0 15 0.2 0.25
doping ny
Fabian Grusdt 14

Waterloo, 10/2024
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The mixD t-Jz model

MUNCHEN

Exotic phases — hidden AFM order & meson gas:

Particle-distance histograms — from QMC simulations (Lode Pollet)

(a) t/J. =05, kgT = J,, ny = 0.05 (b)

05+ @ —$—12] 025
i meson gaS e 0.3
I 3-4 0.2
> 047 1 —5—1-3 S
i~ )
£ i G- 2-4 =
2 sl 14 B 015}
Qa | | - Re)
) | | nearest particle o
02t & S 0.1
f '
' \ NN particle
oail : NNN particle 0.05|
o >
0 - o & - . — - - = - —
0 5 10 15

separation r

Fabian Grusdt

Pirsa: 24100054

t/J. =1, kgT = 0.2J,, n, = 0.25

= _nearest particle

./-(

separation r

15

=¥=1-21

20

t/J, =1, kgT = 10J,, ny = 0.25

(c)
0.25 1-2 |1
T
- 3-4 1
e e nearest particle 313
0 L —3—1-4 .
0.15 .
_'.; NN particle
S o1 _
NNN particle
|
0.05 1
|
| : |
" S - T
0 5 10 15 20 25

separation r

Waterloo, 10/2024
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The mixD t-Jz model
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Exotic phases — hidden AFM order & meson gas:

Particle-distance histograms — from QMC simulations (Lode Pollet)

(b) t/J. =1, kgT = 0.2J,, n;, = 0.25 (<) t/J., =1, kgT =""" n, =025
nearest partlcle —5—12| 025 % —5—1-2
=23

t/J. =05, kgT = J., ny =0.05

(a)

015

( NN partlcle ~g-23| . Sl
/ ? , 4|l

ExPenﬂ‘e“ts '

)bability

probability
o
w

[}
I
|
0.2t ) :
: NN particle g W an "
0.1 1 NNN . | o051 ¥ : : :
0% A 0 og—0—0—0 - a0 b—e L - et ont
0 5 10 15 0 5 10 15 20 0 5 10 15 20 25
separation r separation r separation r
15 Waterloo, 10/2024
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ome The mixD XXZ model
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Experiment Er lab — Greiner group:

DMRG simulations
2 BT i T/ =10 05
T 1> AN
A ittt = SEEERE 00n
Lttt 13 - [”‘”5
0 . 0.00
: %;n}:o 157 - T/JE = 0.25[ 0053
chargon T o : 000
—0.134 T/JZ = 0.2 =
g %;nx ) ! [0-05
b 1 L 0.00
m=0.15 T/J: =0
% d T T T TTTTTTTT !:0_03
0E
0 /2 T 3r/2 G0
ke
Fabian Grusdt 16 Waterloo, 10/2024
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ome The mixD XXZ model
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DMRG simulations

Experiment Er lab — Greiner group:

Experiments State preparation
(@)  State preparation : v e
T A SOSTEOSTSTE0ED 0080080080080
I S | ] I
= 0000 00 e8¢ 06 =
PHHittitit : 0685 THHEETE]
: H0.4 © 0800800800800 80 g
Y o ™ "YoIeL X XeL ° 02<
* eCe® > 000000800800 ®
eO0000® 02< 0000000000008
Ch&I‘gOl’l 000080080 8C 0
Liel lef Jof le] 1ol Il )
g i _
3 :
2 10" _kk'
N 10F % . &
3 T3 3
= 2 E 5 ©
o 5r § c “E’
§ 0 || O §
O'I 8 . i 0 l 1 1 1 5
0 w2 m 3mz p ° I 7 e
Ky *
Fabian Grusdt 16 Waterloo, 10/2024
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ome The mixD XXZ model
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DMRG simulations

Experiment Er lab — Greiner group:

Experiments State preparation

(@)  State preparation g oL JoTeL Je1oX JoloL I |I1
T (JSLIL IS IL IS JeL I8 0008008008 .U
A Attt HHE | P
Prtittitit Soece S
SN e
Het i ode\s\. w0 o'ﬂo.2<
chargon mixD 3™ —soetT880s 8] [l
gas gack t° :«fﬂo’/ B
i S 101 &
a > 12}
L 8 8] ﬂ:)
c c
& S
Oz gz, O Yoz s O
kx [ \ kx
‘-:b
g
Fabian Grusdt 16 Waterloo, 10/2024
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The mixD t-J model
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% Ground state:

Stripe formation in mixed dimensions: @

1D: Friedel oscillations

mixD: long-range CDW

0.1} —o0— mixDzr—J
—o— |Dtr—=J

.'?,_).n 0.06f o :
= 0.04f -
S 0.02+ .
o 2 :
0 10 20 30 10 50
X

Fabian Grusdt 18 Waterloo, 10/2024
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e The mixD t-J model
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Stripe formation in mixed dimensions:

% Ground state:

1D: Friedel oscillations

107! _
10-2 mixD: long-range CDW
10
1074 * Incommensurate magnetism (mixD):
0 3 — g0
’ —10~* S(q) 10
% L 06{ \ Sla)- 100
S -1073 {
] -2 / 6
.g -10 < 0.4
@ 4
0.2 5

(0,0) (22, 7) (m, x) 32, 1)27, )
q

Fabian Grusdt 18 Waterloo, 10/2024
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The mixD t-J model

Stripe formation in mixed dimensions:

MixD

g(2) 1
3 ‘B |l %% theory (DMRG) @) 1
5 2 r il 0.02 g
s | L
n .M —* -l{ 0
Podrodi il - | tx
o000 00 olee ! : D 002 J J
fesoocel dess\ L LN X
eeee ol |eee | ! } ! 004 A
eesviil Eay NN | 0
Negsseledes”> 0 2 46 d" (S'tes)
b T e
Distance dj (sites)
Fabian Grusdt 20 Waterloo, 10/2024
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Stripe formation in mixed dimensions:

02

004 theory (DMRG) ¢ _

MixD
. §2-1 IX
e 1 02
-0.02 0.0
004! 02
4 0 4 A

02 g, (sites)

Distance d, (sites)

a 0 O b a¢(e) x
10 F (g QB 7 L i
1= 5 0.15 JIx, Jy
=) I
S 05l 04 Frg—1 § 3 . A
n 0.5 - 3
LGoBhned S
I s 5t 1|4 -0.15
§5=0.083 2468 0 " iy
0.0 i 7 1 A 1 : ] . ] -03
2 4 6 8 0.1 0.15 0.2 0.25
Stripe length ¢ Doping ¢
Fabian Grusdt 20
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MUNCHEN

The mixD t-J model

Stripe formation in mixed dimensions:

MixD

g(2) 1
3 ‘B | %% theory (DMRG) @) 1
5 2 r il 0.02 g
s | L
n .M —* -l{ 0
Podrodi il - | tx
o000 00 olee ! : D 002 J J
fesoocel dess\ L LN X
eeee ol |eee | ! } ! 004 A
eesviil Eay NN | 0
Negsseledes”> 0 2 46 d" (S'tes)
b T e
Distance dj (sites)
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Pairing

Fabian Grusdt 21 Waterloo, 10/2024
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The parton picture

MUNCHEN

Linear confinement force in doped antiferromagnets:

+ B

* Fractional spin excitation! ‘
—

S =1/2

* Movement of the hole distorts the Neel state
— spin is carried by distortion!

* Hole is bound to the fractional spin (spinon)

\/
e
at end of string (2D)! ‘}’

E x/ .

Bulaevskii et al., JETP 27 (1968), Trugman, PRB 37 (1988)
Manousakis, PRB 75 (2007, Kane et al., PRB 39 (1989)

Fabian Grusdt 22 Waterloo, 10/2024
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The parton picture

MUNCHEN

Linear confinement force in doped antiferromagnets:

+ B

* Fractional spin excitation! ‘
—

S =1/2

* Movement of the hole distorts the Neel state
— spin is carried by distortion!

\
e
* Hole is bound to the fractional spin (spinon)

; . e
! at end of string (2D)! ‘}
' L 4 ‘ _d ‘ L J

\ Q E x/
Bulaevskii et al., JETP 27 ( \ / ‘ 8 37 (1988)
Manousakis, PRB 75 (2007 S '(1989)
. [ N ‘ @& ‘
Fabian Grusdt 22 Waterloo, 10/2024
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oo The parton plctu re

Pairing from sharing one string:

. P o
if % Two hole excitations ® 9
\g \/
| * Hole motion generates string -
* One hole is bound to another hole at end of string (2D) \

E o/ —

%

oy

Shraiman & Siggia, PRL 60 (1988)

Fabian Grusdt 23 Waterloo, 10/2024
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The parton picture
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T/J

; /L
* . Etal g
Low doping meson picture 3 :
Béran et al., Nuc. Phys. B 473 (1996) n ™ H 1L
2.0 N:-c.hDJs et qi. Q‘QTS ) ) ) L i Cheuk et al. 2016 5
Koepsell et al. 2019 *Greifetai. Gl Béwn et al 2017
1 0 m*‘}afomoﬂ etal. 2019 . :l 2 Parsons et al. 2016
~ 1 € T ) ' . Koepsell et al. 2021
To ] & b ) o, : 5 Stl'«':g'\ge :
g o | (\/\M" “--*hera" i 5 o £y Chiuetal 2019/
' ? Bohrdt et al. 201
% !\A/\ﬁ A 05 Mazurenko et al. 2017 "-,. me:tal i s
s spinon — chargon — E . =
| chargon (sc) _ chargon (cc) E FL
* Charge carriers with rich internal 0. - - dOPIP g o
.0 .’I Lal
structure! o0 0.2 1.0
—.i

T ———————— S
Fabian Grusdt 24
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i The parton picture

MUNCHEN

T/J

; /
: 3 el :
Low doplng meson plcture L 3
Béran et al., Nuc. Phys. B 473 (1996) n ™ H 1L
2.0 Nichols et al. 2019 Cheuketal. 2016

Greif et al. 2013
Koepsell et al. 2019 *
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A new high-Tc superconductor: LNO
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Sun et al., Nature 621 (2023)
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From 4-band model to mixD:

* Solids — LNQ:  Sun et al., Nature 621 (2023)
n,=1/2 top layer ! bottom layer
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Lu et al., arXiv:2307.14965v2; Oh & Zhang, PRB 108 (2023)
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From 4-band model to mixD:

% Solids — LNQ:  Sun et al., Nature 621 (2023)
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Lu et al., arXiv:2307.14965v2; Oh & Zhang, PRB 108 (2023)
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From 4-band model to mixD:
% Solids — LNQ: Sun et al., Nature 621 (2023) % Cold atoms:

n;=1/2 top layer ' bottom layer
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Lu et al., arXiv:2307.14965v2; Oh & Zhang, PRB 108 (2023)
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S e The mixD bilayer t-J model

From 4-band model to mixD:

% Solids — [LNQ: Sun et al., Nature 621 (2023) * Cold atoms:

top Hubbard /
t-J layer

Bottom Hubbard /
t-J layer

Her = 1 Z ﬁ(é;rﬂ:aéjﬂaa +he)P +J) Z (Si’a S “isa4nja°¢) +J1 Z (sm +Sia — ni’lalni,z)

(1Lj),0,0 (Lj),o i

Lu et al., arXiv:2307.14965v2; Oh & Zhang, PRB 108 (2023)
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Basic physics & a few surprises

* Strong pairing from super-exchange
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Basic physics & a few surprises

* Strong pairing from super-exchange Surprise #1: Binding energy E, > J,
. . . N.=0. E=E, Tight ! Strong coupling ladder
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Basic physics & a few surprises

* Strong pairing from super-exchange Surprise #1: Binding energy E, > J,
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Experimental observation of hole pairing

* MixD AFM ladder — Bloch group (LMU/MPQ) 0o —.—\/\/ A
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The mixD bilayer t-J model

Basic physics & a few surprises

* BEC-BCS crossover upon doping

Yang, Oh & Zhang, arXiv:2309.15095

t”/JJ_ I

VBS

Fabian Grusdt
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Surprise #2: Large critical Tc @ &)’
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Melting stripes: Hidden AFM order

(b) A
+ Fermi
/- liquid & Hidden"
large FS AFM
. >
L ,
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T=0 physics: check arXiv...!
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Motivation

Controlling interactions via Feshbach resonances
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