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The absence of thermalization in certain isolated many-body systems is of
great fundamental interest. Many-body localization (MBL) is a widely studied
mechanism for thermalization to fail in strongly disordered quantum systemes,
but it is still not understood precisely how the range of interactions affects the
dynamical behavior and the existence of MBL, especially in dimensions D >1.
By investigating nonequilibrium dynamics in strongly disordered D =2 elec-
tron systems with power-law interactions « 1/r* and poor coupling to a thermal
bath, here we observe MBL-like, prethermal dynamics for a = 3. In contrast, for
a =1, the system thermalizes, although the dynamics is glassy. Our results
provide important insights for theory, especially since we obtained them on
systems that are much closer to the thermodynamic limit than synthetic
quantum systems employed in previous studies of MBL. Thus, our work is a key

step towards further studies of ergodicity breaking and quantum entangle-
ment in real materials.

One of the most fundamental questions in statistical mechanics is the
state that an isolated quantum many-body system reaches a long time
after a perturbation. Is the system able to achieve thermal equilibrium,
or does it fail to thermalize and why? According to the ergodic
hypothesis, different parts of an isolated system exchange energy and
particles and thus the system reaches thermal equilibrium at long
times; such systems are then described by statistical mechanics at
equilibrium. In recent years, however, there has been a growing
interest'™ in mechanisms that break ergodicity, in particular, in many-
body localization (MBL)*’. When a system in the MBL phase is pre-
pared out of equilibrium, e.g. by changing one of the system para-
meters (quantum quench), there is no transport of particles or heat,
and thus it is unable to thermalize, retaining a memory of the initial
state and displaying a slow growth of quantum entanglement - prop-
erties that are of great interest for quantum information science. MBL
provides a robust mechanism for the failure of thermalization in
strongly disordered systems. Indeed, MBL is an extension of the well-
known Anderson localization of single particles in the presence of
disorder® to many-body, interacting systems. Theoretical progress in
studies of thermalization and MBL systems'™ has been accompanied

by experimental advances and reports of MBL in (almost) isolated
synthetic many-body systems with tunable interactions and disorder,
such as ultracold atoms in optical lattices’™, trapped ions®, super-
conducting qubits®, and spins of nitrogen-vacancy centers in
diamond”. However, a number of key questions remain open regard-
ing the stability and the existence of the MBL phase. In particular, while
long-range interactions may be expected to favor thermalization and
short-range interactions with strong disorder may lead to MBL, it is not
well established precisely how the range of interactions affects the
dynamical behavior and the existence of MBL*?, and whether true
MBL even exists in the limit of an infinite system, especially in D > 1. But
even if the system does eventually thermalize, on shorter time scales it
can exhibit the phenomenology of the true MBL phase®. The nature of
the slow dynamics in such a prethermal or MBL-like regime is a subject
of great interest and debate. Importantly, theoretical predictions can
be tested only in a prethermal regime, since the true MBL does not
exist in imperfectly isolated systems and, in any experiment, coupling
to an external bath is unavoidable. For that reason, the experimentally
relevant case of power-law interactions, which fall off as e 1/r* with
distance, in a D-dimensional system have been of special interest, but
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also a challenge for theory'™ . Moreover, finite-size effects have often
complicated the interpretation of both numerical simulations and
experiments®. Therefore, there is a clear need for experiments in real,
electronic materials with Coulomb interactions; because of their larger
system sizes, such systems are much closer to the thermodynamic
limit than synthetic ensembles of interacting, disordered particles.
However, observing signatures of MBL in solid-state materials has been
a challenge because the coupling between electrons and phonons
makes it difficult to isolate the system from its thermal environment.
Some evidence suggestive of MBL, in particular the apparent vanishing
of the conductivity (o) at a temperature 7> 0, was reported in crys-
talline In,05,*® and amorphous In,O films?**~!, but alternative inter-
pretations have been also proposed®. Therefore, experimental studies
of nonequilibrium dynamics on low-dimensional, D>1 electronic
materials are needed to probe the existence of a MBL-like, prethermal
regime in strongly disordered systems with power-law interactions.
This is precisely what our work provides by investigating quantum
quench dynamics in D=2 electron systems with a=1 and a =3 inter-
actions, respectively.

We report the effect of the range of interactions on thermalization
in the conductivity of a disordered 2D electron system (2DES) in Si
metal-oxide-semiconductor field-effect transistors (MOSFETs), the
basic building blocks of modern electronics, following a quantum
quench protocol. This system is an excellent candidate for observing
the MBL for the following reasons. First, total electron density ns can be
varied easily by up to three orders of magnitude by changing the
voltage V5 on the metallic gate (Fig. 1a), thus allowing the study of
thermalization dynamics across the quantum metal-insulator transi-
tion (MIT). At low n; of interest, the primary cause of the disorder in Si
MOSFETSs are charged impurities (Na*) that are randomly distributed in
the oxide and thus spatially separated from the 2DES; they are effec-
tively frozen below 300 K (ref. 33). Furthermore, it is well known that
the electron-phonon coupling between the 2DES and bulk Si, as well as
in bulk Si itself, is very weak at low enough temperatures T (refs. 34,35).
In particular, for our devices in the relevant range of ns, heat transfer
between the 2DES and the environment is dominated by electron dif-
fusion through the contacts (drain and source in Fig. 1a), as opposed to
phonons, at T<1.6 K (refs. 34,35). The heat transfer further proceeds
through the metallic measurement leads attached to the contacts. To
reduce thermal coupling to the environment even further, we placed
the samples and leads in vacuum (Methods), unless noted otherwise.
Finally, the MOSFET structure provides the option of screening the
Coulomb interaction within the 2DES by reducing the thickness of the
oxide (doyx) that separates the 2DES from the gate (Fig. 1a). In particular,
the metallic gate at a distance d, from the 2DES creates an image
charge for electron, leading to the interaction law
o (1/r —1/1/r2+4d>,), where the second term accounts for the Cou-
lomb interaction between the electron’s image charge and another
electron in the 2DES**™*°, At large distances r > 2d,,,, this potential falls
off in a dipolelike fashion, as «1/r*. Therefore, at low enough densities
such that the mean electron separation 2a=2(rn,)"/?>2d,, a con-
dition more easily satisfied in devices with a smaller d,,, electrons
interact as though they were dipoles.

We focus on two sets of Si MOSFETs that were manufactured
simultaneously, using identical procedure, the only difference being
the value of d,,x (Methods). In thick-oxide devices, d,x =50 nm, similar
to most Si MOSFETSs used in the studies of a 2D MIT***, In the density
regime of interest, 5 < doy/a < 8 and the Coulomb interaction is long-
range, i.e. =< 1/r. In thin-oxide devices, dox = 6.9 nm and 0.7 S do/a < 1.5,
so that the screened Coulomb interaction is « 1/r%. Hereafter we refer
to it as the short-range interaction, and also note that here the
screening by the gate is stronger than in other ground-plane screening
studies in which the corresponding ratio d/a (d is the distance to the
ground plane) was larger [e.g. d/a - 1.5-2.5 for In,O films*]. The 4.2 K
peak mobility of the 2DES, a rough measure of the amount of
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Fig. 1| Experimental investigation of quench dynamics in a 2D electron system.
a Schematic diagram of a Si MOSFET and the measurement set-up (Methods).
Samples and the (metallic) measurement leads are mounted in vacuum. At low 7<2
K, the 2DES is connected to a thermal bath mainly through the measurement leads
which are attached to the source and drain contacts. When the mean electron
separation (a) is larger than the distance from the metallic gate (d,x), the Coulomb
interaction is modified from the long-range ~ 1/r to a screened or short-range ~ 1/r°
form. Total electron density n; is controlled by the gate voltage V5. b Vg and T vs
time (¢) in a typical experimental protocol. Nonequilibrium dynamics is launched at
t=0 by a rapid change of ns from its initial to a final state value. ¢ Conductivity o(t)
corresponding to the protocol in b in the short-range case (sample 2 x 20): l/ig =25
V[ni(10"cm~2)=32.2], vg =174V [nf10"cm~2)=8.44>n.]; T=0.92 K. Inset:
Expanded view of the relaxation after ns change. Red dashed line indicates the
(time-averaged) equilibrium conductivity in the final state, o4 (nf,T). Source data
are provided as a Source Data file.

disorder®, indicates that our devices are relatively strongly
disordered*** (Supplementary Fig. 1). Previous studies have estab-
lished that the equilibrium transport properties of the 2DESs in these
two sets of high-disorder Si MOSFETs*** are qualitatively the same, i.e.
they are not affected by the range of the Coulomb interaction. For
example, it was found that a(n;, T) is essentially the same in both sets of
devices (Supplementary Fig. 2), with the MIT occurring at similar cri-
tical densities, n.(10%cm?) =5.0+0.3 and n.(10%cm?) =4.2+0.2 for
thick- and thin-oxide samples, respectively® (see also Supplementary
Note 1 for more details on the MIT). In fact, even the critical exponents
associated with the MIT are the same, consistent with a disorder-
dominated nature of the MIT*. The onset of localization at n. implies
that here the characteristic energy scale for disorder (W) becomes
comparable to and exceeds the Fermi energy Ef[K] =7.31n4[10"cm™]
(ref. 33), i.e. W~35 K. At the same time, the ratio rs of the average
Coulomb energy per electron to the Fermi energy, ri=Ec/Er x
n;l/z ~4 (ref. 33). In thin-oxide devices, this ratio is reduced to rs <1
because of the screening by the gate®, so that all three energy scales
(W, Eg, and E¢) are comparable.
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Here we demonstrate that, in contrast to equilibrium transport,
there is a striking difference in the nonequilibrium dynamics of the
2DESs in these two sets of high-disorder Si MOSFETS, i.e. depending on
the range of the Coulomb interaction. In the long-range case, charge
dynamics near the 2D MIT was probed previously using a variety of
experimental protocols that included studies of both relaxations of o
with time (¢) after applying a large perturbation and fluctuations of a(t)
as a result of a small perturbation. The results have revealed the
intrinsic, glassy behavior of the charge degrees of freedom, indicating
that the 2D MIT is closely related to the melting of the Coulomb glass
(see ref. 46 for a review; also Supplementary Note 2), consistent with
theoretical expectations'. To explore the effect of screening the
Coulomb interaction, we focus on the quantum quench protocol in
which ng is changed rapidly by a large amount (relative to Eg). We find
that, in the short-range case, the glassy dynamics does not persist;
instead, we see negligible relaxation and strong sensitivity of the
nonequilibrium behavior to thermal coupling to the environment,
consistent with the proximity to the MBL phase. Therefore, our results
reveal a transition from thermal to MBL-like dynamical behavior in a2D
system as the interaction range is reduced for a fixed disorder
strength.

Results

Evolution of ¢ with time after a rapid change of total electron
density

Measurements are performed on a number of samples, which are
labeled according to their dimensions L [um] x W [um] (L - length, W
- width; see Methods). A typical experimental procedure (Fig. 1b)
involves cooling the sample down from a high temperature (usually
7-20K) to a measurement T with V; fixed at a value corresponding
to a high initial carrier density, n. » n.. o(T) at such high n! is very
weak (see, e.g., Supplementary Figs. 2 and 1c), as observed also in
other Si MOSFETs with a large amount of disorder. The quench
dynamics is then induced at time ¢ = 0 by reducing ng rapidly (within
2's) by alarge amount to its final value, nf, while monitoring the time
evolution of the conductivity (Fig. 1c). Generally, a state prepared in
this way (kgT < Eg < AEg) is highly out-of-equilibrium, as confirmed
by a very long time needed for o(nf,T,t) to reach a (time-averaged)
stationary value oy (nf,T) (Fig. 1c inset). By performing a subsequent
warm-up to ~ 7 - 20 K, where no relaxations are observed, and then a
cooldown to the same measurement T, we obtain the same value of
oo(nf,T) (Supplementary Fig. 3). This shows that o(nf,T,t) had
indeed fully relaxed to a stationary value within the measurement
time, suggesting that o,(nf,T) represents the equilibrium con-
ductivity for the given V; and T, i.e. that the system thermalizes.
However, other types of measurements beyond the scope of this
work are needed to establish whether oy corresponds to a true
thermal equilibrium or some stationary state.

In the case of the long-range interaction, the relaxations initially
overshoot gy and o continues to move away from it with time; it is only
at some later time that o starts to approach oy, thus giving rise to a
minimum in g(¢), as shown in Fig. 2a. [The overshooting of 6, manifests
itself as a maximum, not a minimum, in o(¢6) when ni < nf (refs. 48,49).]
As Tis reduced, the relaxations become slower: the minimum shifts to
lower values of 6/0y and to longer times, until it disappears from the
experimental time window at low enough T. A detailed study of the
relaxations*® has found that the approach to oy [i.e. at times after the
minimum in o(f)] is exponential, such that the characteristic time
diverges exponentially with decreasing T: 7, «c exp(—E,/T), i.e. T, > >
as T~ 0 (see also Supplementary Note 2). This means that, strictly
speaking, the 2DES cannot thermalize only at 7=0. On shorter time
scales, before the minimum in o(¢), the relaxations are nonexponential
(0/0y ot~ exp[—(t/T,)], where a<0.4 and 0.2<f<0.45)*, con-
sistent with the existence of many metastable states and the so-called
hierarchical pictures of glasses™. Indeed, extensive studies of charge
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Fig. 2 | Relaxations of conductivity o(¢) normalized by the stationary value in
the final state at a given temperature. a Long-range case for ni(10"cm™) =20.26
and nf(10"cm™) =7.33 < ng atseveral T, as shown; sample 2 x 50. b Short-range case
for ni(10"cm™) =32.20 and nf(10"cm™) =7.50; sample 2 x 20. Dashed black lines
indicate the stationary value 6 =g, (nf,T). In both a and b, nf>n.. Source data are
provided as a Source Data file.

10" 10° 10° 10*

dynamics in these devices have established*>***54°52 glassy freezing
as T~ 0 and glassy behavior at low enough 7 and ¢ for all ng up to a glass
transition density ng=(7.5+0.3) x10" cm™, such that n.<ng. This
gives rise to an intermediate phase (n. < ns < ng) in which the dynamics
is glassy, but the 2DES is a bad conductor (kgl <1, where kg is the Fermi
wave vector and [ is the mean free path). These observations are
consistent with theoretical expectations®, with the Coulomb glass
behavior ultimately resulting from the frustration induced by the
competition of the long-range Coulomb interaction and disorder.

In the case of screened or short-range Coulomb interaction, we
find both some similarities and important differences compared to the
long-range case. This is illustrated in Fig. 2b, which shows o(f) mea-
sured at nf>n, similar to the one in Fig. 2a. Here the deviations of o(¢)
from oy also depend on T, and o(t) curves overshoot g, before slowly
returning to the apparent equilibrium value oo. However, in contrast to
the long-range case, at shorter times the time evolution of o for a given
T is very weak and, surprisingly, 7, is similar for all 7. Indeed, based on
o(nf,T,t) measured for different nf and T (see also Supplementary
Figs. 4 and 5 for representative data), we note the following key
findings.

a) The slowly evolving o(nf,T,t) are seen for ng(loucm‘z)sﬂ
(Supplementary Fig. 4), which corresponds to g < €/h. In other words,
the slow dynamics becomes observable on the metallic side of the MIT,
but in the regime of strong disorder when kg/<1, in analogy with the
long-range case. To explore the density dependence further, we plot
the initial amplitude of the relaxations, defined as 0(10 s)/0, at a fixed
low T (see Supplementary Fig. 6 for T dependence at fixed nf). Figure 3
shows that, as nf is reduced, these initial deviations from the apparent
equilibrium become more pronounced and peak just before n. is
reached, thus reflecting the presence of the underlying MIT. It is
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Fig. 3 | Short-range case: the initial relaxation amplitude o(¢ = 10s)/0y vs final
density nf at a low T=0.2 K. The relaxations become observable on the metallic
side of the 2D metal-insulator transition (MIT), at ng(loncmfz)zﬂ for which o, - €/h,
i.e. kgl <1. The relaxation amplitude increases as the density is reduced, and it peaks
just before n, the critical density for the MIT, is reached. Symbol shapes indicate the
size of the sample, as shown; open symbols describe the data obtained on another
sample with the same dimensions. For all data, nL(lO“cm*Z) =(32.2+0.3). The
vertical yellow hatched region shows n.. Dashed black line corresponds to the
apparent equilibrium value o =0, (nf, T). The error bars reflect +1 SD of the fluc-
tuations of oo with time. Source data are provided as a Source Data file.

interesting that a nonmonotonic density dependence of the relaxation
amplitude near the MIT was observed also in the glassy dynamics of
thick-oxide devices™ (see also Supplementary Note 2).

Furthermore, we find that the noise increases as nf is reduced
towards the MIT, especially at lower T (Supplementary Fig. 4).
Although similar behavior was observed in the long-range case***?, we
note that the noise in the short-range case is much more pronounced,
such that o(¢) is dominated by the noise already for nf>n, as the MIT is
approached (Supplementary Fig. 4c). In the insulating regime, where
transport occurs via 2D Mott variable-range hopping®, large noise
dominates o(t) (Supplementary Figs. 4d and 5) such that, in some
cases, there are no visible relaxations. Indeed, the initial amplitudes
0(10 s)/oo become sample dependent (Supplementary Figs. 4d, 5, and
6). The observation of stronger noise in the short-range case is con-
sistent with general expectations, since long-range interactions tend to
suppress fluctuations. Studies of noise, i.e. fluctuations in o(t), pro-
vided important information about the nature of glassy dynamics and
the free energy landscape in the 2DES with the long-range Coulomb
interaction***?. While studies of fluctuations with time have been
suggested also as an alternative probe of the MBL dynamics®, the noise
analysis in the short-range case is beyond the scope of this work. This
includes experimental protocols in which a small perturbation is
applied to the system, such as a small change of density
(kT < AEr < Ef) or temperature (kg7 < kgAT < Eg). In those cases, the
measured signal is dominated by the noise and no visible relaxations
are observed (see also Supplementary Note 2). We focus instead on the
aspects of the relaxations observed in the current protocol that most
starkly deviate from the long-range case.

b) In contrast to thick-oxide devices with time-dependent, glassy
relaxations (Fig. 2a and ref. 48), in the case of screened Coulomb
interaction the relaxations have a very weak time dependence at
intermediate times (Fig. 2b and Supplementary Fig. 4). Moreover, the
apparent thermalization time 7, seems to be independent of T and n.
Indeed, we find that the approach to gy at long times may be fitted with
an exponential function, |0 — 04| oc exp[—(t/7,)], as illustrated in
Supplementary Fig. 7 (there the data are shown on a log-linear scale, in
contrast to linear-log plots in Fig. 2, Supplementary Figs. 4 and 5). This

allows us to extract 7, for all n£ and T where visible, exponential
relaxations are observed at long times, and for different samples. The
results of such fits indicate that the thermalization is anomalously
slow, with 7,-10* s (Fig. 4a, solid symbols) and no systematic depen-
dence on either T or nf. This is in a striking contrast to 7,
exp(—E,/T) in the long-range case*® (Fig. 4a, open symbols; £, =57 K,
independent of nf), where the divergence of 7, was one of the sig-
natures of glassy freezing as T-> 0. Therefore, in the 2DES with a
screened Coulomb interaction, we find no evidence of glassy dynam-
ics, which provides key insight into this fundamental problem®*. What
is the nature of the observed anomalously slow transport then?

Sensitivity of the quench dynamics to coupling to the

thermal bath

In contrast to glassy systems, the MBL phase is expected to be highly
susceptible to the coupling to a thermal bath. In particular, while the
thermalization time is expected to diverge for a completely isolated
system, for even a small coupling to a thermal bath the system will
eventually thermalize with the environment at very long times. At
intermediate times, however, it will exhibit MBL properties*”. The
susceptibility of the system to external coupling can thus be used as an
experimental signature of MBL*", Therefore, to test this scenario, we
have performed some relaxation measurements with samples and
measurement leads placed in *He vapor (T=17 K; Supplementary
Fig. 8) to increase the thermal coupling to the environment (Methods).
Figure 4b shows that, in that case, 7, is about an order of magnitude
lower, i.e. the apparent thermalization is much faster, precisely as
expected for MBL. This result indicates that the values of 7, are
determined by the residual coupling of the 2DES to the outside world.
Our measurements at 722 K further confirm our conclusions.

At Tz 2K, electron-phonon coupling between the 2DES and bulk
Si increases the residual coupling to the environment*™*, and 1, is
reduced even further. To demonstrate this, first we note that a rea-
sonably good estimate of 7, can be obtained also from ng sweeps. For
example, for samples in vacuum at 7=1.5 K, where electron-phonon
coupling is weak or negligible, even sweeps as long as ~ 1.6 x 10* s result
in a hysteresis in o(ns) observed when o < €%/h (Supplementary Fig. 9a).
This gives a lower bound for 7,-1.6 x10* s, consistent with values
obtained from relaxation measurements (Fig. 4a). At T=4.2 K, though,
there is no hysteresis regardless of whether the samples are placed in
vacuum or immersed in liquid helium, and the same o(n;) is obtained
even for sweeps as fast as ~ 200 s (Supplementary Fig. 9b). This implies
that 7, must be even lower, and that thermalization is dominated by
electron-phonon coupling, as expected in this T range***.

We have thus shown that, in the short-range case, 7, increases by
orders of magnitude as the residual coupling to the outside world is
reduced: a) 7,<200 s (upper bound at T=4.2 K) for strong coupling
dominated by electron-phonon interactions at Tz 2 K; b) 7,~10° s for
intermediate coupling due to *He vapor at T<2 K where electron-
phonon interactions become weak or negligible; and c) 7,~-10* s for
weak coupling with samples in vacuum at 7<2 K. The observed
behavior is, therefore, consistent with the MBL phase with nonzero
coupling to a thermal bath, similar to synthetic many-body systems
that exhibit MBL-like properties®. It is thus plausible that with any
additional reduction of this residual coupling, if feasible, 7, would
increase even further and likely diverge for a completely isolated sys-
tem. In that case, it would always exceed the finite (for T# 0) ther-
malization time found in the long-range case, including at T<2 K
where thermalization with a long-range Coulomb interaction becomes
immeasurably slow (Fig. 4a). While 7, in the short-range case is strongly
reduced at 7= 2 K due to the increased electron-phonon coupling, in
the long-range case, on the other hand, glassy dynamics persists even
at T=4 K (Figs. 2a and 4a)*%. This robustness of the glassy dynamics
with respect to coupling to an external bath is indeed consistent with
general expectations**.
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Fig. 4 | Dependence of the thermalization time on the range of interactions and
thermal coupling to the environment. a Thermalization time 7, as a function of T
for different nf, as shown. For the short-range case (solid symbols), the symbol
shape indicates the sample (squares: 2 x 20, circles: 2 x 50, triangles: 1 x 90);
nL(lOllcm*Z) =(32.2+0.3). Results for the long-range case (open symbols) are
adapted from ref. 48 in which a 2 x 50 sample was studied for different nf. Dashed
black lines guide the eye. In both cases, the samples were placed in vacuum.
Electron-phonon coupling is weak or negligible for 7<2 K, and it becomes domi-
nant for 7>2 K. b 7, vs. n, for the short-range case with two different types of
thermal coupling to the environment. The data from a, shown for T=(0.9-1.7) K,
obtained with samples placed in vacuum and thus very weakly coupled to a thermal
bath, demonstrate that 7, is anomalously long. When measured in “He gas at T=1.7
K, the samples and measurement leads are more strongly coupled to the

environment. In that case, 7, is about an order of magnitude lower, i.e. the ther-
malization is much faster. Open symbols are data from another sample with the
same dimensions; dashed lines guide the eye. The error bars were determined from
the fits at long times, as illustrated in Supplementary Fig. 7. ¢ Schematic of the effect
of the Coulomb interaction range on quench dynamics in a disordered 2DES at low
enough ng. In the long-range, -~ 1/r case, the dynamics is glassy, but the system
thermalizes, in principle at a finite 7,(7) at all 7> 0 (7, « as T~ 0). In the short-
range, - 1/r° case, 1, is independent of T, but it is extremely long when coupling to
the environment is very weak; when this coupling increases, 7, decreases. There-
fore, in this case, the thermalization results from the residual coupling of the 2DES
to the outside world, but on time scales short enough compared to 7, the system
exhibits MBL-like properties. For a and b, source data are provided as a Source
Data file.

Discussion

Our findings are summarized schematically in Fig. 4c. The quench
dynamics of a disordered, nearly thermally isolated 2DES with a
screened Coulomb interaction (<1/r%) has revealed negligible, non-
glassy relaxations of conductivity at intermediate times. At long times,
we observe an approach back to an apparent equilibrium state with
extremely long thermalization times (7, - 10* s) that are independent of
T. The MBL-like nature of the observed slow dynamics has been con-
firmed by verifying that residual coupling to the environment sets the
time scale for thermalization. In particular, by increasing the residual
coupling, 7, is reduced by orders of magnitude. In case of the long-
range Coulomb interaction ( o< 1/r), however, the MBL does not survive:
the system thermalizes, although 7,(T) can be long because the
dynamics is glassy. We note that, in both cases, slow dynamics is
observed only when kgl <1, i.e. for strong enough disorder when the
2DES becomes a bad conductor. Since the two sets of devices were
fabricated under identical conditions, any extrinsic effects, such as
possible charging of the Si-SiO, interface traps, can be ruled out as the
origin of the observed differences in their nonequilibrium behavior
(see also Supplementary Note 2). Therefore, we have determined that
the interaction range has a striking effect on the dynamics, although
the equilibrium behavior of the 2DES is not affected.

Studies of atoms in 2D optical lattices™"* reported evidence of
MBL-like dynamics by tracking the evolution of the local density with
time. In contrast, yet complementing previous studies, we have
detected MBL-like dynamics of charge transport by a direct measure-
ment of the conductivity. In general, in a conducting system in the
proximity to the MBL phase, i.e. in a prethermal regime, both ¢ and the
electron density should take a long time to thermalize. However, the
local electron density in Si MOSFETs cannot be measured, while the
total density ns is calculated from the gate voltage V, and the known

device characteristics, in particular the oxide capacitance® (see
Methods). When V; is changed, the total density ng has to change
within the time constant of the device, 7= RC, where R is the resistance
of the 2DES and C is the total capacitance of the oxide. We estimate
that the longest charging time in our study, corresponding to the lar-
gest sample resistance, is 7~ 5 ns (see Methods). In the experiment, V,
is reduced within 2 s, which is the measurement resolution. The
observation of an “instantaneous”, orders-of-magnitude drop of the
average ¢ at t=0 in Fig. 1c is indeed consistent with such a rapid
change of the total or average ng (see also Supplementary Fig. 2).
Clearly, the total density cannot change further with time because V,
remains constant following the quench. However, this does not imply
that electrons are thermalized: local density rearrangements can
continue until a much longer time, at least until 7,, which should give
rise to the fluctuations of conductivity, as seen in the data (Fig. 2b,
Supplementary Figs. 4 and 5). These fluctuations are obviously non-
Gaussian, indicating that the system is not in equilibrium; the study of
the noise will be a subject of future work.

By investigating D=2 electron systems with power-law interac-
tions « 1/r*, we have observed MBL-like dynamics for a =3 consistent
with D<a <2D. On the other hand, for a=1 consistent with a <D, we
find that the system thermalizes, in agreement with theoretical
expectations (e.g., see ref. 5 for a review). Although the possibility of
many-body localization and MBL-like behavior in systems with power-
law interactions has been explored in many theoretical studies, the
case with D<a<2D has been under debate (see, e.g., refs. 18-27).
Therefore, our observation of MBL-like behavior in this regime pro-
vides important insights and constraints for the theory.

Our central results are thus the direct observation of the MBL-like,
prethermal regime in an electronic system, and clarifying the effects of
the interaction range on the fate of glassy dynamics and MBL in 2D.
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However, whether the state reached at long times (at ¢ > 7,,) in the case
of a screened Coulomb interaction corresponds to a true thermal
equilibrium or some quasi-steady state remains an open question for
future study. Indeed, by establishing a new, versatile solid-state plat-
form for the study of MBL, our work also opens new possibilities for
further investigations, such as noise measurements as a probe of
ergodicity breaking and many-body entanglement**>.,

Methods

Samples

Our study was performed on two sets of rectangular n-channel (100)-Si
MOSFET devices fabricated simultaneously using the 0.25-um Si
technology, with only a difference in the thickness of the oxide, dox.
The samples have poly-Si gates, self-aligned ion-implanted contacts,
substrate  doping N,~-2x10Y cm=, and oxide charge
Nox =~ (1-1.5) x 10" cm™. Both the thick-oxide (dox =50 nm) and thin-
oxide (dox = 6.9 nm) MOSFETSs were studied previously and described
in more detail in refs. 44,48,49,51,52 and ref. 45, respectively. We
present results from a thick-oxide sample with dimensions L x W (L -
length, i.e. source-to-drain distance, and W- width) of 2 um x 50 um,
and seven thin-oxide devices with dimensions of 2um x 20 um,
2um x 50 um, and 1um x 90 um. Large aspect ratios W/L enable
measurements of lower conductivities o=G/(W/L) (G is the con-
ductance), crucial for probing the insulating regime at the lowest
electron densities ng. Furthermore, wider samples have lower contact
resistances R.<1/W (ref. 56), with R.~several Q in our devices***.
Therefore, R, is always negligible relative to the sample resistance.
Finally, the observation of single-parameter scaling near the MIT*, in
the ng and T regimes of interest, confirms the absence of finite-size
effects. In other words, the sample length L > & where § is the corre-
lation length.

In analogy with previous studies****%4°°152 on these MOSFETs,
all measurements were conducted with a back-gate (substrate) bias
of Vpg=—2V to ensure that all electrons in the inversion layer at the
Si/SiO, interface populate a ground subband®, i.e. that the system is
2D and with no scattering by local magnetic moments due to the
population of the upper subbands. The total electron density ns was
varied by the gate voltage V; such that ng= Cox(Vy — Vin)/e, where Cox
is the geometric capacitance of the oxide, e is the charge of an
electron, and Vi, is the threshold voltage® (see also Supplementary
Note 3). For thick- and thin-oxide MOSFETs, respectively,
ns(10"em™) =4.31(Vg[V1-6.3) and ns(10"cm™) =31.25(Vg[V] - Vip),
Vin(V) =(1.47 £0.01), with the corresponding total oxide capaci-
tances Cenick = 7 X 1077 F and Cein =5 X107 F. In the regime of inter-
est, the resistances R of the 2DES are typically R ~10°-10’ Q, so the
charging time constant of the thin-oxide device, for example, is
7~ 0.5 ps— 5 ns. These values are consistent with the literature*®, and
they are orders-of-magnitude smaller than our measurement
resolution.

Measurements

The standard two-probe ac lock-in method (typically at - 11 Hz) was
used for conductivity measurements with an ITHACO 1211 current
preamplifier, SR 5113 voltage preamplifier, and SR 7265 lock-in ampli-
fiers. Two precision dc voltage standards (EDC MV116)) were used to
apply the gate voltage V, and the back-gate bias Vg The excitation
voltage was constant and low enough (typically 10 uV) to ensure that
the conduction was Ohmic. The experiment was performed in a dilu-
tion refrigerator (0.05 K< T<1K) and a *He system (0.24 K< T<200
K), in which samples are mounted on a Cu cold finger in vacuum. Both
cryostats have heavily filtered wiring that includes a 1 kQ resistor in
series with a r filter [5 dB (60 dB) EMI reduction at 10 MHz (1 GHz)] in
each wire at the room temperature end of the cryostat to reduce
heating and phase decoherence by EM radiation. In addition, low-pass
RC filters with R=1kQ and C=10 nF are installed on each wire at the

mixing chamber stage of the dilution refrigerator. Some measure-
ments were performed in a variable-temperature insert (1.5 K < 7<200
K), in which samples are placed in a *He vapor, as well as in a liquid
helium storage dewar with samples immersed in liquid helium (7 = 4.2
K). Indeed, immersion of electrical leads in *He is commonly employed
in low-temperature set-ups to increase the thermal coupling to the
environment, which occurs mainly via phonon transmission between
the metallic leads and helium®.

Data availability

All data that support the findings of this study are included in the
article and its Supplementary Information, and are available from the
corresponding author upon request. Source data for the figures in the
main text are provided with this paper. Source data are provided with
this paper.

References

1. Polkovnikov, A., Sengupta, K., Silva, A. & Vengalattore, M. Collo-
quium: Nonequilibrium dynamics of closed interacting quantum
systems. Rev. Mod. Phys. 83, 863-883 (2011).

2. Nandkishore, R. & Huse, D. A. Many-body localization and therma-
lization in quantum statistical mechanics. Annu. Rev. Condens.
Matter Phys. 6, 15-38 (2015).

3. Mori, T., Ikeda, T. N., Kaminishi, E. & Ueda, M. Thermalization and
prethermalization in isolated quantum systems: a theoretical over-
view. J. Phys. B. Mol. Opt. Phys. 51, 112001 (2018).

4. Abanin, D. A., Altman, E., Bloch, I. & Serbyn, M. Colloquium: Many-
body localization, thermalization, and entanglement. Rev. Mod.
Phys. 91, 021001 (2019).

5. Gopalakrishnan, S. & Parameswaran, S. A. Dynamics and transport
at the threshold of many-body localization. Phys. Rep. 862,

1-62 (2020).

6. Gornyi, I. V., Mirlin, A. D. & Polyakov, D. G. Interacting electrons in
disordered wires: Anderson localization and low-T transport. Phys.
Rev. Lett. 95, 206603 (2005).

7. Basko, D. M., Aleiner, I. L. & Altshuler, B. L. Metal-insulator transition
in a weakly interacting many-electron system with localized single-
particle states. Ann. Phys. (Amst.) 321, 1126-1205 (2006).

8. Anderson, P. W. Absence of diffusion in certain random lattices.
Phys. Rev. 109, 1492-1505 (1958).

9. Bloch, I., Dalibard, J. & Zwerger, W. Many-body physics with ultra-
cold gases. Rev. Mod. Phys. 80, 885-964 (2008).

10. Kondov, S. S., McGehee, W. R., Xu, W. & DeMarco, B. Disorder-
induced localization in a strongly correlated atomic Hubbard gas.
Phys. Rev. Lett. 114, 083002 (2015).

1. Choi, J.-Y. et al. Exploring the many-body localization transition in
two dimensions. Science 352, 1547-1552 (2016).

12. Bordia, P. et al. Coupling identical one-dimensional many-body
localized systems. Phys. Rev. Lett. 116, 140401 (2016).

13. Luschen, H. P. et al. Signatures of many-body localization in a
controlled open quantum system. Phys. Rev. X 7, 011034
(2017).

14. Bordia, P. et al. Probing slow relaxation and many-body localization
in two-dimensional quasiperiodic systems. Phys. Rev. X 7,

041047 (2017).

15. Zhang, J. et al. Observation of a discrete time crystal. Nature 543,
217-220 (2017).

16. Roushan, P. et al. Spectroscopic signatures of localization with
interacting photons in superconducting qubits. Science 358,
175-1179 (2017).

17. Choi, S. et al. Observation of discrete time-crystalline order in a
disordered dipolar many-body system. Nature 543, 221-225
(2017).

18. Yao, N. Y. et al. Many-body localization in dipolar systems. Phys.
Rev. Lett. 113, 243002 (2014).

Nature Communications | (2023)14:7004



Article

https://doi.org/10.1038/s41467-023-42778-2

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

20.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Burin, A. L. Many-body delocalization in a strongly disordered sys-
tem with long-range interactions: Finite-size scaling. Phys. Rev. B91,
094202 (2015).

Burin, A. L. Localization in a random XY model with long-range
interactions: Intermediate case between single-particle and many-
body problems. Phys. Rev. B 92, 104428 (2015).

Gutman, D. B. et al. Energy transport in the Anderson insulator.
Phys. Rev. B 93, 245427 (2016).

Nandkishore, R. M. & Sondhi, S. L. Many-body localization with long-
range interactions. Phys. Rev. X 7, 041021 (2017).

Tikhonov, K. S. & Mirlin, A. D. Many-body localization transition with
power-law interactions: Statistics of eigenstates. Phys. Rev. B 97,
214205 (2018).

Gopalakrishnan, S. & Huse, D. A. Instability of many-body localized
systems as a phase transition in a nonstandard thermodynamic
limit. Phys. Rev. B 99, 134305 (2019).

Nag, S. & Garg, A. Many-body localization in the presence of long-
range interactions and long-range hopping. Phys. Rev. B 99,
224203 (2019).

Roy, S. & Logan, D. E. Self-consistent theory of many-body locali-
sation in a quantum spin chain with long-range interactions. SciPost
Phys. 7, 042 (2019).

Sajna, A. S. & Polkovnikov, A. Semiclassical dynamics of a dis-
ordered two-dimensional Hubbard model with long-range interac-
tions. Phys. Rev. A 102, 033338 (2020).

Ovadyahu, Z. Suppression of inelastic electron-electron scattering
in Anderson insulators. Phys. Rev. Lett. 108, 156602

(2012).

Ovadyahu, Z. Thermalization processes in interacting Anderson
insulators. Phys. Rev. B 91, 035113 (2015).

Ovadia, M. et al. Evidence for a finite-temperature insulator. Sci.
Rep. 5, 13503 (2015).

Tamir, |. et al. Excessive noise as a test for many-body localization.
Phys. Rev. B 99, 035135 (2019).

Humbert, V. et al. Overactivated transport in the localized phase of
the superconductor-insulator transition. Nat. Commun. 12,

6733 (2021).

Ando, T., Fowler, A. B. & Stern, F. Electronic properties of two-
dimensional systems. Rev. Mod. Phys. 54, 437-672 (1982).

Zieve, R. J., Prober, D. E. & Wheeler, R. G. Low-temperature electron-
phonon interaction in Si MOSFETs. Phys. Rev. B 57,

2443-2446 (1998).

Altshuler, B. L., Maslov, D. L. & Pudalov, V. M. Metal-insulator tran-
sition in 2D: resistance in the critical region. Phys. E 9,

209-225 (20071).

Widom, A. & Tao, R. Coulomb energy and correlations of inversion-
layer electrons in metal-oxide-semiconductor field-effect transistor
devices. Phys. Rev. B 38, 10787-10790 (1988).

Ho, L. H., Micolich, A. P., Hamilton, A. R. & Sushkov, O. P. Ground-
plane screening of Coulomb interactions in two-dimensional sys-
tems: How effectively can one two-dimensional system screen
interactions in another. Phys. Rev. B 80, 155412 (2009).

Skinner, B. & Shklovskii, B. . Anomalously large capacitance of a
plane capacitor with a two-dimensional electron gas. Phys. Rev. B
82, 155111 (2010).

Skinner, B. & Fogler, M. M. Simple variational method for calculating
energy and quantum capacitance of an electron gas with screened
interactions. Phys. Rev. B 82, 201306(R) (2010).

Fregoso, B. M. & Sa de Melo, C. A. R. Wigner crystallization in two
dimensions: Evolution from long- to short-ranged forces. Phys. Rev.
B 87, 125109 (2013).

Abrahams, E., Kravchenko, S. V. & Sarachik, M. P. Colloquium:
Metallic behavior and related phenomena in two dimensions. Rev.
Mod. Phys. 73, 251-266 (2001).

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Popovi¢, D. “Glassy dynamics of electrons near the metal-insulator
transition” in Conductor-Insulator Quantum Phase Transitions,
Dobrosavljevi¢, V., Trivedi, N. & Valles Jr, J. M., Eds. (Oxford Uni-
versity Press, Oxford, 2012), pp. 256-295.

Ovadyahu, Z. Screening the Coulomb interaction and thermaliza-
tion of Anderson insulators. Phys. Rev. B 99, 184201

(2019).

Bogdanovich, S. & Popovi¢, D. Onset of glassy dynamics in a two-
dimensional electron system in silicon. Phys. Rev. Lett. 88,
236401 (2002).

Lin, P. V. & Popovic, D. Critical behavior of a strongly disordered 2D
electron system: The cases of long-range and screened Coulomb
interactions. Phys. Rev. Lett. 114, 166401 (2015).

Popovi¢, D. “Metal-insulator transition in correlated two-
dimensional systems with disorder” in Strongly Correlated Electrons
in Two Dimensions, Kravchenko, S. V., Ed. (Pan Stanford Publishing
Pte. Ltd, Singapore, 2017), pp. 145-188.

Dobrosavljevi¢, V., Tanaskovi¢, D. & Pastor, A. A. Glassy behavior of
electrons near metal-insulator transitions. Phys. Rev. Lett. 90,
016402 (2003).

Jaroszynski, J. & Popovi¢, D. Nonexponential relaxations in a two-
dimensional electron system in silicon. Phys. Rev. Lett. 96,
037403 (2006).

Jaroszynski, J. & Popovié¢, D. Nonequilibrium relaxations and aging
effects in a two-dimensional Coulomb glass. Phys. Rev. Lett. 99,
046405 (2007).

Binder, K. & Young, A. P. Spin glasses: Experimental facts, theore-
tical concepts, and open questions. Rev. Mod. Phys. 58,

801-976 (1986).

Jaroszynski, J. & Popovié, D. Aging effects across the metal-
insulator transition in two dimensions. Phys. Rev. Lett. 99,

216401 (2007).

Lin, P. V., Shi, X., Jaroszynski, J. & Popovi¢, D. Conductance noise in
an out-of-equilibrium two-dimensional electron system. Phys. Rev.
B 86, 155135 (2012).

Serbyn, M., Papi¢, Z. & Abanin, D. A. Quantum quenches in the
many-body localized phase. Phys. Rev. B 90, 174302 (2014).
Andresen, J. C. et al. Self-organized criticality in glassy spin systems
requires a diverging number of neighbors. Phys. Rev. Lett. 111,
097203 (2013).

Rademaker, L. & Abanin, D. A. Slow nonthermalizing dynamics in a
quantum spin glass. Phys. Rev. Lett. 125, 260405 (2020).

Taur, Y. &Ning, T. H. Fundamentals of Modern VLSI Devices (Second
Edition, Cambridge University Press, Cambridge, 2009).

Pobell, F. Matter and methods at low temperatures. (Springer, Ber-
lin, 2007).

Acknowledgements

We acknowledge helpful discussions with B. L. Altshuler, A. D. Mirlin, A.
Polkovnikov, and L. Rademaker. This work was supported by NSF Grants
Nos. DMR-1307075 (D. P.), DMR-1707785 (D. P.), DMR-2104193 (D. P.), and
the National High Magnetic Field Laboratory (NHMFL) through the NSF
Cooperative Agreements Nos. DMR-1157490, DMR-1644779, and the
State of Florida.

Author contributions

Si MOSFETs were designed by D.P. and fabricated in the Silicon Facility
at IBM Thomas J. Watson Research Center; L.J.S., J.J., and P.V.L. per-
formed the measurements; L.J.S. and P.V.L. analyzed the data; L.J.S. and
D.P. wrote the manuscript, with input from all authors; D.P. supervised
the project.

Competing interests
The authors declare no competing interests.

Nature Communications | (2023)14:7004



Article

https://doi.org/10.1038/s41467-023-42778-2

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-42778-2.

Correspondence and requests for materials should be addressed to
Dragana Popovi¢.

Peer review information Nature Communications thanks the anon-

ymous reviewers for their contribution to the peer review of this work.

A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Nature Communications | (2023)14:7004


https://doi.org/10.1038/s41467-023-42778-2
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Screening the Coulomb interaction leads to a prethermal regime in two-dimensional bad conductors
	Results
	Evolution of σ with time after a rapid change of total electron density
	Sensitivity of the quench dynamics to coupling to the thermal�bath

	Discussion
	Methods
	Samples
	Measurements

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




