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TUTI

Strongly correlated states of matter
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The Fermi-Hubbard & t-J models

Chi l., arXiv:1810.03584
&The Fermi-Hubbard model: vetal
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il Motivation

Micro-constituents

: Strong interactions:
ions electrons

N+ % :r {j

t > J

Physical Phenomena

- electronic structure:

hopping  spin exchange

temperature T
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il Motivation

Micro-constituents

ions electrons
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- electronic structure:
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Universal Constituents

spinons ‘

chargons Q
gauge fields oW
mesons i *
geometric strings

+ 4+

Anderson, Science (1987);
Laughlin, PRL (1997);
Senthil, PRB (2001),

FG et al., PRX (2018);

Physical Phenomena

temperature T
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TUTI

* Mesons in correlated quantum matter — meaning & signatures

* Spinons & chargons in 1D — Gross / Bloch lab

Hilker et al., Science 357 (2017)
J. Vijayan*, P. Sompet* et al., arXiv:1905.13638

* Meson formation in 2D — theory

Grusdt et al., PRX 8 (2018); Grusdt et al., SciPost Phys. 5 (2018); Bohrdt et al., PRB 97 (2018); ; v
Grusdt et al., arXiv:1901.01113 (accepted in PRB); Bohrdt et al., in prep. s /

* Signatures for meson formation — Greiner lab

Chiu et al., arXiv:1810.03584
Bohrdt et al., arXiv:1811.12425
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Mesons in strongly correlated quantum matter
— meaning & signatures —

0\0O
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i Mesons

@ Mesons = bound states of confined partons

l

carry fractionalized
quantum numbers

nucleons: proton = 3 quarks e =—e/3,2¢/3
. . . n  — BTt
interacting electrons: Cio = N [0

™~ spin, no charge

—

charge, no spin
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TUTI

& Signatures of meson formation:

* Internal structure  spin charge

* Ro-vibrational excitations 1., i 5
1S, r K
1'p, b,(1235) Ky
1'D, m(1670) K,(1770)
1’F, a,(2040) K;(2045)
218, 7(1300) K(1460)

Amsler et al., Phys. Lett. B 667 (2008)
% Gauss-law
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Spinons & chargons in 1D

— partons —

collaboration:
Gross / Bloch group
at MPQ Munich
Hilker et al., Science 357 (2017)

L T T
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The 1D t-J model

& Microscopic considerations — 1D t>J

* Impurity physics — single-hole case

P Y * Fractional spin excitation!
/7 _— / ¥ / y 4
S =1/2
£ ' el * Chargon motion keeps relative
- spin orientations intact!
* Spinon formation where hole was created! chargon
spinon -

Spin-charge separation:

deconfined spinons and chargons: t>J

Ogata & Shiba, PRB 41 (1990)
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Squeezed space — 1D

&Solution of 1D t-J model by re-labeling

* Squeezed space: % Ground state wavefunction: t > J

j=12 34 5 678 9 10

real 1 A A A ‘¢> ~ |¢h>bonds X |¢S>squeezed
space i i\)
Z1 .Q?S ZQV

5

1D quant. Heisenberg AFM:

A AA
squeezed ¢ T i i |ws>squeezed — |1d QHAFM>
space Y
7=12 345 6 7 8
Kruis et al., PRB 70 (2004) Ogata & Shiba, PRB 41 (1990)
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Squeezed space — 1D

& Non-local string correlator: C (d) =4 < S Sj-‘>

Experiment Gross/Bloch group, MPQ

Hilker et al., Science 357 (2017)

PBE AL BB S

density n =1 - doping real space hidden AFM correlations

oo (n)= 0.4
o (n)=0.7
o0 (n)= 1.0

CStr(d)
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Spin-charge deconfinement

& Dynamical probe of parton formation:

Experiment Gross/Bloch group, MPQ

* Release hole in 1D
J. Vijayan*, P. Sompet* et al., arXiv:1905.13638
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Spin-charge deconfinement

& Dynamical probe of parton formation:

Experiment Gross/Bloch group, MPQ

J. Vijayan*, P. Sompet* et al., arXiv:1905.13638
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Spin-charge deconfinement

& Dynamical probe of parton formation:

Experiment Gross/Bloch group, MPQ

J. Vijayan*, P. Sompet* et al., arXiv:1905.13638

C Spin correlation C(X = 1) D
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Spin-charge deconfinement

& Dynamical probe of parton formation:

Experiment Gross/Bloch group, MPQ

J. Vijayan*, P. Sompet* et al., arXiv:1905.13638

— ——

i-position
0 1 2 3 4 5 6
Evolution time (ms)
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Meson formation in 2D
— geometric strings —

Theory collaboration:
Annabelle Bohrdt, Michael Knap,
Zheng Zhu, and Eugene Demler

L\ & N
. O
LN & N
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Long-range AFM in 2D

&Long-range anti-ferromagnet in 2D:

Experiment Greiner group, Harvard
Mazurenko et al., Nature 545 (2017)

£ (sites)
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Confinement?

& Dynamical probe of parton formation:

MPS simulations: A. Bohrdt % Release hole in 2D
M. Zaletel et al., PRB 921 (2015)

A. Bohrdt, FG, M. Knap, in prep.

5 ..
2 fast ballistic
44 expansion
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Confinement?

& Dynamical probe of parton formation:

MPS simulations: Annabelle Bohrdt % Release hole in 2D
M. Zaletel et al., PRB 921 (2015)

A. Bohrdt, FG, M. Knap, in prep.
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Parton picture

Parton-picture of magnetic polarons:

)‘( * Fractional spin excitation!
I; S =1/2

* Chargon motion quickly distorts
2D Neel state!

* Chargon is bound to the fractional
spin (spinon) at end of string!

E oxJx/?

competition: t «—— I xJ
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Parton picture

>
' ©

©

Parton-picture of magnetic polarons: o

spinon * effective mass: ms ~1/J

3, i | R . &
J 5 * hopping within one sub-lattice

chargon * effective mass: myp ~ 1/t < my ‘y .. 'x
h --—J Born-Oppenheimer: h N

3 L : :
T (i,5) o Sstrong-coupling expansion!
|
magnon * number not conserved!
a ; - weak polaronic dressing! Y
J . ——Yy
o - Decay of excited states!

Beran et al., Nuc.Phys.B (1996) Grusdt et al., PRX 8 (2018)
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Parton picture

& Dynamical probe of parton formation:

MPS simulations: Annabelle Bohrdt % Release hole in 2D
M. Zaletel et al., PRB 921 (2015)

A. Bohrdt, FG, M. Knap, in prep.
5

-
o ETE o
4 - g
== free center-oi

> == — dominated by spinon!
5

5 e T . .
é‘? confinement sets in

?

S

-mass motion

Manhattan distance

@
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!
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Squeezed space — 2D

&Solution of 2D t-J model by re-labeling

* Squeezed space: .
* Ground state wavefunction:

[¥) = [Yn(2)) @ [sp) @ [Y0)sqz

;

wavefunction spin background

X5 lg |
2
2 h WL
(1,2%/ (2,2)/1 S spinon 2D QHAF
] /.ﬂ /.ﬂ , /ﬁ wavefunction

string

Grusdt et al., PRX 8 (2018) Grusdt et al., arXiv:1901.01113
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Squeezed space — 2D

& Focus on charge fluctuations (fastest)

- Frozen spin approximation (FSA): consider only chargon motion
- Chargon motion assumed to create memory of its trajectory

7 e a g |
Sl > sl 01209
i £ 057 Ot=3.0J
-=:--t=10.0J
’ Cex—{—ey 8 04 " T
v | o
2 03}
p= .
(@))
L,C $ 0.2
q €y (@)
T 5
:" ": Cew+ey .
t string length |
Grusdt et al., PRX 8 (2018) Grusdt et al., arXiv:1901.01113 (accepted in PRB)
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Internal structure of mesons
— rotational excitations —
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Rotational excitations

& _ ' meson:
¢ Born-Oppenheimer Ansatz eso ‘r e
~
|¢> ~ |wh(2)> ® |¢Sp> & |¢0>qu spinon¥/

/ : \
string wavefunction

— charge fluctuations localized spinon

* C4 symmetry on
central node

e Bethe lattice model * C3 symmetry per

~t>J other node

radial potential * rotational quantum

Vpot X J X EZ

numbers:
1 . (2, (3)

m4’m3 ,m3 ,m3 g oo
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Rotational excitations

& Simplified Bethe-lattice model Grusdt et al., PRX 8 (2018)
. 2.5 / ; /d
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° / / / / Ol
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— N — radial excitations - M3 4 — rotational excitations
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Rotational excitations

& Rotational spectroscopy: t-J model

Bohrdt et al., in prep.

A(w; 7/2,7/2)

w-wo[’[] 1.5 5 0
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Internal structure of mesons
— geometric strings —
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Detecting geometric strings

@ Direct signatures of geometric strings?
(@]

* Short-range hidden order — washed out by averaging!

—> Analyze individual snapshots!

;_.' .___l ; Liquid-like correlations!

v- ‘ “ averaging ‘
I—' e
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Detecting geometric strings

& Internal structure of mesons: pattern analysis
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Detecting geometric strings

& Single hole in the t-J model

* DMRG simulations (A. Bohrdt) with one hole on a 6x8 cylinder,
— sampling in Fock basis using Metropolis Monte-Carlo

- deviations from perfect

checkerboard pattern
0.5- localized hole :
.Z ¢ 7| Wo)
> 0.44
S
._g
M 2 02
=> string length o
I 0.1-
0 2 4 6

string length /¢

.

Grusdt et al., arXiv:1901.01113 (accepted in PRB)
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Detecting geometric strings

& Single hole in the t-J model
* DMRG simulations (A. Bohrdt) with one hole on a 6x8 cylinder,
— sampling in Fock basis using Metropolis Monte-Carlo

- frozen spin

approximation (FS4) 0.5 localized hole :
¢js 5|Wo)
S i FSA
localize\cl hole S 0.4
> t=04.]
£ 0.31 P
BN =
<2 0.2 5
o U B
l 5 o yt=3J
h ] 0.1- B
0 I I T T
- O : 4 6

string length /¢

Grusdt et al., arXiv:1901.01113 (accepted in PRB)
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Detecting geometric strings

& Single hole in the t-J model

* DMRG simulations (A. Bohrdt) with one hole on a 8x8 cylinder,
— sampling in Fock basis using Metropolis Monte-Carlo

- full DMRG simulation: _
0.5- localized hole :
¢js 7| Vo) © DMRG
- short-range hidden S 041 @ FSA
string order! \
7 Zoosl N =047
) \
S 0.2 )
o Y4 e ]
B_ b—’:’*\§ /t — 3J
0.1 :\\'.‘“——.~“~.____._~
O-===0-. P 0]
~o---"0----9
0 . :
0 2 4 6

string length /¢

Grusdt et al., arXiv:1901.01113 (accepted in PRB)
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Signatures for meson formation
— experimental results —

collaboration:
Greiner group

at Harvard Experimental

Regime

Chiu et al., arXiv:1810.03584
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Detecting string patterns

&Disappearance of the AFM by doping

— hidden correlations?
Experiment Greiner lab, Harvard

"_:OQ o

(N XN XN J Q
: . 000 ( N
* String patterns: 2000000
0.04f
[ ® (@) !__!—*— —,
g2 | %
» 0 03_ ,’ ‘ ;IIII.II.IIIIII‘II.III
8 ,’ L L 1 1 : .. ..
e e B S LLLEE sprinkling o
> 2 e TS 200000
3 0 02_:.‘— experiment 6 = 0.0 = =Y =
o . ' !
£ | | n-flux theory '
= - © experiment - . ' :
0.01+ - (1 fit parameter) ! :
I == sprinkled holes P 1\ ee) !
- strings .
ool == m-flux theory — geometric 88 et
0.0 0.1 0.2 0.3 string theory e o0
doping ¢ (no fit parameter) ————

Chiu et al., arXiv:1810.03584
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Detecting string patterns

&Disappearance of the AFM by doping

— hidden correlations?

o0 0
Experiment Greiner lab, Harvard ._..:

* String patterns: 2000000
— 6_' @ experiment i
T strings 0 =0.05 : 0=0.15
= 4
= s + ¢
SO + & + +
| Q ¢ Q
s  Oopf--------- e ®
S
Q - .
-2r, e geometric o008
2 4 6 8 2 4 6 8 : o[X7
string length ¢(sites) string length ¢(sites) string theory Jé': o0

(no fit parameter)

Chiu et al., arXiv:1810.03584
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Detecting string patterns

&Disappearance of the AFM by doping

— hidden correlations?

o0 0
Experiment Greiner lab, Harvard ._..:

. . o000000
* Average string length: o000 000

no
N

—_ S
fo)} C o

average string length £(sites)
(0 0]

. @ experiment
s ’ effective T via mz + sprinkled holes
@ effective T via Cq + sprinkled holes .
» , (oY geometric °e oo
1.4} strings — ) e 0 e o
..................................... string theory e s,
0.0 0.1 0.2 0.3 e o o

(no fit parameter)

doping 6

Chiu et al., arXiv:1810.03584
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Detecting string patterns

&Disappearance of the AFM by doping
— hidden correlations?

no
N

overlapping

+¢‘.’¢++¢ strings
| ¢ ¢+¢++

. @ experiment ~.~ o,
- @ effective T via mz + sprinkled holes 'um‘
i ‘ effective T via Cq + sprinkled holes

strings @0

'-»--‘ | | doping 6

independent holes
with strings attached

~

N
o

—_
(*)

average string length £(sites)
oo

1

—
N

Chiu et al., arXiv:1810.03584
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& Deconfinement of partons: description by Z2 LGT

Senthil & Fisher, PRB 62 (2000)

Zo minimal coupling —t, A TG, 5 JT .+ h.c.

* Can be implemented in ultracold atom systems!
Barbiero et al., arXiv:1810.02777
Schweizer et al., arXiv:1901.07103

(A) (B) (7 (x

@1U \U/\G'

J1 jo  tHh(—z)=—-tJ(z

— e} 0 U?I\a/\v/
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& Parton dynamics

* Real-space probes of confinement

J¢/Js = 0.1 Jp/J = 2.0
0 ! ! f{ ! ! ! ! ! fl ! ! 1
=
=02 n;
™~
0.4 0

-4 0 4 -4 0 4
lattice site J lattice site j

Schweizer et al., arXiv:1901.07103
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& Summary

Axm

high-energy regime
partons,
mesons, m

~

+ spatial resol

(t,

temporal & spatial resolution

Fabian Grusdt

—

r

)

Quantum gas microscopy

low-energy regime

collective

RIXS (Resonant inelastic X-ray

states of matter A scattering) \
=

P———

(w, k)

energy & momentum resolution

ARPES (Angle-resolved photo-emission spectroscopy)

+ temporal resolution —
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