Many-Body Localization Transition

Abolfazl Bayat

University of Electronic Science and Technology of China
Chengdu, China




Contents of the talk

» Quantum phase transitions
» Anderson localization
» Many-body localization

» Scaling near the MBL transition



Quantum Phase Transitions

Quantum:  H(Q),|GS(9)) ‘

Magnetization

External parameter g is
the control parameter

» Phase transition is captured by a local
order parameter: M = ZO‘

Energy
» QPT is a ground state property
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Order Parameter

Order parameter is:

1- Observable
2- Is zero in one phase and non-zero in the other
3- Scales at criticality

Landau-Ginzburg paradigm:
4- Order parameter is local

5- Order parameter is associated with a spontaneous
symmetry breaking



Anderson localization

Single particle

wave function

\/WW/ Regular lattice
/\exponential decay

Random lattice

» Any strength of randomness implies localization
» Localization is a property of the whole spectrum

P. W. Anderson, Phys. Rev. 109, 1492 (1958).



Ergodicity vs. localization

Thermalization/Equilibration happens in ergodic phases

Ty

Localized phases show no equilibration (many local conserved symmetries)
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M. Serbyn, Z. Papic, and D. A. Abanin, Phys. Rev. B 90, 174302 (2014)
M. Serbyn, Z. Papic, and D. A. Abanin, Phys. Rev. Lett. 111, 127201 (2013)



Eigenstate thermalization hypothesis
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Independent of initial state

ETH means that A,, = (E, |A|E,) isindependent of n.



Many-body vs. Anderson localization

» Anderson localization survives in the presence of interactions

» Unlike Anderson localization the randomness has to be stronger
than a threshold to induce localization.
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Many-body vs. Anderson localization

Thermal phase

Single-particle localized

Many-body localized

Memory of initial conditions hidden in
global operators at long times

Some memory of local initial conditions
preserved in local observables at long
times

Some memory of local initial conditions
preserved in local observables at long
times

Eigenstate thermalization hypothesis
(ETH) true

ETH false

ETH false

May have nonzero DC conductivity

Zero DC conductivity

Zero DC conductivity

Continuous local spectrum

Discrete local spectrum

Discrete local spectrum

Eigenstates with volume-law
entanglement

Eigenstates with area-law entanglement

Eigenstates with area-law entanglement

Power-law spreading of entanglement
from nonentangled initial condition

No spreading of entanglement

Logarithmic spreading of entanglement
from nonentangled initial condition

Dephasing and dissipation

No dephasing, no dissipation

Dephasing but no dissipation

Annu. Rev. Condens. Matter Phys. 2015. 6:15-38



Many-body localization
H= J[ZO'i.aerhiO'iZ] hi e [— h,-l—h]

En+1 5 B E E r — min(5n ’ 5n+1)
En n— =n+l *n n maX(5n ’ 5n+1)
En—l

Disorder average: I = <rn>

p—

» Ergodic phase: rn has a Gaussian distribution

» (mean=0:5307)
==

» Localized phase: rn has a Poisson distribution
(mean=0:3863)
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D. J. Luitz, N. Laorencie, and F. Alet, Phys. Rev. B, 91, 081103 (2015)
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MBL transition
I H :J(Z(yi'%ﬁhimzj h e[-h,+h]

» MBL occurs throughout the spectrum

0.4

> It can be observed at all temperatures

Participation coefficient a,

0.0

4
" D. J. Luitz, N. Laorencie, and F. Alet, Phys. Rev. B, 91, 081103 (2015)

M. Serbyn, Z. Papic, and D. A. Abanin, Phys. Rev. X 5,
041047 (2015)
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Scaling

It has been mathematically proved that v > 2

J. T. Chayes, L. Chayes, D. S. Fisher, and T. Spencer, Phys. Rev. Lett. 57, 2999 (1986).

A. Chandran, C. R. Laumann, and V. Oganesyan, arXiv:1509.04285
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Finite size scaling
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D. J. Luitz, N. Laorencie, and F. Alet,
Phys. Rev. B, 91, 081103 (2015)

Extensive numerical studies endup at}VV — 1 instead of V2= 2

o1
System sizes are too small to capture right exponents A
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Entanglement Spectrum
Left side Right side

‘GS> = ZW//ALk ‘ Lk>®‘ Rk>, A, = 0 Schmidt decomposition
i
‘ pr=2 ALl pr =2 Al RO(R
K K

Entanglement spectrum: A1 = Az 2

Von Neumann entropy: s(pr) = s(pr) Z A log(A

Schmidt gap: &5 — :11 .}lg 15



Schmidt gap as an order parameter
PRL 109, 237208 (2012) PHYSICAL REVIEW LETTERS week endin
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Schmidt gap as an order parameter

pnature U=
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An order parameter for impurity systems at
quantum criticality
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Schmidt gap for characterizing MBL

J. Gray, S. Bose, A. Bayat, Phys. Rev. B 97, 201105 (2018)
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Schmidt gap

10 11— 12— 13-4 14— 15— 16— 17— 18

Schmidt gap can capture the transition point by its derivative
J. Gray, S. Bose, A. Bayat, Phys. Rev. B 97, 201105 (2018) 19



Finite size scaling for Schmidt gap

A= f(L'Y"(h — he))
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J. Gray, S. Bose, A. Bayat, Phys. Rev. B 97, 201105 (2018) 20



Logarithmic Negativity
For any density matrix: O ‘ pT is also a density matrix

Separable:

Pas :Zpi piA®piB# P :Zpi ® #PZ\BB > O/

Valid density matrices

A)=2|2) (A <0)

.
Entangled: 0,3

Logarithmic

Negativity: N (p) = |Og‘p;BB

oo T
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Length scale
What is the physical meaning of the length scale? G~ ‘h —h,

-V
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Negativity length peaks at the transition
just as expected for £

J. Gray, S. Bose, A. Bayat, Phys. Rev. B 97, 201105 (2018)
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Scale Invariance

J. Gray, A. Bayat, A. Pal, S. Bose, arXiv:1908.02761
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Normalized Entanglement and Mutual Information

[ [

— —
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d

Negativity between blocks Aand B: £,4p “ Eap = gAB/l

Entanglement between A and the rest: €4 = S(PA) “SA — EA/l

Mutual information between blocks A and B:

Iig = S(pa) + S(pg) — S(pap) ”iAB = I/l
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Normalized Negativity & Mutual Information

A d 4 - (A1l 1] @ {11
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Negativity
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Mutual Information
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Scale invariance
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Data collapse at the transition
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At criticality ‘ -
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— Negativity decays exponentially

_ Mutual information decays algebraically
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Emergence of log(l) scaling
(C) £
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Summary

1. Schmidt gap can capture and characterize both:

» Quantum phase transitions (even in the absence of
spontaneous symmetry breaking)

» Many-body localization transition

2. Negativity provides a physical picture for the diverging length scale
at QPT and MBL transitions.

3. MBL shows scale invariance behaviour in both mutual information
and negativity
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