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Probing entanglement in a
many-body-localized system

Alexander Lukin, Matthew Rispoli, Robert Schittko, M. Eric Tai, Adam M. Kaufman*,
Soonwon Choit, Vedika Khemani, Julian Léonard, Markus Greineri}

An interacting quantum system that is subject to disorder may cease to thermalize owing
to localization of its constituents, thereby marking the breakdown of thermodynamics.
The key to understanding this phenomenon lies in the system’s entanglement, which

is experimentally challenging to measure. We realize such a many-body-localized system in
a disordered Bose-Hubbard chain and characterize its entanglement properties through
particle fluctuations and correlations. We observe that the particles become localized,
suppressing transport and preventing the thermalization of subsystems. Notably, we
measure the development of nonlocal correlations, whose evolution is consistent with a
logarithmic growth of entanglement entropy, the hallmark of many-body localization.

Our work experimentally establishes many-body localization as a qualitatively distinct
phenomenon from localization in noninteracting, disordered systems.

solated quantum many-body systems main-
tain their initial global purity while under-
going unitary time evolution. However, the
presence of interactions drives local ther-
malization: The coupling between any sub-
system and its complement mimics the contact
with a bath. This causes the subsystem’s degrees
of freedom to be ultimately described by a ther-
mal ensemble, even if the full system is in a pure
state (I-3). A consequence of thermalization is
that local information about the initial state of
the subsystem gets scrambled and transferred
into nonlocal correlations that are only acces-
sible through global observables (4-6).
Disordered systems (7-18) can provide an
exception to this paradigm of quantum thermal-
ization. In such systems, particles can localize
and transport ceases, which prevents thermal-
ization. This phenomenon is called many-body
localization (MBL) (6, 7, 19-23). Experimental
studies have identified MBL through the per-
sistence of the initial density distribution (24-29)
and two-point correlation functions during tran-
sient dynamics (25). However, while particle
transport is frozen, the presence of interactions
gives rise to slow coherent many-body dynam-
ics that generate nonlocal correlations, which
are inaccessible to local observables (30-32).
These dynamics are considered to be the
hallmark of MBL and distinguish it from its
noninteracting counterpart, called Anderson
localization (7-11, 14, 15, 18). Their observation,
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however, has remained elusive because it requires
exquisite control over the system’s coherence.
‘We study these many-body dynamics by probing
the entanglement properties of an MBL system
with a fixed particle number (30-34). We dis-
tinguish two types of entanglement that can
exist between a subsystem and its complement
(Fig. 1A): (i) Number entanglement implies that
the particle number in one subsystem is cor-
related with the particle number in the other.
This type of entanglement is generated through

Fig. 1. Entangle- A
ment dynamics in

Number entanglement

tunneling across the boundary between the sub-
systems. (ii) Configurational entanglement im-
plies that the configuration of the particles in one
subsystem is correlated with the configuration of
the particles in the other. It therefore requires the
presence of at least one particle in each subsys-
tem. Tunneling alone does not generate config-
urational entanglement, as it acts individually
on each particle. Interactions, in contrast, can en-
tangle pairs of particles. As a result, the combi-
nation of tunneling and interactions can lead to
configurational entanglement at long distances.

The formation of particle and configurational
entanglement changes in the presence or absence
of interactions and disorder in the system (Fig. 1B).
In thermal systems without disorder, interact-
ing particles delocalize and rapidly create both
types of entanglement throughout the entire
system. In contrast, for Anderson localization,
number entanglement builds up only locally at
the boundary between the two subsystems. Here,
the lack of interactions prevents the formation of
a substantial amount of configurational entan-
glement. In MBL systems, number entanglement
builds up in a similarly local way as for Anderson
localization. However, notably, the presence of
interactions additionally enables the slow forma-
tion of configurational entanglement through-
out the entire system.

In this work, we realize an MBL system and
characterize its key properties: breakdown of
quantum thermalization, finite localization length
of the particles, area-law scaling of the number
entanglement, and slow growth of the config-
urational entanglement that ultimately results
in a volume-law scaling. The first three properties
are also present for an Anderson localized state;
the slowly growing configurational entanglement
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ment stems from a superposition of states with different particle arrangement in the subsystems
and requires both particle motion and interactions. (B) In the absence of disorder, both types

of entanglement rapidly spread across the entire system owing to delocalization of particles
(left). The degree of entanglement and the time scales change drastically when applying disorder
(center): Particle localization spatially restricts number entanglement, yet interactions allow
configurational entanglement to form very slowly across the entire system. A disordered system
without interactions shows only local number entanglement, whereas the slow growth of
configurational entanglement is completely absent (right).
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qualitatively distinguishes our system from a
noninteracting, localized state.

Experimental system

In our experiments, we study MBL in the in-
teracting Aubry-André model for bosons in one
dimension (35, 36), which is described by the
Hamiltonian

H=-J) (alain+he) +

Ol )W b ()

where &}' (a;) is the creation (annihilation) op-
erator for a boson on site 3, and 7; = a}a; is the
particle number operator on that site. The first
term describes the tunneling between neighbor-
ing lattice sites with the rateJ /%, where 7 is the
reduced Planck constant. The second term repre-
sents the energy shift U when multiple particles
occupy the same site. The last term introduces a
site-resolved potential offset, which is created with
an incommensurate lattice 2; = cos(2np¢ + ¢) of
period 1/f ~ 1.618 lattice sites, phase ¢, and am-
plitude . In our system, we achieve indepen-
dent control over J, W, and ¢ (Fig. 2A).

Our experiments begin with a Mott-insulating
state in the atomic limit with one *Rb atom on
each site of a two-dimensional optical lattice
(Fig. 2B). The system is placed in the focus of a

high-resolution imaging system through which
we project site-resolved optical potentials (37).
We first isolate a single, one-dimensional chain
from the Mott insulator and then add the site-
resolved potential offsets 17; with the incommen-
surate lattice. At this point, the system remains
in a product state of one atom per lattice site.
We abruptly switch on the tunneling by re-
ducing the lattice depth within a fraction of
the tunneling time (Fig. 2C). This quench brings
the system to a nonequilibrium state and ini-
tializes the unitary time dynamics correspond-
ing to the above Hamiltonian. The tunneling
time t=#/J =4.3(1) ms and the interaction
strength U = 2.87(3)J remain constant in all
our experiments. After a variable evolution time,
we abruptly increase the lattice depth and image
the system in an atom number-sensitive way
with single-site resolution (38). This projects the
many-body state onto the number basis, which
consists of all possible distributions of the par-
ticles within the chain.

In some realizations, particle loss during the
time evolution and imperfect readout reduce
the number of detected atoms compared with
the initial state, thereby injecting classical en-
tropy into the system. We eliminate this entropy
by postselecting the data on the intended atom
number, thereby reaching a fidelity of 99.1(2)%
unity filling in the initial state, which is limited
by the fraction of doublon-hole pairs in the Mott

insulator. The result is a highly pure state, in
which all correlations are expected to stem
from entanglement in the system.

Breakdown of thermalization

We first investigate the breakdown of thermal-
ization in a subsystem that consists of a single
lattice site. The conserved total atom number
enforces a one-to-one correspondence between
the particle number outcome on a single site
and the number in the remainder of the sys-
tem, entangling the two during tunneling dy-
namics. Ignoring information about the remaining
system puts the subsystem into a mixed state of
different number states. The associated number

entropy is given by Sf,l) =— Zn P log(py), where

Pn is the probability of finding » atoms in the
subsystem (38). Because the atom number is the
only degree of freedom of a single lattice site, Sff)
captures all of the entanglement between the
subsystem and its complement and is equivalent
to the single-site von Neumann entanglement
entropy Sg\;

Counting the atom number on an individual
lattice site in different experimental realizations
allows us to obtain the probabilities p,, and
compute Sv}\T' We perform such measurements
for various evolution times. At low disorder
depth [W = 1.0(1)J], the entropy grows over a
few tunneling times and then reaches a stationary
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Fig. 2. Site-resolved measurement of thermalization breakdown.

(A) One-dimensional Aubry-André model with particle tunneling rate J/a,
on-site interaction energy U, and quasi-periodic potential with
amplitude W. (B) We prepare the initial state of eight unentangled atoms by
projecting tailored optical potentials onto a two-dimensional Mott insulator
at 45E, lattice depth, where E, = h x 1.24 kHz is the recoil energy.

(C) We create a nonequilibrium system by abruptly enabling tunneling
dynamics. After a variable evolution time, we project the many-body state
back onto the number basis by increasing the lattice depth and obtain the
site-resolved atom number from a fluorescence image (38). (D) Single-site
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von Neumann entropy S(vl,i computed from the site-resolved atom number
statistics (inset) after different evolution times (scaled with tunneling time
t=h/J) in the presence of weak and strong disorder. (E) Inset: Probability
p; of retrieving the initial state; main panel: Sf,l,\), as a function of W

and measured after 100t. The deviation from the thermal-ensemble
prediction for strong disorder signals the breakdown of thermalization

in the system. All lines in (C) and (D) show the prediction of exact
diagonalization calculations without any free parameters. Each data
point is sampled from 197 disorder realizations (38). Error bars denote
the SEM.
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value (Fig. 2D). The stationary value is reduced
for strong disorder [W = 8.9(1)J] and remains
constant in time over two decades of time evo-
lution up to several hundred tunneling times.
The lack of entropy increase indicates the ab-
sence of heating in the system. The excellent
agreement of the measured entropy with ab
initio calculations up to the longest measured
evolution times suggests a highly unitary evo-
lution of the system.

We perform measurements of S&), at differ-
ent disorder strengths after an evolution of
100 tunneling times (Fig. 2E). To evaluate the
degree of local thermalization, we compare the
results with the prediction of a thermal en-
semble for our system (38). For weak disorder,
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Fig. 3. Spatial localization of the particles.
(A) The density-density correlations G (d) for
the eight-site system as a function of distance d
at weak (left) and strong (right) disorder after
an evolution time of 1001. The alternating
nature of the density-density correlations is
imprinted by the autocorrelation function

of the quasi-periodic potential. (B) We retrieve a
clean exponential decay of the correlation
function by subtracting the contribution of the
quasi-periodic potential (see main text).

The dashed line shows the result of an expo-
nential fit. (C) Correlation length &, extracted by
fitting the raw data [see (A)] and similar data
for other disorder strengths with a function
that takes the effect of the quasi-periodic
potential into account (see main text). Each
measurement is sampled from 197 disorder
realizations (38). The solid lines in (A) and (C)
show the prediction of exact diagonalization,
calculated without any free parameters (38),
whereas the dashed lines in (B) show the
result of the exponential fit to the data (see
main text). Error bars denote the SEM in

(A) and (B) and the fit error in (C).
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the measured entropy agrees with the predicted
value, whereas the entropy is significantly re-
duced from the thermal value for strong dis-
order, signaling the absence of thermalization
in the system. A reduced entropy implies that
the subsystem does not occupy all available
degrees of freedom and retains some memory of
its initial conditions for arbitrarily long evolu-
tion times. We indeed find that the probability
of retrieving the initial state of one atom per site
increases for strong disorder (Fig. 2E, inset).

Spatial localization

The breakdown of thermalization is expected
to be a consequence of the spatial localization
of the particles. Previous experiments have de-
termined the decay length of an initially pre-
pared density step into empty space (27). We
measure the localization by directly probing
density-density correlations within the system.
These correlations are captured by G (d) =
(ninira) — (ni){ni+q), where (...) denotes av-
eraging over different disorder realizations
as well as all sites ¢ of the chain. The particle
numbers on two sites at distance d > 0 are
uncorrelated for G (d) = 0. If a particle moves
a distance d, the sites become anticorrelated,
and the correlator decreases to G (d) < 0.

We measure the density-density correlations
G®?)(d) for different disorder strengths in the
stationary regime (Fig. 3A). For low disorder, we
find the correlations to be independent of dis-
tance and below zero. This indicates that the
particles tunnel across the entire system and
hence are delocalized. By contrast, at strong
disorder, only nearby sites show significant
correlations, signaling the absence of particle
motion across large distances. We thus con-
clude that the particles are localized. The decay
of the density correlations with distance shows
a nonmonotonous behavior that is determined by
the quasi-periodic potential. We take this effect
into account by fitting the data with an exponen-
tially decaying function Gfi? = (c1 4 2 V5(d)) X
e~ /%, with free parameters ¢y, ¢o, and &, such that
the amplitude at distance d is scaled by the auto-
correlation function V5 (d) of the quasi-periodic
potential (38). We eliminate the contribution
coming from the disorder potential by defining
G?(d) = G@(d) — ¢, Va(d)e /5 which indeed
shows an exponential decay in the localized re-
gime (Fig. 3B) (38). We show the fitted localiza-
tion length as a function of the disorder strength
(Fig. 3C). For increasing disorder, the correlation
length decreases from the entire system size down
to around one lattice site.

Our observation of localized particles is con-
sistent with the description of MBL in terms of
local integrals of motion (30-32). It describes
the global eigenstates as product states of ex-
ponentially localized orbitals. The correlation
length extracted from our data is a measure of
the size of these orbitals. Because the localized
orbitals form a complete set of locally conserved
quantities, this picture connects the breakdown
of thermalization in MBL with nonthermaliz-
ing, integrable systems.

Dynamics and spreading of
entanglement

We now turn to a characterization of the en-
tanglement properties of larger subsystems, start-
ing with a subsystem covering half the system
size. As for the case of a single lattice site, the
particle number in the subsystem can become
entangled with the number in the remaining
system through tunneling dynamics, resulting

in the number entropy S, = — Zn DPrlog(py).

However, subsystems that extend over several
lattice sites, with a given particle number, offer
the particle configuration as an additional degree
of freedom for the entanglement. Configurational
entanglement only builds up substantially in in-
teracting systems because configurational corre-
lations require several particles. The associated
configurational entropy S., together with the
number entropy, forms the von Neumann en-
tropy, Syx = Sn + Sc (38). An analogous relation
exists for spin systems with conserved total mag-
netization instead of the particle number.

The dynamics of S;, and S, in the MBL regime
(Fig. 4A) can be understood in the picture of lo-
calized orbitals. Because the localized orbitals re-
strict the particle motion, the number entropy can
only develop within the localization length; hence,
Sy saturates at a lower value than for the thermal
case. In addition, saturation is reached at a later
time, since the disorder suppresses the tunneling.
The dynamics of S, are distinctively different.
The bare on-site interaction and particle tunnel-
ing combine into an effective interaction among
localized orbitals, which decays exponentially
with the distance between them. As a conse-
quence, entanglement between distant orbitals
forms slowly, causing a logarithmic growth of
Sc, even after S, has saturated (30-34).

In our experiment, we can independently probe
both types of entanglement. We obtain the num-
ber entropy S, through the probabilities p, by
counting the atom number in the subsystem in
different experimental realizations. The config-
urational entropy S, in contrast, is challenging
to measure in a many-body system because it
requires experimental access to the coherences
between a large number of quantum states
(89, 40). Here, we choose a complementary ap-
proach to probe the configurational entanglement
in the system. It exploits the configurational cor-
relations between the subsystems, quantified by
the correlator (38)

=35 3 IpneB,) -

n=0 {4, }{B.}

DP(A4,)p(B)| (2)

where {4,,} ({B,}) is the set of all possible con-
figurations of n particles in subsystem A (N — n
in B), and N is the total number of particles in
the system. All probability distributions are nor-
malized within the subspaces of 7 particles in A
and the remaining N — n particles in B. The con-
figuration 4,, ® B, is separable if p(4, ® B,) =
P(A4,)p(By). The correlator therefore probes the
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entanglement through the deviation from sepa-
rability between A and B. In the MBL regime, for
sufficiently small amounts of entanglement, we
numerically find C to be proportional to S¢; hence,
it inherits its scaling properties (38). Our mea-
surements lie within the numerically verified
parameter regime. Even for large systems, one
can find a regime of proportionality between
Cand S, by reducing the interaction strength,
the evolution time, or the subsystem size or by
increasing the disorder strength. This implies
that configurational correlations present a pow-
erful tool to study entanglement in many-body-
localized systems based on density correlations.

We study the time dynamics of S, and C with
and without disorder (Fig. 4, B and C). Without
disorder, both S,, and C rapidly rise and reach a
stationary value within a few tunneling times
(insets). In the presence of strong disorder, we
find a qualitatively different behavior for the two
quantities: S, reaches a stationary state within a
few tunneling times, although after a longer evo-
lution time than in the thermal case owing to
reduced effective tunneling. Additionally, the

Fig. 4. Dynamics of A
number and configura-
tional entanglement.

(A) The von Neumann
entanglement entropy is

the sum of the number

inhibition of
transport

Sn

stationary value is significantly reduced, indi-
cating suppressed particle transport through the
system. The correlator C, in contrast, shows a
persistent slow growth up to the longest evo-
lution times reached by our measurements. The
growth is consistent with logarithmic behavior
over two decades of time evolution. We conclude
that we observe interaction-induced dynamics
in the MBL regime that are consistent with the
phenomenological model (30-32). The agree-
ment of the long-term dynamics of S, and C
with the numerical calculations in the MBL
regime confirms the unitary evolution of the
system over 100t. The system remains in the
finite-time limit, not in the finite-size limit,
because the spread of entanglement has not yet
stopped at the longest studied evolution times.

Considering the entropy in subsystems of
different sizes gives us insights into the spa-
tial distribution of entanglement in the system:
In a one-dimensional system, locally gener-
ated entanglement results in a subsystem-size-
independent entropy, whereas entanglement
from nonlocal correlations causes the entropy

logarithmically growing
entanglement

+ buildup of non-local =
entanglement

Sc SN

-

entropy and the configu-
rational entropy, whose
dynamics in an MBL B

log t

log t

system occur over differ-

ent time scales (38). 03
(B) We probe the config-
urational entropy with
the correlator C. At
strong disorder, it shows
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to increase in proportion to the size of the sub-
system. In reference to the subsystem’s bound-
ary and volume, these scalings are called area
law and volume law. We find almost no change
in S, for different subsystems of an MBL system
(Fig. 5A), indicating an area-law scaling con-
firming that particle transport is suppressed.
In contrast, the configurational correlations C
increase until the subsystem reaches half the
system size (Fig. 5B). Such a volume-law scaling
is also expected for the entanglement entropy
and demonstrates that the observed logarithmic
growth indeed stems from nonlocal correlations
across the entire system.

Conclusion

Our method, which is based on measurements
of the particle number fluctuations and their
configurations, can be generalized to higher di-
mensions and different experimental platforms,
where a direct measurement of entanglement
entropy remains challenging (e.g., trapped ions,
neutral atoms, and superconducting circuits). In
the future, experiments at larger system sizes
will be of interest to shed light on the critical
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Fig. 5. Spatial distribution of the entangle-
ment. Number entropy and configurational
correlator in the eight-site MBL system

(W = 8.9 J) after an evolution time of 1001.
(A) The number entropy S, barely depends on
the subsystem size (i.e., follows an area law).
(B) The configurational correlator C increases
almost linearly with the subsystem size,
showing a volume-law behavior. The solid lines
show the prediction of exact diagonalization
calculations without any free parameters (38).
The above data were averaged over four
disorder realizations. Error bars denote the SEM
and are below the marker size if hidden.
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properties of the thermal-to-MBL phase tran-
sition, which are the subject of ongoing studies
(41-44). In our system, it is experimentally fea-
sible to increase the system size at unity filling
to a numerically intractable regime. Addition-
ally, the full control over the disorder potential
on every site opens the way to studying the role
of rare regions and Griffiths dynamics as well as
the long-time behavior of an MBL state with a
link to a thermal bath (45-47). Ultimately, these
studies will further our understanding of quan-
tum thermodynamics and whether such systems
are suitable for future applications as quantum
memories (6).
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A logarithmic signature

Some one-dimensional disordered interacting quantum systems have been theoretically predicted to display a
property termed many-body localization (MBL), where the system retains the memory of its initial state and fails to
thermalize. However, proving experimentally that something does not occur is tricky. Instead, physicists have proposed
monitoring the entanglement entropy of the system, which should grow logarithmically with evolution time in an MBL
system. Lukin et al. observed this characteristic logarithmic trend in a disordered chain of interacting atoms of
rubidium-87. This method should be generalizable to other experimental platforms and higher dimensions.
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