Unconventional
Many-Body Localization in
Long-Range Quantum Spin Glasses
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Overview

* Introduce Spin Glass and MBL

 Our model: Long-Range Quantum Spin Glass
* Exact Diagonalization
* Problem with long-range interactions
 Entanglement
* Long-range quenches

* Possible experimental realization

Work done with Dima Abanin + ", and Miguel Ortufio ,..‘v.; T
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Spin glass - Experiment

Randomly placed magnetic impurities leads to new low-T phase with:
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Spin glass - Theory

Spin model with random interactions and/or fields
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Many-Body Localization

Quenched disorder leads to exponentially
localized WF |W (7)| ~ e /¢

Anderson localization Hamiltonian
H=—t Z(c;rcj + h.c.) + Z,umi
(i) i
can be diagonalized H = ¢;n; in d=1,2

%

Local Integrals of Motion (LIOMs)

Question: What happens if you include electron-electron interactions?
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Local Integrals of Motion (LIOMs)

In d=1, local interactions ‘dress’ integrals of motion Local |ntegra|s of Motion (LIOMs)
H = Zfana + 5 Z Vagyach 0236705 > H = Z&T‘/ VZJTZ T, + .
a575
In Many-Body Localized phase LIOMs still exist  z_ >
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Displacement Transformations

For every Hamiltonian, there exists a unitary transformation that brings it

into the classical form
H: E fin—l— E J,L'jT,L-ZT;—l—...
i ij

Va
b0 c/];, C~Cs

Perturbation theory often fails due to resonances T - £, —&s

Our solution: Consecutive application of exact ‘small’ unitaries

R, _ Vapys
X = CaCplnyCs AN 2A Ca+E&3 =& — &

Approximation: Cut off after a certain order in normal ordered operators
H = Zfin -+ Z JiijT;
i ij

z _ 71 77t s AT A AT AT 4 4
T, = (]’17,7;UJr = N + QK CiCk + i jkimCiCLCiCm

— Compute Jij and az’;jklm!
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Some results
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Take the median of all Integrals of Motion for many disorder realizations

As a function of distance and disorder strength
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Spin glass vs. Many-Body Localization

e C(Classical localized state of ‘frozen’ * Quantum localized state of ‘frozen’
spins spins/electrons
« Random fields and/or interactions « Random fields and/or interactions
* High or infinite dimensions, * One dimension,
or long-range interactions and short-range interactions
. . . ) 4 . . h
Sherrington-Kirkpatrick Model Random Field XXZ Chain
N
1 _
H — T Z Jei % H = Z JXXimi + Y+ AZZiy) + hiZ;
- L=l Y - Y
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Can you have ‘spin glass + MBL'?
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Ref: Katzgraber, Young, PRB 2003
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Naive Exact Diagonalization

r = min(0pn, Ont1)/ max(dn, dr+1)

° Mpa = <<n|leL/2—|—1|n>)2
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Finite size scaling of EA order parameter

mpa = ((n| 2121 241n))

1.0 r-=—mr

ﬂ

0.9

0.8 08l ]
By S 0 ]
0.7 07] ]
0.6 0.6 ]

UNIVERSITE
DE GENEVE



Why MBL cannot stand Long-Range (1)

e Rewrite the interaction in terms of ‘effective fields’

Y = Y ae =Y i

* Given any initial spin glass state, you can define ‘resonant spins’ as having |¢;| < h,.

* For a random state typical distance between resonant spins is d ~ hgl
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Why MBL cannot stand Long-Range (2)

 Under dynamics, ‘resonant spins’ lose their polarization

1
* The effective field on other sites then typically changes (Agbj)2 ~

(20 — 1)d?«

* Thereis always a h, such that |A¢| ~ hy > h,, leads to resonance avalanche
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The Way Out (1)

« At low T, the distribution of effective fields has a soft gap p(¢) ~ |¢|”
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The Way Out (2)

* Resonant spins losing polarization leads to average field change
[Ap| ~ hg(erl) < hg

* Aslongas x > 1/a — 1 there are no resonance avalanches!
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Two-spin-flip resonances

What about two-spin-flip resonances?

)

Nr of Two-Flip—-Resonances (low

500

100

(32
o

-
g o

h2

€T
Ao 13 =
—@1 — P2 + 2
e —~
7 1.83 o -
* Allresonances ~ L™ e =
. 0.61 Ll =
~ * Genuine resonances ~ L™®" | s~ | @
o//// 8
r - ] g
) /.,’ o
- 72}
-~ [}
- o
- E|
;// _’_._.-": o
:__.——’.". ;
.__,—r”.—— ul:
J— )
———_'— L
C -7 E =
100 200 500 1000
L

(814
12

-
(=]
H

5000 -

1000
500

100

(3]
o

1,1
—P1 —2

[
'z
rad
-+ Allresonances ~ L191 o ]
// 4
 Genuine resonances ~ L143
//.’
/’./
2 A
P ...‘
)’/// ,r'.’r -
/// o
-~ /'./’
/’/ _.” B
/’./’/ a
/.//
100 200 500 1000
L

> UNIVERSITE

%) DE GENEVE




Entanglement

* Let’s look first at entanglement between two resonant spins

= 0171 + G2 Zs + J1271 75 — ha( X1 + X2) N
* Maximum entanglement entropy generated is Sg ~ <°712> ~ d2¢

hy
1 . . .
Jrirs ~ — where d is typical distance
r1 — o d®

* Their interaction strength is JIQ —

 Approximate bipartite many-particle entanglement as sum of two-spin

entanglement —1  LJ2
E E ~ L2—2a
| — 7 |204 — N bDetween area law (L°)
1 L R
ir=—L/21r= and volume law (L?)
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Large-scale Quenches (1)

At low T / low energy density, the resonant spins are scarce but entangle
But: Most spins remain frozen, which allows large-scale quench dynamics!

S P 2SNSININe L2 ey

* From an initial state with 1000s of spins, identify L, few resonant spins

*  Freeze the remaining spins
* Do Exact Diagonalization on the resonant spins and solve dynamics exactly

* Increase L, to get convergence
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Large-scale Quenches (2)

Measure the remnant imbalance as a function of initial effective field
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Shows that indeed the spin majority remains frozen but resonant spins entangle
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Experimental realization

* Hyperfine states of Yb ions allows exactly the right Hamiltonian
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* But their experiment has 10 spins only
Typical distance between resonant spins is, for h=0.05J,

Infinite temperature Low temperature

d = 60 sites d = 100 - 500 sites
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Summary / Outlook
"= ZIZ—J\ Zi = ha ) X

* Long-range interaction model has phase with most spins frozen at low T

* Resonant spins are scarce but nonetheless interact, can study large-scale quenches
* Bipartite entanglement S (L) ~ L*72¢

* Questions: Many-particle transitions between different “valleys”?
Relation to glassiness and the landscape problem?
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