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Spin transfer in S-1/2 anisotropic Heisenberg (XXZ) chain
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symmetries prototypical model (not exotic)
U(1) symmetry: conservation of 52 (charge) real-life realization e.g.: KCuF3, SrCuQ2, ...

SU(2) symmetry: conservation of S2 — at A=1, isotropic point

integrability
extensive set of conserved quantities: strongly impact dynamics



Spin transfer in S-1/2 anisotropic Heisenberg (XXZ) chain
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Spin transport

naive expectation for conserved quantities
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Spin transport

naive expectation for conserved quantities
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Anomalous diffusion
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superdiffusion with dynamical exponent:
z=23/2

Ljubotina et al., Nat. Comm 8 (2017); PRL 122 (2019)

0.5 |

0.25 |

(5%(@:1))/ 1

—0.25 |

0 o0 100

key observation: (numerical evidence) charge across interface

0.6
0.4

0.2

—0.2
—0.4

—0.6



Spin transport regimes: S-1/2 XXZ chain
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neutron scattering
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Schiele et al., Nat. Phys 17 (2021)
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Experimental evidence
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Wei et al., Science 376 (2022)

quantum simulators
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Rosenberg et al., Science 384 (2024)



Kardar-Parisi-Zhang (KPZ) universality class

stochastic non-linear differential equation

) Q \ o-correlated noise

diffusion non-linear
describe interface growth of classical processes

e burning paper,

e fire spread in a forest
* {Ce On a windscreen
e polymerization

e traffic

coffee stains tumor cell



Kardar-Parisi-Zhang (KPZ) universality class

stochastic non-linear differential equation
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diffusion
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\ o-correlated noise

describe interface growth of classical processes

coffee stains

tumor cell

e burning paper,

e fire spread in a forest
* {Ce On a windscreen
e polymerization

e traffic

.I.d. waiting times .I.d. waiting times
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e linear growth speed e linear growth speed
e |ack of spatial correlations e height correlated transversally
over long distances

Gaussian fluctuations Tracy-Widom fluctuations
h(z,t) ~t+ ~tt/? h(z,t) ~ yot + 1 /5t 3 Fy
time : space : fluctuations
scaling like
3:2:1

Corwin NAMS 63 (2016)



Why Is anomalous transport
in quantum spin chains surprising?

concept of universality in processes far from equilibrium

KPZ processes: preferred direction in time

classical systems quantum systems

robust (universal) feature “fragile” I.e., it depends on microscopic details:
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Higher-order correlation functions

full counting statistics
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Quantum trajectories Generating function

Schmidt decomposition of the time-evolution operator MPO representation of spin on one side of the interface
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Monte Carlo sampling: evaluate cumulants:
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» access directly full counting statistics * MPO bond dimension grows slowly — unprecedentedly-long timescales
* MPS bond dimension grows exponentially — short timescales e access full counting statistics indirectly through moments/cumulants

Valli et al., in preparation



GOOgle experiment higher-order correlation functions incompatible with KPZ
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Rosenberg et al., Science 384 (2024)
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Transport regimes: integrable S-1/2 XXZ chain

2. cumulant (variance)
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Valli et al., in preparation
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SU(2) isotropic point

1sotropic
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Valli et al., in preparation

Take-home

XXZ chain: superdiffusion with KPZ-like dynamical exponent:

* integrability
* non-abelian symmetry
comparison vs. Google experiment

nature of fluctuations unclear
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Thank you for your attention!
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Integrable quantum spin chain S =1/2

generating function — XX limit

scaling counting field
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QGF: low bond dimension sufficient whereas MCS breaks down at ¢, = t(M, 6t)

Valli et al., preprint (soon)



Integrable quantum spin chain S =1/2

generating function — XX limit

scaling counting field
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converges to Gaussian distribution

guantum trajectories simulations
degrade at longer timescales

tmaxd = 25

Valli et al., preprint (soon)



Integrable quantum spin chain S =1/2

generating function — XXZ isotropic point

scaling counting field
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Integrable quantum spin chain S =1/2

higher-order cumulants
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Non-integrable quantum spin chain S =1

KPZ-like scaling from second cumulant k-

dynamical exponent

ballistic-to-diffusive crossover resilient KPZ-like scaling o a (log Ko (t))
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Popkov et al., PNAS 112 (2015)

numerics suggests near-integrability
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Kardar-Parisi-Zhang (KPZ) universality class

stochastic non-linear differential equation []
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coffee stains tumor cell

transverse correlations ~ t2/ 3

Corwin NAMS 63 (2016)



