Exploring the Single-Particle Mobility Edge and Many-Body Localized
Phase in a 1D Quasiperiodic Optical Lattice with Ultracold Atoms

Thomas Kohlert'4, Sebastian Scherg'2, Henrik Lischen'4, Pranjal Bordia'<, Monika Aidelsburger'=,

Michael Schreiber’=,

LUDWIG-

MAXIMILIANS-
UNIVERSITAT
MUNCHEN

"Ludwig-Maximilians-Universitat, Schellingstr. 4, 80799 Miunchen, Germany
’Max-Planck-Institut fir Quantenoptik, Hans-Kopfermann-Str. 1, 85748 Garching, Germany

Xiao Li®, Sankar Das Sarma?®, and Immanuel Bloch'?

SCondensed Matter Theory Center and Joint Quantum Institute, University of Maryland, College Park, Maryland 20742-4111, USA

—Single-Particle Mobility Edge x ~ Non-Interacting Results N
=\ 111 1T
E=0 Stat : :
2= 4| Physical observables |7
localized phase _ - Phase diagram clearly exhibits intermediate regime between
Strong detuning: localized and extended states => Single-Particle Mobility Edge
‘ ‘ ‘ ‘ ‘ ‘ ‘ Localized states
o) Densitv Imbal : E ion &: - Good agreement between experiment and tube-averaged (solid
Intermediate phase Intermediate detuning: ensity moalance J: g : lines) exact diagonalization (ED) calculations
Coexistence of localized - sensitive to first localized - Ster;:srtlve to _fIrSt tle-OCacl;ZGd
and extended states state emerging at disorder stale emerging at disorder . , . , ,
o)) Mobility Edge strength V/, strength V., | - Extraction of V, and V., via heuristic fit functions to the data points
p § - measured at 200 tunneling - measured at 3000 tunneling o N _ _ _
L, ¢ Weak detuning: times due to finite imbalance times due to extremely slow - Vanishing mobility edge for large primary lattice depth (mapping to
_ . e N i . e . .
>0 b Extended states lifetime d.ynam|CS in the presence of tlght blndlng AUbry André Hamiltonian for Vp > 8Er )
\ _LX XN YT XON e, disorder
Single-Particle Mobility Edge (SPME): If V=V, _shows existence of a SPME‘
- Critical energy separating localized and delocalized energy eigenstates
— P _ Io)
- Absent in 1D and 2D Aubry-André model (quasi-random disorder) . Vo =4 & . . o oF | | | | |
06" o7 JLP 1.2 | _
- First observation of an exact SPME in 1D os | + *¢ 6 '
S 2 . ol 1.0 |
. . . ()
~ Experimental Realization x £y
§ 0.2 + O 8 B
X :
. . 0.1 L —
The incommensurate lattice model . %LT
122y o o9 U we o U 190 omios Uosae o on vow = OOF
Heon = — - — cos(2k,x 1 >
o 2m dx? 2 (2kp) 1 | j 0.4 -
W %F/ 0.5 |
Kinetic Energy  Primary Lattice 0.4 |
SQ 03 02| O
This continuum Hamiltonian is valid in all paramter regimes. For a deep 1% o Q V.
primary lattice the tight-binding approximation results in the Aubry-André- 2T 0.0 L extended |
Hamiltonian: 0.1 - ' ! ! ! ! ! !
" o Ni | : .\ 0.0 | . . i T e B 3 4 3} 6 / 8
HAA o _JO Z( j—l—l JCJJT + hC) + A Z COS(QW&] + gb)ﬂ’]aff 0 0.15 0.3 \/I 06 075 Vo 10 0 015 V; V, 05 06 0 0.1V, V5035 p
j,o j,o Va(EF) Va(EF) Va(EF) Vo (Er)
For shallow primary lattices, corrections have to be added to account for
the appearance of a single-particle mobility edge: L y
§ § !
Haaa = Haa+H .
A Interacting results \
Experimental realization | | | _MBL in a model with SPME?
Conjectured Phase Diagram Open questions - Does an SPME survive finite interactions and does
U=4J (or U=1J better?) a many-body mOblllty edge (MBME) exist?
U - What are the timescales involved?
A MB- o - What would the experimental signatures of
Int.? i an MBME be? Which disgnostics are
S ired?
1D Tubes: Long Lattice of Super lattice (1064 nm): ETH MBL E requwed '
\/\/\/ A, ._‘B > £ Existence of MBME open debate in theory:
Short Lattice of Superlattice (532 nm) S.P. Extended S.P. Int. S.P. Localized Vd N . ‘ ; ) - Phys. Rev. B 92, 064203 (2015): “MBME due to symmetry—
1 100 297 constrained dynamics and strong interactions”
X W\/\/\N me (1) og-scal - Phys. Rev. B 93, 014203 (2016): “Absence of MBME”
Tunable Interactions Hy = Uzﬁj,Tﬁj,¢ : : —
atoms in m. = -9/2 and -7/2 states: J Disorder Lattice (738 nm) - incommensurate to 532 nm EXperlmentaI |nVGSt|gat|0n
0 ] _ | | . Relaxation between 10 and 100t
K-40K Feshbach resonance \/\/\/\/\/ 0.40 1 ' ' ' | T T T . r .
;OO ‘J _ ”“&%”WWQ‘:W\% | MBL phase By comparing the GAA model | 05 L b AA 0-50 tvﬁ 1.
£ 550 © (SPME) and the AA model (no ® GAA ! Bt |
5] v - o Linaad s 2 © ' SPME), we can look for differ- 0.4 L 025 i&‘m‘ ol
2 Double wells N “%?Qg?\ Q -~ - . . . w ?‘Lﬂ
5 O §UTNT e ¢ e ences in the relaxation dynamics. - 0oo L . T
% o yl 3 ¢ #ZF? ® — | Imbalance decay \ ) €
’ g 010} ¢‘>§Q¢§ ¢ 2 © 0.3 + 3 4 5 _
/ c_cg 10 ¢ {x} ~ 1 (obower-law?) S + + AV
T 180 Bf'Q%OG 220 240 Disordered Lattices = : | % ﬁ +
eld [C] £ ® A=2.5J, (Vy =0.62E" ), GAA w 0.2 : ++H“ -
0057 ® A=4J, (Vy =1.00EP), GAA ] _ , _ + \ \ 06®
b A=2.50 (Vi ~019E ). AA No accelerated relaxation from single-particle extended 0.1 - *+ Sp e ¢ ¢
Observables SR e T states on experimentally accessible timescales . o s
$ A=4Jy (V4 =0.31E7), AA oo LN R | |
Neven — Nopdd _ 10 40 100 0.2 0.4 0.6 0.8 1.0
Imbalance 7 = - e Expansion & = FWHM Evolution time (7 Time scales limited by inter-tube coupling and Va (EF)
even odd residual photon scattering.
) ) ) : Use numerics to explore longer lifetimes
Imbalance Detection I Theoretical investigation
B 8 e o e e so0 [T T Difference in relaxatior Relaxation between 100 and 500
up long and short lattices, by non-adiabaticall lattice I I Nnamics -> DO ex-
stFi)II wi’?h phase shift cgmpressing long Igttice 1stband = iy e, i 1 MBL phase teynded States Contrib-0-8 i :‘ gAAA ]
ute on this timescale?
S oy 0-100 | 0.6 | .
L
= I 3
= (finite plateau g 041 :
| 3rd band = Tl _CE) - non'ergOdiC L%-
Expansion Measurement & = 0.010 } { metal phase oo L ]
Extract FWHM MBME plausible, but
> 0.002 | ) ) ..'- thermal phase no direct evidences 00 - | | | | N
D 101 102 103 104 0.5 0.6 0.7 p0.8 0.9 1.0
Time (7) Va (Er')
Compensate anti-trapping potential of the blue-detuned lattice with dipole trap
. J . J
ATheory N 1 Conclusions N 1 References w
| Energy bands split up in the presence of de- |~ In a nutshell, we find the following intriguing results: 1. Schreiber et al., Science 349, 842-845 (2015)
NPR — (LZW%)AJ:) : tuning lattice. For different energies the IPR ¢ °° ’ = - ' ' " ’
m Localized |Extended] gepends on the detuning lattice strength.  _* o _ _ (MBL observation)
S IPR | finite 0 This gives rise to a coexistence of localized g 1. Regllzatlon of a lattice modgl with SPM!E and 2. Luschen et al., arXiv:1709:03478 (2017)
PR = o NPR 0 finite | and extended states in the intermediate o1 | mapping out of the corresponding phase diagram (SPME observation)
(Sl ) regime S RN 2. MBL present in a system with SPME, but only in a 3. Li et al., PRB 96, 085119 (2017)
o e regime where all single-particle eigenstates are lo- (SPME theory)
°"(b) il oz (@) e M) o [ . | calized. 4. Lischen et al., PRL 119, 260401 (2017)
0 -l L 5 ]uv*”ﬁjfj;,gd e 1Y ]J ol Mho?lmty eg?e present in 3. Single-particle extended states do not serve as an (Slow dynamics)
n °oA12 ML -1, ”"ks 3“"’“'”’ . . .
N |||!|IIIIIIIIIIIIIIIlIlIlII .;mniillil!iEE! im I am " EEE:Eﬂ i (Sj isaa gg\;;rs iitt'ce’ out efficient bath for localized states on experimentally 5. Bordia et al., PRL 116, 140401 (2016)
o “\||||"::i§§;;;;;;;;::::::""" e i gja“""'"* a7 > tight-binding limit accessible timescales. (Coupling of MBL systems)
S IIIII||||||||.,,,,,""' . mmillililliiiiﬂﬂﬂiﬁ ]gau i o ] I|||"iiiiaa;] T Zz where Hamiltonian maps 6. Luschen at al., PRX /7,011034 (201 7)
08 "y 02 24 iy Wil e to Aubry-André For the future: (Photon scattering)
o My = | "I*" Hamiltonian 4. Extend experimentally acessible timescales 7. Ronzheimer et al., PRL 110, 205301 (2013)
R R 5. Find better diagnostics for the possible many- (Expansion in lattices)
V = 4EP V = 8FP body intermediate phase
\. J U J \u J




