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Thermalization in 1solated

guantum many-body systems

 When an isolated guantum system is prepared far out of equilibrium:

Does it reach thermal equilibrium at long times?

Thermalizing Nonthermalizing

* Ergodic; system acts as a heat «  Some memory of initial state
bath for its subsystems retained at long times
(exchange of energy and
particles) * Integrable systems

« Equilibrium statistical mechanics « Many-body-localized systems

* Quantum information lost with ¢ Quantum many-body scar states
time

[Polkovnikov et al., Rev. Mod. Phys. 83, 863 (2011); Nandkishore & Huse, Annu. Rev. Condens. —
Matter Phys. 6, 15 (2015); Mori et al., J. Phys. B: At. Mol. Opt. Phys. 51, 112001 (2018); Abanin et al.,
Rev. Mod. Phys. 91, 021001 (2019); Gopalakrishnan & Parameswaran, Phys. Rep. 862, 1 (2020); ...]



Disorder + Interactions: Can localization survive?

N R

/ Anderson localization Many-body localization (MBL)

Single particle
\ Conductivity o = 0 / \ Conductivity 6 =0at0< T < Tcr/

[Figs. from Abanin et al., Rev. Mod. Phys. 91, 021001 (2019)] = No par'Fche transport bl_ﬂ _
spreading of quantum information

Dynamical phase diagram

Thermal MBL
. >

W, Disorder W




Effect of the range of interactions on MBL?

Role of dimensionality?

« MBL: strong disorder + short-range interactions
( + highly nonequilibrium conditions)

 MBL with longer-range interactions?
Longer range interactions generally favor thermalization

CIOSS0VEer

MBL I MBL-like rw thermal ’
phase \ regime I regime range of
Y interactions

Thermalizes as time t —

and system size L —
[Gornyi et al., Phys. Rev. Lett. 95,
: i : 206603 (2005); Basko et al., Ann.
* MBL in dimensions D > 17 (In D=17?) Phys. 321, 1126 (2006); Nandkishore
& Sondhi, Phys. Rev. X 7, 041021
: : . : . (2017); Tikhonov & Mirlin, Phys. Rev.
« MBL in mixed dimensionality Systems? 97 214205 (2018): Gopalakrishnan

& Huse, Phys. Rev. B 99, 134305 2

(2019); Sajna & Polkovnikov, Phys.
Rev. A 102, 033338 (2020)...] M




MBL In synthetic many-body systems

e Ultracold atoms in
optical lattices

Trapped ions

. Superconducting qubits
a

Optical lattice
laser beams

Spins of NV centers in diamond

Nuclear
spin

Electron
spin

Drivi
Measured ﬁélzmg
disorder potential

[Fig. from https://physics.aps.org/articles/v4/78]

[Choi et al., Science 352, 1547 (2016)]




MBL In a disordered 2D bosonic optical lattice

« Ultracold atoms in * Ground state in the absence of disorder: Mott insulator

_ _ Track time evolution of the initial out-of-equilibrium state

(a)

Optical lattice
laser beams

Density asymmetry (imbalance) vs time
for different disorder strength A

o
o

Imbalance, 7
=
~

Measured
disorder potential

o
no

o
o

0 100 200 300
Time, t(h/J)

Imbalance persists at long times for high

enough disorder = MBL

[Choi et al., Science 352, 1547 (2016)] Transition to MBL when all characteristic [y

energy scales are comparable I\/l




MBL In synthetic many-body systems

« Ultracold atoms in « Trapped ions

optical lattices _ _
e Superconducting qubits

(a)

Optical lattice
laser beams

« Spins of NV centers in diamond

Nuclear
spin

Electron
spin

Drivi
Measured ﬁélzmg
disorder potential

[Fig. from https://physics.aps.org/articles/v4/78]

« Systems remain isolated only up to
some time; time scales: ~ 103 s

* Finite-size effects

[Choi et al., Science 352, 1547 (2016)] .
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MBL in real, solid-state materials?

MBL in Coulomb interacting systems?

Inevitable coupling to phonons = MBL lost when coupled to a bath

a-InO films

4 B=0.75T
— Arrhenius fit
- = Eqg.2fit

4 B=12T
— ES fit

0 0.05 0.10 0.15 0.20 0.25

T(K)

0.30

[Fig. from Ovadia et al., Sci. Rep. 5, 13503 (2015);

see also: Tamir et al., Phys. Rev. B 99, 035135

(2019); Ovadyahu, Phys. Lett. 108, 156602 (2012);

Ovadyahu, Phys. Rev. B 91, 035113 (2015)]

Vanishing conductivity at nonzero T?

Other interpretations possible
[Humbert et al., Nat. Commun. 12, 6733 (2021)]

« Other materials?
« Power-law interactions
* Nonequilibrium dynamics?
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Qutline

s Transportin athermally isolated, disordered 2D electron system
(2DES) in Si: dynamics following a quantum quench

m Effect of the Coulomb interaction range on thermalization of
conductivity (interactions are 3D = mixed dimensionality system)

s Results - effects of the Coulomb interaction range:
No effect on equilibrium transport
Striking effect on the dynamics

Prethermal Thermal
MBL
(MBL-like) (glassy)
[ . B 20202020 e ﬁ
1/7 1/r Interaction

-



Two-dimensional electron system in Si MOSFETS:

An excellent candidate for observing MBL

Si MOSFET: MOSFET (metal-oxide-semiconductor
_ o _ field-effect transistor) — capacitor!
- Basic building block of modern electronics: A v

well-developed, mature technology
(device aspects well-understood, good contacts
even atlow T...)

- Discovery of 2D behavior of electrons in 1966!

2D
[Fowler, Fang, Howard, Stiles, PRL 16, 901 (1966)] SR
p-Si substrate

/' _l'_ﬁ"—l
I i} T
| - '
T Ec Electric field effect:
-%;K conductivity o(V,)
- I l - - - E . .
| e —— EF Ea Vary density ng using V,
eV J,/ v
e j Inversion layer (30-80 A) - Ng = Coyx (Vg - V;)le
F I '
’ | electron§ in the « Total density in a 2DES changes
: conduction band quickly, within the device time
i p-Si constant T = RC (~5 ns at most,

Gate SiO,

for our devices) —
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Two-dimensional electron system in Si MOSFETS:

An excellent candidate for observing MBL

MOSFET (metal-oxide-semiconductor
field-effect transistor) — capacitor!

Si MOSFET:

- Electron density ng varied easily up to
three orders of magnitude by changing
gate voltage V,

2D /
electron system
p-Si substrate

= a) Can be prepared far out of equilibrium
b) Can study thermalization dynamics across
the quantum metal-insulator transition (MIT) Y, |

- Weak electron-phonon coupling at low T
(T < 1.6 K for our samples in the regime of interest) SI: Tpepye = 645 K

= Heat transfer by electron diffusion through

contacts and leads [Zieve et al., Phys. Rev. B 57, 2443 (1998);

Altshuler et al., Physica E 9, 209 (2001)]
Coupling further reduced by placing samples
and leads in vacuum

—

VI




Two-dimensional electron system in Si MOSFETS:

An excellent candidate for observing MBL

Si MOSFET: Image plane {®., p,}
- Screening the Coulomb interaction A - -
within the 2DES by reducing the oxide d
thickness d,, (distance from the gate) A G 1
Coulomb interaction in the Souree Id = dox Drai
presence of the gate Y +
2D Transport layer {@,, p,}
~|1/r = 1/(r? + 4d_,2)*?| \
| | [Widom & Tao, PRB 38, 10787 (1988); Ho et al., PRB 80,
i 155412 (2009); Skinner & Shklovskii, PRB 82, 155111

(2010); Skinner & Fogler, Phys. Rev. B 82, 201306(R)

Coulomb interaction of an
(2010); Fregoso & Sa de Melo, PRB 87, 125109 (2013)]

electron with an image charge
of another electron in a 2DES

At large distances r >» 2d_,, interaction ~1/r3

Realized at low enough densities, such that the mean electron separation

2a = 2(7n)2 > 2d,, —‘



2D electron system (2DES) in Si: Our samples

» We focus on the case of strong disorder (smooth random potential due to Na* ions in the
oxide; frozen below ~150-200 K); pipeax = 0.05 — 0.06 m?/Vs

Long-range Coulomb Screened Coulomb

interaction interaction (”short-range”)
» Thick oxide: VA ' » Thin oxide:
L)
» d,, =50 nm °‘°"’“°““”‘p&wbstme » d,, =6.9nm

»53<d,/a<80 4

» Coulomb interaction:

»0.7sd,/as 15

d
» For % « 1, screened

~1/r The two sets of devices are Coulomb interaction:
otherwise identical 3
~1/r

Mean carrier separation:
2a= (1rny)12
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2D electron system (2DES) in Si: Our samples

» We focus on the case of strong disorder (smooth random potential due to Na* ions in the
oxide; frozen below ~150-200 K); pipeax = 0.05 — 0.06 m?/Vs

Long-range Coulomb Screened Coulomb

interaction interaction (“short-range”)
» Thick oxide: » Thin oxide:
2D
» d,, =50 nm it » d,, =6.9nm

»53<d,/a<80 4

» Coulomb interaction:

»0.7sd,/as 15

d
» For % « 1, screened

~1/r The two sets of devices are Coulomb interaction:
Mean carrier separation: otherwise identical ~1 /1‘3
2a= (mrny)Y?

« Thermalization in In, O films (Anderson insulators) and screening with the

nearby metallic plane: d/a ~ 1.5-2.5 (samples in liquid “He)
= No effect on the equilibration time
[Ovadyahu, Phys. Rev. B 99, 184201 (2019)]

\Y




2D electron system in Si: Our samples

Top view of a Si chip with four devices

2x20 e
I

————
i}
‘. b ==
! &
| L

2x50

1x90

Sample dimensions:
Length L [um] x width W [um]
o = G/(W/L), G is conductance

« Measured devices on several chips
in each set of MOSFETs

Conductivity o vs electron density ng
in thin-oxide MOSFETs at T=4.2 K

Hpeak ~ 0.05 — 0.06 m?/Vs = strong disorder

T
| T=42K

10 3 E
1k - .
5 Mobility u = a/eng vs ng}
S | 600 : : : : : — |
N& T=42K 2x20
501 F 500} 3
C > 400}
I g
0.01 3 S 300f E
C 200F
3 L4 100F 4
1E-3 5 3
[e 0 . . . . . .
L 0 10 20 30 40, 50 60 ]
n (10 cm™)
1E-4 £ P S S R S P B Ll
0 10 20 30 " z40 50 60
n (10 cm”)

Drude: o = (2e?/h) (kgl)
(kr -Fermi wavevector, [ — mean free path) =N




Equilibrium transport in a strongly disordered 2DES:

Same temperature dependence of the conductivity

Long-range Coulomb interaction Screened (“short-range”)
——— CouknnblnunacUon
0 EEEE E B EE BE B m o= wm 2024 : —
10°F gg3339 22 3232 3 g 1808 L (101 om2)
- ¢ * * 4593
EEE P B B B E O # s & 14.20 2D MIT 10-2_ 886
gy g P 2 Fp R T F 129 | _ E 7
10-1 Efa A A & A & ‘l- : .‘ .‘ X 11.62 nC (1011 cm 2)
n E 3 ettt 9.89 4
g : P EmE mE B f E 9.03 A
o B L *° " 8.17 ]
A b ettt T o el 50+ 03) 107
- 107 ¢ . g g 6.01 3 _ i
o~ : . g © 558 =
o r g . e * * ° 537 N
N T N N s
10 /é R ’.. n u " 407 3 \? 107
/— e 1 F " 364 /f»'
[ i i 343 + i
n. o . ns{1{)"cm'2r (4 2 0. 2) I
107 ¢ E 1073 - 3.77
1(}'5 PRI SIS T R S T ST SRS
0 0.2 0.4 0.6 0.8 1 ol ]
0.0 1.0 1.5 T (K)
T (K)
[S. Bogdanovich & D. Popovic, [P. V. Lin & D. Popovic¢, Phys.

Phys. Rev. Lett. 88, 236401 (2002)] Rev. Lett. 114, 166401 (2015)]




Phase diagram of a strongly disordered 2DES in Si:

Equilibrium transport

|
|
— do/dT>0 ' do/dT<0
X kel<1 | kel>1
I Reviews in book chapters:
cu ! P
—_ I 1 D. P.in
E | : ! a) “Conductor-Insulator Quantum
© N : I Phase Transitions”,
o N | ! _ edited by Dobrosavljevié, Trivedi,
o . : ! Metallic | valles (Oxford Univ. Press, 2012)
\ ! ' I 2 ~Y b) “Strongly Correlated Electrons
CIE) A Metallic : :(FL ? NFL? ) in Two Dimensions”, edited by
— g (Non-Fermi |_iq uid) ! Kravchenko (Pan Stanford
A o
. \\ 0'(T=0)¢0 : : PUbI|Sh|ng, 2017)
Insulating’, | .
\ |
o(T=0)=0 - i !
\ |
0 * —o
*
n, Ny Ng

Exponential localization  “Bad” metal: o(n,, T)=c(n,, T=0)+b(n ) T3/



Equilibrium transport:

Scaling near the 2D MIT is the same

Long-range Coulomb interaction Screened (“short-range”)
Coulomb interaction

C r"l" T T L llllT T T L |"'|III T T L '|Illl[ T '|_
: ' 103 f = insulating side 1 : [T T T T T
100 E E,mz[ zv=2.1310.01 1] [ sim insulating side .
§ E-ler » mectallic side 1 I HID ] zv=1.9840.03
Vo C 100 2v=2.13+0.03 02k Emgf J
_9'5 : e 102 101 ] 2 : M metallic side | 3
) %'“ |r5"| - 10! ._ o += .
g 10 LE ‘*'ln-.".. 3 % . I.‘r”]l;;ul_q.nf
naw i T 1
w “«,«b"" otk RIBUES 3
1 0 QIR
T 2 E‘- 4
A 102k 5 =
[+ 10 A
W 1 "E? 10—4 - _"E
ik A zv=(2.1 = 0.1) | . zv= (2.0 = 0.1)
E L] E
| . PR N | . el N 105 N sanl NPT MR | Lo sl
104 10-3 102 10-1 10 1073 10°2 10°! 109
TIT, Ty

» Critical exponents are the same
O-(nS’T) = O-C(T)f(T/TO)
0c(T) = alns =mnc) < T « 2D MIT is disorder-dominated

[P. V. Lin & D. Popovic¢, Phys. Rev. Lett. 114, 166401 (2015)]




Energy scales

Fermi energy (temperature) T [K] =7.31 ng [10! cm?]
Critical density for the MIT: n. (10 cm?) ~5.0 & T~ 35K
Onset of localization at n.: disorder W ~ Tz (n,) & W ~35K
Coulomb energy E¢:

Thick oxide: Thin oxide:

r=Ec/ Epx ngt2~4 Screening by the gate: r, s 1 (E-.~ Ep)

[Widom & Tao, Phys. Rev. B 38, 10787 (1988)]

= All energy scales (W, Eg, and E\)
are comparable




Quench dynamics in a disordered 2DES:

Relaxations of ¢ after a large, rapid change of ng

Experimental protocol Long-range case (~1/r)
10’ - : 1 1
« Sample is warmed up to ~7-20 K to =
“reset” the sample 1% 6, ~
S N -
10 F T T ”
« At~7-20 K, the gate voltage is set to oo — “equilibrium
some V' where kgl > 1 107} conductivity at T
-’ ; L — and final ng
« The sample is cooled to the 10 =
measurement T and allowed to S gl i vy
equilibrate ( & ¢ saturates) > sl
€ .l T=33K T
- % SRR EEEE RN EEE R
« Then Vg, i.e. ng is quickly (<3 s) 2r
0

changed to a lower, final value )50 o 0 20 50 t(10°s)

. o is measured continuously Initial n,(10%cm2) =20.26 : kpl ~1 1/Me
throughout the process _
Final ny(10%cm2) = 4.74 > n,

= Large perturbation: A Eg ~ E.
(kg T < Ep) ——

\Y



Quench dynamics in a high-disorder 2DES:

Relaxations of ¢ after a large, rapid change of ng

Overshooting of equilibrium

0 moves away from g, at intermediate times
Slow, nonexponential relaxation of ¢ at

intermediate times (before the minimum)

log o(t, T)/o|(T)

1 :‘-T;. | T(K):

Dynamical scaling at intermediate times:

| Iog[oll (Go(Tlow)- oc)]

o(t,T)/ oy oc tM exp{-[t/t(ng, T)]PM}

a(ng) < 0.4,0.2 < B(ng) < 0.45
Broad distribution of relaxation times

o/lo,ct® as T—0




Quench dynamics in a high-disorder 2DES:

Relaxations of ¢ after a large, rapid change of ng

Long times (approach to “equmbrlum”)

a3 N\11—-8V
0oi1—-74V
01172V |

Different T data collapse for
times after the minimum

The system reaches
“equilibrium” after a long
enough time t

Approach to “equilibrium”
exponential in time

T, o exp (E,/T)

* AsT—0,t, >

(glass transition at T,=0)

« Thermalization at long times:

E,=~57K

—

[Jaroszynski & Popovic, Phys. Rev. Lett. 96, 037403 (2006); also, Jaroszynski & Popovic, Phys. M

Reuv. Lett. 99, 046405 (2007); Jaroszynski & Popovic, Phys. Rev. Lett. 99, 216401 (2007)]




Phase diagram of a strongly disordered 2DES in Si:

Dynamics with long-range Coulomb interaction

Long-range Coulomb + disorder = Frustration

T=0 glass transition
do/dT<0 for ng <n,

kel >1

do/dT>0
kel <1

ny=7.5x10"cm2
n.~ 5.0x10cm2

v« Glassy Behavior

\

Temperature (K)

|
|
|
|
. (fOI' ns<ng ) : Reviews in book chapters:
N | M i D.P.in
\ . etallic .
E | ! o o a) “Conductor-Insulator Quantum
\ Metallic ! '(FL? NFL?) Phase Transitions’,
; . l edited by Dobrosavljevi¢, Trivedi
\ 1) )
» (Non-Fermi Liquid) Valles (Oxford Univ. Press, 2012)
O-(T:O):/.-O b) “Strongly Correlated Electrons

\
Insulating’,

\

o(T=0)=0 * i
0 g
N, Ny Ng

Exponential localization; “Bad” metal: o(n,,T)=c(ng, T=0)+b(n,) T2 —
Glassy insulator Intermediate, glassy phase M

in Two Dimensions”, edited by
Kravchenko (Pan Stanford
Publishing, 2017)




Quench dynamics in a strongly disordered 2DES

Short-range Coulomb interaction: ~1/r3

B Same experimental protocol
I v ) v I b ) v ) v I 8 .
~ 25 , for both sets of samples;
z [ iSme Quench 36~ samples and leads in vacuum
Nl : preparation o 4 =
1.5 CENEE G | 2
: : : 0 «  Sample is warmed up to ~7-20 K to
¢ Wp——7T— 006 ——t 1+ 3 “reset” the sample
. l L] LJ L] :

< F---- - ) « At ~7-20 K, the gate voltage is set to
= 2 0.05 F /"" | some V' where kpl =1
N\ 1 b -i
S ) 13
b [ ]

« The sample is cooled to the

measurement T and allowed to

0.04 1 N L L | : A
0 5 310 15 equilibrate
0.1 o I t (107 s) . . :

U B 3 « Then Vg, i.e.ngis quickly (<3 s)

[ , ! \ " ) . ) . \ . changed to a lower, final value

-10 -5 0 5 10 £(10°5) _ .

* ¢ is measured continuously throughout

Initial ng(1011cm2) =32.2 ; kpl >1 the process

Final ny(10%cm®) = 8.44 2 n, ; T=0.92K  » | arge perturbation: A Ep ~ E.
N~ 4.2x10%cm2 (keT < Ep)




Short-range case: “Equilibrium” conductivity

after n, change and after cooling Is the same

| | | | | | | ) | | | | 7
-2 = o
1.0x10 f (10"em™) = 5.94 )
" T=046K .
8.0x10°
= 6.0x10°
S,
b
4.0x10°
2.0x10°

1 M 1 M 1 M 1 M 1 M 1 0

0.0 1.0x10* 2.0x10* 3.0x10* 4.0x10*° 5.0x10°
f(s)




Quench dynamics in a disordered 2DES:
Anomalously slow relaxations

- 4.0 =
0.6 -
0.5 - -
0415
gj Cn/(10" em™) = 7.33 30N ol e (10" em?) =750
: 1 2 3 4 t 0.5 Ll | T TTY| B e rT| e
10 S w1 10' 10° 10° 100 10
N (107 cm™) = (5.0 £0.3) ne (10 cm2) = (4.2 £0.2)
Thick-oxide MOSFETSs: Thin-oxide MOSFETSs:
«  Thermalization at long times: Differences from the long-range case:
« 0 does not go farther away from equilibrium
oC o : . :
To % EXP (EA/T) with time for a given T; negligible relaxation
« AsT—0,T, > © « No evidence of glassiness
(glass transition at T=0)  Thermalization time:
[Jaroszyniski & Popovi¢, Phys. Rev. Lett. 96, 037403 T,~ 10* s, similar for all T and n —

(2006); also Jaroszynski & Popovi¢, PRL 99, 046405
(2007) and PRL 99, 216401 (2007)] Observable when kgl < 1




Quench dynamics with a short-range interaction:

Relaxations at different electron densities

No relaxations when kgl > 1 Relaxations appear when kgl ~ 1
}}mw b) 1.1 .—l—l-l'l'l'l'l'l| li_. . T T———T T — ..r:|
f el PTG SR ] Metallic side:
0.9 | . : - , - - .
. onk] 92RK 1 overshooting but
G S| ] U0k 1 08) <1 weak time
5 0713 09k IRt DX, dependence at
i L T=046K ] 023K . 1 P ! _
06T 08fn'=3250x10"cm® - 1 6f LI5K 028k ] intermediate times
0.5k ad 1. ."_.2. ....-Is. aasad 4. .;( ) J {'.5 0.94 K 023K -
S 4 L 7 -
0.4 PP ...1.(‘]| a 1.0.....410 ek .1.(!.“| PPy 0.4 FEEPEPIPPTTH B EPEEPEPIPTPrr B 0.9241\ p'[!'?.s.h’“
10 10 10° 10* 10° 10' 10* 10° 10 10°
t t
©) 2.2. T .....uES). T d) T lss) T
20 115K n' =562 x10" em” 1 25l 1.20K n =3.66x10" em”
F 092K 1 ~ T 099K
1.8 m 04K [ 0.80 K
- :j Insulating side:
5 12 large noise;
Lok no relaxation at
0.8 Intermediate times
0.6
10" 10 10° 10*
{
Just above the MIT: ‘® 1) N

large noise . (10 cm2) = (4.2 £0.2) M




Quench dynamics with a short-range interaction:

Initial amplitude of the relaxations at low T

2017 T T T T T T T

n ] » Initial amplitude o/og, at 10 s
c W 2x20, 7=0.23 K o
1.5k A 1x90,7=020K | » Deviations from o, become

observable on the metallic side
A 7 1 of the MIT, when kgl < 1

IOHWRA -~~~ = &1 » Asn. isreduced, deviations
»' * A |  from g, become more
pronounced and peak just
0.5 A
ad o0 o 0 o 0 o 1 . 1 .1

above the MIT;
7 _ nonmonotonic dependence on
3 5 6 7 8 9 10 11 12 13 14 15 16 17  density
f 11 -2
n (10" cm™)

o (10 s)/o,

Metal-insulator transition



Approach to equilibrium in the short-range case:

Exponential relaxations at long times

AL B Conductance relaxations

AG(t) x exp <—Ti>

o

» Fit a wide range of n_and T

T=043K
IE-8f n=1650%10" cm”

= Extract t,

8 10 ¢(10°s)

L ot
1E8f T-=028K ¢t T=120K s
. " T
E n. =750 x 10" em™ o n.=3.66 x 10" cm™ i EX
[

N M Y
0 2 4 6 8 ((10°s) O 5 10 15 £(10°s)




Quench dynamics with a short-range interaction:

Thermalization time

' lShort-l"ange '
4x10°" | B #(10" cm™) -
m 334 © 594 8.75
A 334 ® 750 10.62
3x10° = 366 ® 7.50 12.19
A = 4.06 8.12 16.50
A 531 8.44 ]
—
Dot 4 : i
o ] d
| o | ~
) ;- - B---. B e BRI ]
1x10 . g “ m -
! AN, u
0 - A
1 (1 2 (1
0.0 0.5 1.0 1.5
T (K)

Long: t,~10%s

No dependence on
density or temperature

What is the origin of this
slow dynamics?




Thermal coupling to the environment sets

the time scale for thermalization!

Short-range Coulomb interaction

4
2.5x10" ——T—— T T 1 '1 T '09'17l1< Stronger coupling to the
n vacuum v.”7 - 1. r

in 4
JUX |

1.5x10* " o © u - i
X = .

D @ - E-- - -
S Lox10'| _ T, reduc_;ed by an order
g N / of magnitude!
5.0x10° | o o /
@ _______ ® __eo________. -
0.0 ¢ o ¢ % e o _
0 . 2 . 4 . 6 8 . 10 . 12 . 14

Prethermal, MBL-like




Effect of thermal coupling to the environment

on thermalization time

Short-range Coulomb interaction » T <2 K: weak electron-phonon coupling

2.5x10* ————————T——T——T—— a) Samples in vacuum: 1, ~ 10*s
In vacuum 0.9 - 1.7 K | ) .
20216’ ® 1 He gas 17K weak thermal coupling to environment
JUX = =
. in 4 : - 103
. ¢ b) Samples in “He vapor: 1., ~ 10°s
1.5x10° o © [ . . . .
. . intermediate thermal coupling to
z Tt TR -TTTmmmm T m
v Lox10t F i environment
m [
S.0x10° ¢ ¢ 1 » T>2K: cooling via phonons dominant
e ® __eo________. - : :
o0k ® o ¢ 6 o o _ Strong thermal coupling to environment:
o 2 4 6 8 10 12 14 Toq < 200's (at 4.2 K in both vacuum and
n: (10" ecm™)

liquid “He)
Long-range Coulomb interaction: Exponential dependence of thermalization
Glassy dynamics unchanged even at time on the coupling strength:
T > 4.2 K = insensitive to thermal MBL-like dynamics

coupling to environment M

—




Quench dynamics and thermalization:

Direct observation of MBL-like dynamics

Effect of interaction range in a 2DES for a fixed disorder strength:

* No difference in dc transport properties
« Striking difference in nonequilibrium dynamics! (when kgl < 1; bad conductor)

Prethermal Thermal
MBL
(MBL-like) (glassy)
N B ﬁ
1/7 1/r Interaction

range

« Screened Coulomb interaction
leads to a prethermal, MBL-like
regime at intermediate times

* Time scale: hours!

[L. J. Stanley et al., arXiv:2110.11473;
under revision]




Quench dynamics and thermalization:

Direct observation of MBL-like dynamics

Effect of interaction range in a 2DES for a fixed disorder strength:

Power-law interactions: ~ 1/r@

MBL Prether.mal Thermal
(MBL-like) (glassy)
I I ﬁ
1/7 1/r Interaction
range
D<a<?2D a<D
[Theory: Yao et al., PRL 113, 243002 . ; -
(2014). Burin, PRB 92, 104428 (2015). Our results proylde constraints for
Gutman et al., PRB 93, 245427 (2016)...] theory and motivate further work



Summary and outlook

« Strongly disordered 2D electron system in a Si MOSFET:
» Slow dynamics when kgl < 1
» No glassy dynamics with screened Coulomb interaction (~1/r3)

> New, solid-state platform for studies of thermalization and MBL-like
dynamics; time scales: hours!

» Building blocks for quantum information science?

[L. J. Stanley et al., arXiv:2110.11473;
under revision]
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