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What does disorder do to strongly correlated systems?



What does disorder do to strongly correlated systems?

What do interactions do to disordered systems?



which extends 4mm along the z direction. The three-dimensional
autocorrelation of the disordered potential—that is, of the light
intensity—is determined by diffraction from the diffusive plate onto
the atoms’ location22.

Transversely, the correlation function (an ellipse with semi-axis
lengths of 97 mm and 10 mm) is much wider than the atomic matter
wave, and we can therefore consider the disorder as being
one-dimensional for the BEC expanding along the z direction.
Along this direction, the correlation function of the disordered
potential is V 2

R(sin(z/sR)/(z/sR))
2, where the correlation length

sR5 0.266 0.03 mm (61 s.e.m.) is calculated knowing the numer-
ical aperture of the optics, and VR is the amplitude of the disorder.
The corresponding speckle grain size is psR5 0.82 mm. The power
spectrum of this speckle potential is non-zero only for k-vectors
lower in magnitude than a cutoff of 2/sR. The amplitude of the
disorder is directly proportional to the laser intensity22. The cal-
ibration factor is calculated knowing the geometry of the optical
system and the properties of the rubidium-87 atoms.

When we switch off the longitudinal trapping in the presence of
weak disorder, the BEC starts expanding, but the expansion rapidly
stops, in stark contrast with the free expansion case (Fig. 1d inset,
showing the evolution of the root-mean-square width of the
observed profiles). Plots of the density profile in linear (Fig. 1c)
and semi-log (Fig. 1d) coordinates then show clear exponential
wings, a signature of Anderson localization. Our observations are
made in a regime allowing Anderson localization, unlike in the
experiments in refs 19 and 20. First, the disorder is weak enough
(VR/min5 0.12) that the initial interaction energy per atom is rapidly
converted into a kinetic energy of the order of min for atoms in the
wings. This value is much greater than the amplitude of the disor-
dered potential, so there is no possibility of a classical reflection from
a potential barrier. Second, the atomic density in the wings is low
enough (two orders ofmagnitude less than in the initial BEC) that the
interaction energy is negligible in comparison with the atom kinetic
energy. Last, we fulfil the criterion, emphasized in ref. 13, that the
atomic matter wave k-vector distribution be bounded, with a max-
imum magnitude kmax of less than half the cutoff in the power spec-
trum of the speckle disordered potential used here, that is,
kmaxsR, 1. The value of kmax is measured directly by observing the
free expansion of the BEC in the waveguide in the absence of disorder
(seeMethods). For the runs corresponding to Figs 1c, 1d, 2, and 3, we
have kmaxsR5 0.656 0.09 (62 s.e.m.).

An exponential fit to the wings of the density profiles yields the
localization length Lloc, which we can compare to the theoretical
value13

Lloc~
2B4k2max

pm2V 2
RsR (1{kmaxsR)

ð1Þ

valid only for kmaxsR, 1 (m is the atomic mass). To ensure that the
comparison is meaningful, we first check that we have reached a
stationary situation, in which the fitted value of Lloc no longer
evolves, as shown in Fig. 2. In Fig. 3, we plot the variation of Lloc
with the disorder amplitude VR, for the same number of atoms, that
is, the same kmax. The dash–dot line is a plot of equation (1) for the
values of kmax and sR determined as explained above. It shows quite a
good agreement between our measurements and the theoretical pre-
dictions: with no adjustable parameters we obtain the correct mag-
nitude and general shape. The shaded area reflects the envelope of the
dash–dot line when we take into account the uncertainties in sR and
kmax. The uncertainty in the calibration of VR does not appear in
Fig. 3. We estimate it to be no greater than 30%, which does not
affect the agreement between theory and experiment.

An intriguing result of ref. 13 is the prediction of density profiles
with algebraic wings when kmaxsR. 1, that is, when the initial inter-
action energy is great enough that a fraction of the atoms have a
k-vector greater in magnitude than 1/sR, which plays the role of an
effective mobility edge. We investigate this regime by repeating the
experiment with a BEC containingmore atoms (1.73 105 atoms, min/
h5 519Hz), for VR/min5 0.15. Figure 4a shows the observed density
profile in such a situation (kmaxsR5 1.166 0.14 (62 s.e.m.)), and a
log–log plot suggests a power-law decrease in the wings, with an
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Figure 1 | Observation of exponential localization. a, A small BEC
(1.73 104 atoms) is formed in a hybrid trap that is the combination of a
horizontal optical waveguide, ensuring a strong transverse confinement, and
a loose magnetic longitudinal trap. A weak disordered optical potential,
transversely invariant over the atomic cloud, is superimposed (disorder
amplitudeVR low in comparisonwith the chemical potential min of the initial
BEC). b, When the longitudinal trap is switched off, the BEC starts
expanding and then localizes, as observed by direct imaging of the
fluorescence of the atoms irradiated by a resonant probe. In a and b, false-
colour images and sketched profiles are for illustration purposes; they are
not exactly to scale. c, d, Density profiles (red) of the localized BEC one
second after release, in linear (c) and semi-log (d) coordinates. In the inset in
d we display the root-mean-square (rms) width of the profile versus time t,
with (VR? 0) and without (VR5 0) disordered potential. This shows that
the stationary regime is reached after 0.5 s. The diamond at t5 1 s
corresponds to the data shown in c and themain panel of d.Blue lines in c are
exponential fits to the wings, and correspond to the straight blue lines in
d. The narrow central profiles (pink) represent the trapped condensate
before release (t5 0 s).
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Anderson localization

Exponentially localized 
single-particle wavefunctions

Non-ergodic, memory of 
initial conditions



Many-body localization

Exponentially localized 
conserved quantities:
local integrals of motion 
(LIOM)

Non-ergodic, memory of 
initial conditions

macroscopic systems—triggered tremendous the-
oretical efforts (6–8). Furthermore, the break-
down of the eigenstate thermalization hypothesis
(9–12) caused by the failure of these systems to act
as their own heat bath implies the persistence of
initial state information, which might serve as a
useful resource for quantum information tech-
nologies (13). Several other notable features of
many-body localization (MBL) have been unco-
vered, such as the description of fully localized
systems by coupled localized integrals of motion
(14, 15). This underlies the absence of particle
transport but allows the transport of phase cor-

relations, leading to a characteristic logarithmic
growth of the entanglement entropy in the case
of short-range interactions (16–20). Another dis-
tinctive feature of many-body localized systems,
as compared with noninteracting low-dimensional
systems, is the requirement of a nonzero disorder
strength for the localized phase to appear (21, 22).
Recently, the absence of thermalization due to

MBL in a quasi-disordered one-dimensional (1D)
Fermi lattice has been reported (23, 24). These
studies explored the system’s behavior at long
times and high energy density, as opposed to
earlier experiments with noninteracting systems
(25–30) or interacting ultracold atoms in lower-
energy states (31–36). A recent experiment with
3D disordered lattice fermions provided evidence
for the absence of particle transport, even at
elevated temperatures (37). Indications for local-
ization in Fock space, one characteristic property
of MBL (2), have been reported in short ion
chains (38), and MBL has been suggested as one
possible explanation for the recently observed
vanishing conductance in disordered supercon-

ductors at nonzero temperature (39). However,
despite intensive theoretical and experimental
efforts, some aspects of MBL, such as the details
of the localization transition, including the iden-
tification of diverging length scales, are still not
fully understood. Whereas in one dimension the
localization transition is rather well studied
(21, 22, 40, 41), the nature of MBL in higher
dimensions is an open question.
Here we address the open question of the

nature of a MBL transition in two dimensions,
which we observe experimentally and character-
ize. We report on the single-site–resolved study
of thermalization and transport in a disordered
2D bosonic optical lattice, starting from a high–
energy density initial state far from equilibrium.
By tracking the time evolution of an initially
prepared density domain wall for variable dis-
order strengths, we reveal the fairly sharp onset
of nonthermalizing behavior above a critical value
of disorder strength. The observed localization
transition is found when the disorder, single-
particle bandwidth, onsite interaction, and

1548 24 JUNE 2016 • VOL 352 ISSUE 6293 sciencemag.org SCIENCE

Fig. 1. Schematics of the experiment and raw images. (A) A 2D random
disorder potential is imaged onto a single atomic plane in an optical lattice.
The disorder is controlled by a digital mirror device (DMD), which converts
a Gaussian laser intensity profile into a 2D random intensity distribution
with spatially uniform mean light intensity (bottom image). The limited
numerical aperture (NA = 0.68) of the microscope objective introduces a
finite correlation length and leads to a smoothing of the disorder distribu-
tion. The histogram at bottom right (red bars) is the measured disorder
distribution and its asymmetric Gaussian fit curve (red solid line), where D
is the full width at half maximum of the disorder distribution. Distinct to
the other two images showing the original (bottom) and smoothed (middle)
light intensity distributions, the top image displays the local disorder po-
tential determined by in situ spectroscopy (42). The yellow circles on the

lower images indicate the spectroscopically calibrated region. (B) Raw
fluorescence images (the red-to-yellow color scale corresponds to increasing
detected light level) showing the evolution of the initial density step with-
out disorder. The left column shows single images (isolated red dots are
individual atoms) of the parity-projected atomic distribution for the indi-
cated evolution times. The right column displays the mean density distri-
bution averaged over 50 different disorder potentials. The top left image
depicts the initial state for which the analysis region (dx × dy = 5 × 31) is
indicated by the white box. For the high-disorder case shown in (C) the
detected initial-state filling is slightly lower, which is an artifact of the parity
projection (42). In contrast to (B), traces of the initial state remain at all
times in the disordered case. The white circles in the averaged density
profiles after t = 249t highlight the difference. a.u., arbitrary units.
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Hamiltonian in terms of local integrals of motion

H =
LX

i=1

J ~Si · ~Si+1 +
LX

i=1

hiS
z
i
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Standard model of many-body localization

H =
X

i

hi⌧
z
i +

X

i,j

Jij⌧
z
i ⌧

z
j + ...
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Hubbard model
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Disorder-Induced Localization in a Strongly Correlated Atomic Hubbard Gas

S. S. Kondov,1,* W. R. McGehee,1 W. Xu,1 and B. DeMarco1

Department of Physics, University of Illinois at Urbana-Champaign, Urbana, Illinois 61801, USA
(Received 17 July 2014; published 26 February 2015)

We observe the emergence of a disorder-induced insulating state in a strongly interacting atomic
Fermi gas trapped in an optical lattice. This closed quantum system, free of a thermal reservoir, realizes
the disordered Fermi-Hubbard model, which is a minimal model for strongly correlated electronic solids.
We observe disorder-induced localization of a metallic state through measurements of mass transport.
By varying the lattice potential depth, we detect interaction-driven delocalization of the disordered
insulating state. We also measure localization that persists as the temperature of the gas is raised. These
behaviors are consistent with many-body localization, which is a novel paradigm for understanding
localization in interacting quantum systems at nonzero temperature.

DOI: 10.1103/PhysRevLett.114.083002 PACS numbers: 37.10.Jk, 67.85.Lm, 71.23.An

The impact of interparticle interactions on the localiza-
tion of disordered quantum systems has been the subject
of intense scrutiny for decades (see [1–5] and references
therein). Obtaining new insights into the interplay of
interactions and disorder is critical to improving our
understanding of quantum electronic solids such as the
high-temperature superconducting cuprates and materials
that exhibit colossal magnetoresistance, such as the man-
ganites [4,6,7]. Despite the application of a wide variety of
sophisticated theoretical and numerical approaches, con-
sensus regarding the nature of metal–insulator transitions
and localization in strongly correlated systems has not been
achieved. A recent theoretical approach to these questions
is many-body localization (MBL) [8–11], which overturns
the conventional view holding that materials above zero
temperature have nonzero conductivity in the presence
of interactions. In a many-body localized state, a quantum
system can remain an Anderson-localized insulator at
nonzero temperature because the interparticle interactions
fail to generate thermally activated conductivity.
We investigate localization using an ultracold atomic gas

trapped in a disordered optical lattice. This precisely
controllable system, which realizes the disordered Fermi-
Hubbard model (DFHM) [12]—the minimal model for
strongly correlated, disordered electronic solids—is free of
a heat bath, such as phonons, that can lead to finite
conductivity at nonzero temperature and foils direct tests
of theories such as MBL in the solid state. The seminal
theoretical work by Basko et al. on MBL [8] explored the
weakly interacting regime of a spinless DFHM; we inves-
tigate the strongly correlated limit which is challenging
for theory and numerical approaches. We probe disorder-
induced metal–insulator transitions using mass transport
measurements. The disorder Δc required to localize the gas
and produce an insulating state is determined for different
ratios of the Hubbard interaction to tunneling energies. We
find that increased interactions stabilize the metal against

localization and lead to an insulator-metal transition. We
also show that localization occurs across a range of thermal
energy densities at fixed disorder strength by varying the
temperature of the gas.
In our experiment, fermionic 40Katoms, cooled below the

Fermi temperature TF and trapped in a cubic optical lattice
potential formed from three pairs of counter-propagating
laser beams, play the role of the electrons in a solid [13].
The atoms are confined by a crossed-beam dipole trap that
forms a parabolic potential as shown in Fig. 1. An approx-
imately equal mixture of two atomic hyperfine states
(↓¼ jF ¼9=2;mF ¼9=2i and ↑¼ jF ¼9=2;mF ¼7=2i) are
used to mimic the spin of the electron.

FIG. 1 (color). Schematic representation of experimental geom-
etry and disordered lattice. The atoms are cooled in a magnetic
trap (copper) and an optical dipole trap formed from 1064 nm
laser beams (gray lines). Optical lattice laser beams (red) super-
imposed on the trap form a cubic lattice potential. A 532 nm
optical speckle field (green) is focused onto the atoms using a 1.1
f-number lens (gray hemisphere). Atoms in two hyperfine states
(red and blue spheres) are trapped in the disordered lattice
potential (false color) formed at the intersection of all the laser
beams. A two-dimensional representation of the lattice is shown
for clarity. The imaging direction is along the [111] direction of
the lattice and is indicated by a dashed line.
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Hubbard model with charge and spin disorder
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Questions

Is disorder in just one of these channels sufficient to cause the 
full system to be localized?

Alternatively, does the degree of freedom without disorder 
delocalize the one which sees disorder?

Generally, to what extent is the level of localization in one 
channel related to the disorder in the other channel?



To what extent is the level of localization in one 
channel related to the disorder in the other channel?

Mondaini PRA 2015, Prelovsek PRB 2016, Mierzejewski PRB 2018, Kozarzewski PRL 2018, 
Zakrzewski PRB 2018, Yu 1803.02838, Protopopov 1808.05764

Almost all focus on disorder in just one channel.
Charge and spin-specific info just from dynamics.

Rest of talk: constructing charge/spin specific LIOM 
-> measures of localization -> results

Message:  Disorder in one channel influences localization in the other.



Charge/spin-specific local integrals of motion

local

charge and spin

integrals of motion
O diagonal in Fock basis !
QOQ

† diagonal in energy basis
<latexit sha1_base64="2cifpE7E6p4RKj1MvUAXdD+E42o="></latexit>

O local, e.g.
Q acts locally:  choose Q close to the identity 

ni�
<latexit sha1_base64="gFjvO+gt5n58wW6DdU0ksa8JyqM=">AAAB6HicbVDLSgMxFL3js9ZX1aWbYBFclRkVdFl047KCfUBbSibNtLGZZEjuCGXoP7gRcaPg1/gL/o1pO5u2Hggczjnh3nPDRAqLvv/rra1vbG5tF3aKu3v7B4elo+OG1alhvM601KYVUsulULyOAiVvJYbTOJS8GY7up37zhRsrtHrCccK7MR0oEQlG0Ult1ctEx4pBTCe9Utmv+DOQVRLkpAw5ar3ST6evWRpzhUxSa9uBn2A3owYFk3xS7KSWJ5SN6IBns0Un5NxJfRJp455CMlMXcjS2dhyHLhlTHNplbyr+57VTjG67mVBJilyx+aAolQQ1mbYmfWE4Qzl2hDIj3IaEDamhDN1tiq56sFx0lTQuK8FVxX+8Llfv8iMU4BTO4AICuIEqPEAN6sBAwxt8wpf37L16797HPLrm5X9OYAHe9x9/x40w</latexit>

di = Qd̃iQ
†

<latexit sha1_base64="j6xJQPkrtXcPOQceVbsKyd8AzHY="></latexit>

mi = Qm̃iQ
†

<latexit sha1_base64="ZFy0nbPIb9c31m/h3+51KazZlLc="></latexit>

Q
†
HQ = D

<latexit sha1_base64="8C9mr09lWx01dRF4T23sdoTlJf8=">AAAB73icbVDLSgMxFL1TX7W+Rl26CRbBVZmpgm6Eoi66bME+oK0lk8m0oZnMmGQKZeh3uBFxo+Cf+Av+jWk7m7YeCBzOOeHec72YM6Ud59fKbWxube/kdwt7+weHR/bxSVNFiSS0QSIeybaHFeVM0IZmmtN2LCkOPU5b3uhh5rfGVCoWiSc9iWkvxAPBAkawNlLftuvPadfHgymqojq6Q499u+iUnDnQOnEzUoQMtb790/UjkoRUaMKxUh3XiXUvxVIzwum00E0UjTEZ4QFN5/tO0YWRfBRE0jyh0VxdyuFQqUnomWSI9VCtejPxP6+T6OC2lzIRJ5oKshgUJBzpCM3KI59JSjSfGIKJZGZDRIZYYqLNiQqmurtadJ00yyX3qlSuXxcr99kR8nAG53AJLtxABapQgwYQGMMbfMKX9WK9Wu/WxyKas7I/p7AE6/sPBnWNww==</latexit>



Measures of localization

overlap vs distance

local correlations

single-site overlap

D(t) = D0

X

i

h |(di(t)� d̄)(di(0)� d̄)| i
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Very weak spin disorder:
Localization of spin is almost 
as strong as that of charge

Strong charge disorder and very weak spin disorder

Zero spin disorder:
No localization of spin

0 1 2 3 4 5 6 7

l

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

O
c i(l

),
 O

s i(l
)

spin

charge

0 1 2 3 4 5 6 7

l

W
ch

 = 16 

W
sp

 = 0

W
ch

 = 16 

W
sp

 = 0.1

(a) (b)



Symmetry between charge and spin
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Can derive by particle-hole transformation in spin-down only:  



Comparing overlap and dynamical measures

Message:  These show the same behavior
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Time scales in the dynamics

Message:  
Localization 
appears in the 
spin dynamics at 
time t / 1/Wsp
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Summary                                 arXiv:1903.01049

Studied the Hubbard model with disorder in both charge and spin.

Constructed optimally local integrals of motion specific to charge/spin.

Localization in one sector depends on disorder in the other sector.

Symmetry between charge and spin response.

Time scale at which localization emerges in the less disordered 
channel is proportional to one over the disorder in that channel.


