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The presence of disorder substantially influences the behaviour of physical systems.
It can giverise to slow or glassy dynamics, or to acomplete suppression of transport
asin Anderson insulators’, where normally extended wavefunctions such as light
fields or electronic Bloch waves become exponentially localized. The combined
effect of disorder and interactions is central to the richness of condensed-matter

physics?. Inbosonic systems, it can also lead to additional quantum states such as
the Bose glass®>*—an insulating but compressible state without long-range phase
coherence that emergesin disordered bosonic systems and is distinct from the
well-known superfluid and Mott insulating ground states of interacting bosons.
Here we report the experimental realization of the two-dimensional Bose glass
using ultracold atoms in an eight-fold symmetric quasicrystalline optical lattice’.
By probing the coherence properties of the system, we observe a Bose-glass-to-
superfluid transition and map out the phase diagram in the weakly interacting
regime. We furthermore demonstrate that it is not possible to adiabatically traverse
the Bose glass on typical experimental timescales by examining the capability
torestore coherence and discuss the connection to the expected non-ergodicity
of the Bose glass. Our observations are in good agreement with recent quantum
Monte Carlo predictions® and pave the way for experimentally testing the
connection between the Bose glass, many-body localization and glassy dynamics

more generally”®.

Theinterplay betweendisorder andinteractionis central to therichness
of condensed-matter physics as any real-life material will inevitably
contain a certain degree of impurities and defects, and interparticle
interactions are almost always present. While disorder tends to localize
non-interacting particles, leading to Anderson localization’, interac-
tions can counteract this, resulting in conducting ergodic states. More
generally, the combination of disorder and interactions gives rise to
rich physics governed by reduced or absent relaxation and transport,
such as glassy dynamics or non-ergodic many-body localized systems,
and forms one of the central topics in quantum statistical physics dur-
ing the past decade’.

In bosonic systems, a hallmark of this interplay is the emergence
of an additional ground-state phase called Bose glass. The Bose glass
is an insulating but compressible phase without long-range phase
coherence**. It was originally discussed purely as a ground state at
zero temperature, but has been shown to extend to finite energy® 2
Inthe weakly interacting regime, the Bose glass can be understood by
starting from anon-interacting Andersoninsulator, where in the ground
state allbosons localize at the lowest potential minimum (Fig. 1c). Add-
ing small repulsive interactions to such systems will lead to bosons
spilling over into other low-lying orbitals to minimize the interaction
energy. This regime has also been referred to as an Anderson glass or
Lifshitz glass™™. With increasing interactions or density, and thereby
increasing chemical potential, these originally isolated orbitals will

formlocal superfluid puddles that will eventually merge into a global
superfluid phase.

Asthelowest-lying minima are typically located arbitrarily far away
from eachother, any changes or relaxation processes that require redis-
tribution of particles between these distant minima may, in localized
phases, require arbitrarily long times. In the non-interacting Anderson
limit, orbitals localized at different local minima can indeed possess
arbitrarily close energies while having only exponentially weak cou-
plings®, thus resulting in many almost degenerate levels. This absence
of level repulsion is a hallmark of non-ergodic phases'®". As a conse-
quence of these exponentially small gaps, even rather slow parameter
changes within the Bose glass could be expected to take the system
out of equilibrium.

Infact, althoughlocal changes withinalocalized system caninduce
changes over distances that are large compared with the localiza-
tion length, the characteristic distance could be shown to increase
only logarithmically with time and thus directly leads to exponen-
tially large timescales in large systems'®. Therefore, the thermody-
namic notion of quasistatic or adiabatic changes, where the system
remains in thermal equilibrium at all times and the process is isen-
tropic, may not apply. This is reminiscent of many-body localization
(MBL)? and opens the question to which degree the Bose glass can
be seen as the low-energy limit of a more general potential bosonic
MBL phase.
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Fig.1|Lattice potential and sketch of possible phases.a, The 2D
quasicrystalline optical lattice is generated by superimposing four independent
1D latticesinthe x-yplane, marked by small arrows. A deep zlattice (large arrows)
dividesthe systeminto aseries ofindependent quasi-2D layers. b, Exemplary
potentialin asinglelayer. c, Repulsive interactions can delocalize an originally
localized disordered system. From top to bottom, the sketches show the
transition of the system’s ground state with increasing chemical potential z,
starting from the Andersoninsulator (Al) in the non-interacting limit (u=€,=0),
wherethe disorder strength 4 is above the critical disorder strength for
localization4,, over thelocalized but compressible Bose glass (BG) for weak
repulsive interactions where bosons spill over into other low-lying minima
and formlocal superfluid puddles, into the superfluid (SF) when the chemical
potentialis comparable to or larger than the disorder strength 4.

Disordered interacting bosons have been studied for instance
using helium-4 in porous media'®, Cooper pairs in superconduct-
ing films?® and disordered quantum magnets?®. In the context of
ultracold atoms, the Bose glass has been extensively studied using
various numerical methods?*°. Previous experiments in one dimen-
sion have shown the loss of coherence but were strongly affected
by finite-temperature effects® and experiments in three dimen-
sions using speckle disorder studied momentum and quench
responses®¥,

Inthis work, weinvestigate the low-energy states of aweakly interact-
ing Bose gasinatwo-dimensional (2D) eight-fold rotationally symmetric
quasicrystalline optical lattice’. By analysing the momentum distri-
bution of the system, we observe the Bose-glass-to-superfluid phase
transition, and map out the phase diagram in the weakly interacting
regime. Furthermore, our work experimentally establishes the non-
adiabatic nature of the Bose glass, thereby highlighting its continuous
connection to potential bosonic MBL phases at finite energy density”®.

A 2D quasicrystalline optical lattice

Quasicrystals are long-range ordered yet not periodic®**” and thereby
represent a fascinating middle ground between order and disorder.
In contrast to purely random potentials, where in one and two dimen-
sionsallsingle-particle eigenstates arelocalized for any non-vanishing
disorder*°, quasiperiodic potentials support a phase transition from
extended to exponentially localized states at afinite potential depth*?,
thus providing an ideal platform for studying disorder-induced phe-
nomena.

In our experiment, we load a degenerate Bose gas of about 1.2 x 10°
potassium *K atoms without discernible thermal fraction into a 2D
quasicrystalline optical lattice using a 45-ms-long exponential ramp
(Methods). The optical quasicrystal is formed by superimposing four
independent blue-detuned one-dimensional (1D) lattices in the x-y
plane at 45° angles, as depicted schematically in Fig. 1a. Each of these
latticesis alD standing wave created by aretro-reflected laser beam at
wavelength A,,, = 725.4 nm. In addition, a deep lattice along the direc-
tion perpendicular to the plane (z axis) effectively slices the system
into an array of 2D layers (see the grey disks in Fig. 1a). The resulting
potential is given by

38,39

4
V(p=1x,3},2) =V, ) sin’(k; p+ @) + V,sin*(k,2),
i=1 (1)

e 22(0) 0 5

where V,and V, denote the lattice depths, and k; and k, are the res-
pective wavevectors (k;| = k, = k. = 21/A,,) of the four 1D lattices in
the x-y plane and the z lattice. The phase offsets ¢, are central to
describe phasonic degrees of freedom and topological pumpingin
these potentials, but have no significant roleinlocalizationin large
systems*®,

Throughout this work, the depths of the horizontal lattices are var-
iedintherange of V,=1-4 E,.. and the zlattice is kept at V,=20 E,.,
where £, .= hzklzat/(Zm) is the recoil energy, i is the reduced Planck
constant and m is the atomic mass. The deep z lattice provides a suf-
ficiently strong vertical confinement so that interlayer tunnelling is
negligible. As a consequence, atoms loaded into the lattice will be
tightly confined to individual quasi-2D systems that show an eight-
fold symmetric quasicrystalline structure, as depicted in Fig. 1b.
Ared-detuned dipole trap (Methods) provides an overall harmonic
confinementand givesrise to aninhomogeneous density distribution
(Fig.2c).

Even though the lattice depths used for the 2D quasicrystalline lat-
tice are rather low, the physics of the system is nonetheless captured
by adedicated quasiperiodic Bose-Hubbard (QBH) model*, whichin
second quantization reads

N A A U . .
Hapy= Z eia,Tai - ij a;a;+ Z jni(ni -1). 2)
l l

#]

Here a (d,) is the bosonic creation (annihilation) operator on the
ith lattice site, and 4, = 4, 4, is the corresponding number operator.
The Hamiltonian FIQBH ischaracterized by three site-dependent para-
meters, namely, on-site energies €; (neglecting the harmonic confine-
ment), tunnelling energiesJ; and on-site interactions U, =< a, whose
scale can be independently controlled by tuning the atomic s-wave
scattering length a by means of a Feshbach resonance (Methods).
We set €:=min¢;= 0 and use 4:= maxeg; as an intuitive measure of
‘disorder strength’, even though the modulation in/; and U; also
influences the physics.

In the weakly interacting regime, systems described by the Hamil-
tonian FIQBH host a phase transition from Bose glass to superfluid, as
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Fig.2|Bose-glass-to-superfluid transition.a, TOF images (9 ms TOF,
Sshotsaveraged) for different scatteringlengths a atafixed lattice depth

of V,=2.8 F,... Although the systemislocalized in the non-interacting and
veryweaklyinteracting cases, the appearance of sharp interference peaks for
stronger interactions signals the emergence of long-range phase coherence,
characteristic for the superfluid. b, Width of the central peak, distinguishing
the coherent superfluid (light blue) from theincoherent Bose glass (dark blue).
Thedashedlineisaguide totheeyeindicating the detected phase boundary
inthe centre of the cloud V{?. Itisidentical to the line shownin theinsetand in

loc*

Fig.3d. White points and error bars denote the QMC prediction fromref. 6

illustrated in Fig. 1c. At strong interactions with U>/, they furthermore
host commensurate Mott insulators®*}; however, this regime is not
probed in the current paper (Methods). In this strongly interacting
regime, the term Bose glass was introduced to describe the phase
emerging when the charge order of the Mott insulator vanishes for
strongenoughdisorder 4 = U(refs. 25,29). This regime shows the same
phenomenology as the weakly interacting Bose glass, namely being
acompressible, gapless, insulating phase without long-range coher-
ence, and hence they both belong to the Bose glass phase.

Phase diagram

Our main observable to distinguish superfluid and localized states is
the momentum distribution detected using time-of-flight (TOF) imag-
ing, thatis, by releasing the atomic cloud from all trapping potentials
andimagingits density distribution after 9 ms of free expansion. This
can be understood as a matter-wave diffraction experiment where
waves originating on different lattice sites expand, overlap and then
interfere. Analogous to diffraction experiments in optics and in peri-
odic lattices***, the coherence length, which quantifies the range of
spatial coherence between lattice sites, determines the width of the
matter-wave interference peaks. A high-contrast interference pattern
composed of sharp peaks indicates the presence of long-range phase
coherence, the signature of the superfluid phase. Localized states with
only short-range coherence, however, result in an incoherent broad
momentum distribution.

Figure 2a shows a series of TOF images recorded for different scat-
tering lengths at a fixed lattice depth of V,=2.8 E,... At this lattice
depth, the single-particle ground state is strongly localized*¢, and
the measured momentum distribution at vanishing scattering length
(top-left panel) correspondingly shows the broad momentum profile
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(Methods).Imagesinacorrespond to the parameters marked by red diamonds.
Theinset shows the condensate fraction f. extracted from the same set of
images, highlighting the coexistence of the two phases. ¢, Phase transitionin
aninhomogeneous system. The shaded Gaussian denotes thein-trap atomic
density and the parabolarepresents the external trapping potential. For shallow
lattices, the ground state is purely superfluid (left). At the non-interacting
critical depthV{%, the Bose glass starts to appear at the low-density edge of
the cloud where interaction effects are small (middle). Withincreasing lattice
depth, the phase boundary gradually moves inwards until the entire cloud

entersthe Bose glass phase at V{?, (right).

of alocalized Anderson insulator. With increasing interactions, how-
ever, we observe the emergence of initially faint but sharp interference
peaks, signalling the phase transition from the incoherent Bose glass
to a superfluid in the high-density core of the cloud. The remaining
broad background corresponds to the incoherent Bose glass at lower
densities, where the critical lattice depthis lower and approaches the
non-interacting limit.

To quantitatively study this transition at the high-density centre
of the cloud, we choose an observable that can detect the presence
of even a small superfluid component, namely, the full-width at
half-maximum (FWHM) of the central peak. The FWHM, extracted from
2D Gaussian fits, provides an almost binary signature: if there exists
asuperfluid component, the FWHM corresponds to the width of the
superfluid peak, which is dominated by the in situ cloud size* (Meth-
ods). Only when the superfluid completely vanishes, the FWHM jumps
to the width of the incoherent background (Methods and Extended
DataFig. 3).

The resulting phase diagram for the centre of the trap is shown in
Fig.2band clearly reveals two distinct phases: the coherent superfluid
atshallow lattices (light blue) turnsrelatively abruptly into the incoher-
ent Bose glass (dark blue) at an interaction-dependent critical lattice
depthV(@. At vanishing scattering length, the observed V(%) coin-
cides with the known single-particle localization point at around
V(© =1.78(2) E,. (refs.41,46) up to minor corrections (sla,, where
a,denotes Bohr's radius) stemming from the presence of weak residual
interactions due to small dipole-dipoleinteractions*® and calibration
uncertainties (Methods). With increasing scattering lengths, the crit-
ical lattice depth V% indicated by the dashed line shifts considerably
towards deeper lattices, directly demonstrating that even weak repul-
siveinteractions cansignificantly counteractlocalization. The observed
transition agrees well with the recent quantum Monte Carlo (QMC)
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Fig.3|Non-adiabaticity of the Bose glass. a, Condensate fractionin the 2D
quasicrystal (normalized within each plot) as afunction of lattice depth for
differentloading durations and scattering lengths. Although15-msrampsresult
inconsistently lower condensate fractions, there is no consistent difference
between30 msand longerramps.b, FWHM of the central peak (w,) after alinear
ramp of duration rfromthe 2D quasicrystalintoaregular 3D cubic lattice, where
the ground stateis asuperfluid. The coloured circles correspond to different
depthsofthe quasicrystalline potential V, for afixed scatteringlength of a=10a,,.
ForV,< V{19 (blue circles), the initial state in the quasicrystal is superfluid and
the final states show strong superfluid order for all explored ramp times.
Foradeep BoseglassatV,> V{!? (red circles), in contrast, there is no initial
coherenceandonlyaverylimited degree of phase coherence canberestored,
demonstrating the absence of adiabatic evolutioninto and out of the Bose

glass. ¢, Anequivalent measurement fora Mottinsulatorinaregular 3D cubic

simulations for the ground state reported inref. 6. These low localiza-
tionthresholds also imply large tunnelling energies* and hence a high
resilience to temperature. Therefore, the expected effects” of the finite
experimental temperature (<20 nK; Methods) would be at most on the
order of the QMC error bars.

Asacomplementary observable that highlights theinhomogeneous
nature of the system, the inset of Fig. 2b shows the same phase diagram
analysed in terms of the condensate fraction f = N/, thatis, the
number of atoms in the sharp interference peaks A/, divided by the
total atom number N'= N g, + Nipcon Where N .onrepresents the pop-
ulation of the incoherent background (see Methods for details). The
condensate fraction is high for shallow lattices and begins to slowly
decrease after the lattice depth exceeds the non-interacting critical
depth v}gg (seealsoFig.3e). Thisinitially small downwards trend grad-
ually becomes stronger, and the condensate fraction eventually reaches
zeroat the same critical depthV(® extracted from the FWHM measure-
ment (dashed line).

The gradual decrease in the condensate fraction is consistent with
the expected coexistence of superfluid and Bose glass in the system.
Thisis the result of the inhomogeneous atomic density caused by the
background harmonic dipole trap, asillustrated in Fig. 2c: when atoms
are loaded into the lattice, the low-density edge of the cloud, where
interaction effects vanish, will start to localize at the critical depth for
non-interacting atoms V(%) (ref. 37). As we further increase the lattice
depth, the phase boundary that separates the Bose glass from the
superfluid core will slowly move towards higher densities until allatoms
are ultimately in the Bose glass phase.

lattice (V=16 E..,a=150a,). Although theinitial state also lacks coherence,
itcanberapidly restored by ramping down thelattice depthinz 22 ms.Insetsin
band cshow TOF images and OD denotes the optical density.d, Phase diagram
showing w, for a slow ramp with 7=15 ms highlighting three different regimes:
apuresuperfluid (lightblue), anintermediate regime where superfluid and
Bose glass coexistin the trap, and finally the pure Bose glass (darker blues).

The transitioninto the pure Bose glassis consistent with the phase boundary
extracted inFig.2b (dashed line). e, Comparing condensate fractionf,in

the quasicrystal with w, for a =23a,, demonstrating the consistency of all
observations. The dashed line denotes the critical lattice depth V{*) extracted
from the main diagram of Fig. 2b and the grey areaindicates the intermediate
regime where superfluid and Bose glass coexist. The solidlinesinb,cand eare
guidestotheeye.

Absence of adiabaticity at the Bose glass transition

Intypical quantum phase transitions between ergodic phases, for exam-
ple, from superfluid to Mott insulator*, an important experimental
checkis whether the phase transition was crossed adiabatically, and
thereby reversibly, or whether the observed loss of coherence results
fromirreversible heating, due to, for instance, rapid non-adiabatic
changesthat generate entropy. In the present case, however, the situ-
ationis potentially rather different, asthe Bose glassis expected tobe
non-ergodicsuch that the thermodynamic notion of adiabatic changes
may not apply.

To investigate this, we first study in Fig. 3a the effect of different
lattice loading durations on the resulting condensate fraction. A too-
rapid lattice ramp (15 ms) givesrise to considerable heating alreadyin
the superfluid regime, leading to lower condensate fractions compared
with slower ramps. Once theloading duration exceeds 30 ms, it however
becomesirrelevant and the condensate fractionisindependent of the
loading rate, demonstrating adiabaticity within the superfluid and
consistent critical lattice depths V9.

To study whether the phase transition was crossed adiabatically,
we next try to restore superfluid coherence. Here we first load the
atoms into the 2D quasicrystalline lattice in 45 ms, and then continu-
ously transform the non-periodic lattice into a periodic simple-cubic
three-dimensional (3D) lattice. This transformation is carried out by
linearly ramping the depth of thex, y and zlattices to 8£,.. over various
durations rwhile simultaneously reducing the depth of the remaining
two diagonal lattices (Fig. 1a) to zero. The 3D cubic lattice was chosen
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asin this lattice the ground state is a superfluid with a finite critical
temperature for condensation for all studied parameters®.

Figure 3b shows the FWHM of the central peak, w,, in the final periodic
lattice for different ramp times rat afixed scattering length (a=10a,),
and the outcome highlights the fundamentally distinct behaviours of
the superfluid and Bose glass phases. For V< V{19 (blue circles), the
system remained superfluid during the entire sequence, and the ground
state can adapt rapidly from a quasiperiodic extended wave to a peri-
odicBlochwave, asindicated by the sharp and narrow diffraction peaks
for all ramp durations. For V> V{19 (red circles), however, where the
system has entered the Bose glass regime, the initial state contains only
very short-range coherence and hence resultsin a high w,. Furthermore,
the measured w, remains significantly above that of the superfluid even
for the slowest ramps explored in this measurement. This demonstrates
thatthe systemin this regime canrestore onlya very limited degree of
phase coherence and thereby directly highlights the significant entropy
production arising fromtraversing, thatis, entering, ramping through
and exiting the Bose glass. In combination, the above measurements
demonstrate that despite the loading duration becoming irrelevant
for sufficiently slow ramps, it remainsimpossible to traverse the Bose
glassisentropically, thatis, inathermodynamically adiabatic fashion.

Toshowthat the reduced coherenceis not solely caused by dynami-
cal effects such as Kibble-Zurek-type dynamics* during too-fast final
ramps, Fig.3c shows an equivalent measurement starting from a Mott
insulator in a deep 3D simple-cubic lattice, where phase coherence is
recovered by reducing the lattice potential to the same final depth as
in the previous case. In this case, sharp interference patterns can be
recovered already within 2 ms of ramp-down time, consistent with
previous observations**, This contrast not only experimentally con-
firms that the incoherent localized phase we observe in the optical
quasicrystal is distinct from a Mott insulator but also highlights that
the inability to traverse the Bose glass adiabatically is rather distinct
from the critical slowing down expected at conventional continuous
phase transitions*®¥. It is consistent with glassy dynamics in general
and the expected non-ergodic nature of the Bose glass in particular.

Figure 3d shows the FWHM of the central peak (w,) after aslow final
ramp of =15 ms and demonstrates that the observed breakdown of
adiabaticity indeed coincides with the transition into the Bose glass.
This s further corroborated by the cuts shown in Fig. 3e: as more and
more atoms localize and enter the Bose glass, not only does the con-
densate fraction decrease but also the coherence cannot be restored.

Conclusion

In this work, we experimentally study the 2D Bose glass in an optical
quasicrystal with eight-fold rotational symmetry by probing the coher-
ence properties of the system. We directly observe the phase transition
between the Bose glass and the superfluid, ingood agreement withQMC
simulations®. Inaddition, we study the possibility to traverse the Bose
glass adiabatically and always find significant entropy increases that are
consistent with the expected non-ergodic character of the Bose glass.
This paves the way for testing the connection between the Bose glass,
MBL and glassy dynamics more generally. Quasicrystalline and quasi-
periodiclattices offer aunique route tostudy MBL, as their long-range
ordered nature can exclude conventional ergodic rare regions**° that
areexpected to destabilize MBL by seeding thermalization avalanches
inreal random systems®*2,
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Methods

Experimental sequence

The experimental sequence begins with loading an almost pure
Bose-Einstein condensate of about 1.2 x 10°*K atoms without discern-
ible thermal fraction from a red-detuned crossed optical dipole trap
(A4, =1,064 nm, with trap frequencies (w,, ®,, w,) =21 x (55, 43, 330) Hz)
into a blue-detuned 2D quasiperiodic optical lattice (A,,, = 725.4 nm).
The initial temperature is bounded from above by 7; <20 nK due to a
conservative lower bound on the observed condensate fraction. Even
neglecting that temperatures for weakly interacting bosons typically
decrease when loading into a lattice, the resulting change in critical
chemical potential Au due tothe finite temperatureis small according
toref. 11, thatis, Au/u < 2.5% or, equivalently, Au/(u - €,) <20%, where
€o:=ming;. During the loading, the individual lattice depths are
increased in45 msfrom O to their target values using exponential ramps
with a time constant of 10 ms. The used target depths for the four
horizontal lattices range within V, = 1-4E,.. while a fixed depth of
V,=20E,. for thevertical zlattice ensures the formation of well-defined
quasi-2D systems. After thisramp, the atoms are held in the quasicrys-
tal for 10 ms. Forimaging, we apply ashort ‘booster stage™ before we
switch offall trapping potentials and record the matter-wave interfer-
ence pattern by taking an absorption image after 9 ms TOF.

Thebooster stage consists of linearly increasing the potential depth
of the horizontal lattices in 40 ps to a final depth of Vj,, = 6. This
stageis sufficiently short to not change the coherence properties of the
system while providing a tighter on-site confinement and thereby not
only enhancing the brightness of high-order diffraction peaks butalso
significantly reducing the heavy saturation on the centralmomentum
peak (Extended Data Fig.1a,b).

The interaction strengths U, = a are independently controlled by
tuning the atomic s-wave scattering length (a) using the Feshbach
resonance close to 403 G of the|F =1, m, = 1) state in *’K (refs. 54,55).
Here F denotes the total angular momentum and m,denotes the mag-
netic quantum number of the state. To ensure broadly comparable
density distributions, the scattering length is initially prepared at a
common finite value of a=12a, before the lattice loading starts and is
then changed using a 20 ms linear current ramp to the desired value
within a=0-30q, starting after the first 5 ms of the lattice ramp. Sub-
sequently, the scattering length remains constant until being suddenly
switched to a=0aq, at the beginning of the TOF.

Aperiodic cubic 3D lattice canbe produced by using only two orthog-
onal1Dlattices (x, y) out of the fourin-plane 1D lattices indicated in Fig. 1
as well as the perpendicular z lattice. This was used as the final lattice
in the attempt to restore superfluid coherence. For the final lattice
depthsinFig.3b-e, the groundstateinthe cubiclatticeis asuperfluid
for all studied interactions. Although the cubic lattice is a priori only
one of several possible choices, rampinginto a periodic 3D lattice has
the advantage that it results in an ergodic system where long-range
coherence emerges below a finite critical temperature®.

Furthermore, the same cubic lattice geometry was also used for pre-
paring theinitial Mott insulating state in Fig. 3c, where the restoration
of phase coherence is then carried out by employing a 16-8E,.. linear
ramp on all the three lattice axes simultaneously.

Coherencelength and extraction of condensate fraction

Inthe TOF images, the width of the sharp diffraction peaks of the super-
fluid isdominated by the finite initial cloud size, whichin combination
with the finite TOF acts as an effective resolution limit for the measured
momentum distribution*. Therefore, no significant broadening is
expected aslongas the coherence lengthsin the superfluid part remains
above 3-51,, (ref.47).Intheinhomogeneous system, the FWHM of the
central peak (compare Fig. 2b) corresponds to this resolution-limited
width as long as the k= O peak of the superfluid remains visible atop
the incoherent background of localized atoms. The FWHM jumps to

the background width once the interference peaks have completely
mergedinto the background, thereby giving rise to the sharp signature
shown in Fig. 2b. This jump hence stems from the combination of the
inhomogeneous system with the effective resolution limit imposed
by the finite TOF and would not be presentin ahomogeneous system.

The condensate fractionf, isacomplimentary observable that meas-
ures the fraction of coherent atoms and is evaluated for every shot
accordingto f. = Noon/N , where N, is the population in the sharp
interference peaks, and N'= AN g, + Mincon is the total atom number
with NV, ., being the number of atoms in the incoherent background.

To extract N, = 2« 1, from the TOF images, we first identify the
most pronounced 81 diffraction peaks within the first six diffraction
orders® and then extract their populations n, by fitting independent
2D Gaussian profiles to each peak. To prevent counting spurious pop-
ulations from weakly populated peaks, we exclude fitted populations
n,below 0.12% of the total atom number. Extended Data Fig. 1cillus-
trates the extracted populations.

Theatomnumber inthe incoherent background, A, isacquired
by performing an additional 2D Gaussian fit to the whole cloud (region
ofinterest3.3 x 3.3 (hk;,,)?), where all detected diffraction peaks were
masked during the fitting.

Parameter calibration

The two main experimental parameters are the lattice depth and the
scattering length between atoms. The lattice depth is calibrated to
within 0.1£,.. by analysing the dynamics of Kapitza-Dirac diffraction
for each 1D lattice individually; see the supplementary material of
ref. 5 for details.

The scattering length is calibrated by observing the prominent
atom-loss features corresponding to the zero-crossing of the scatter-
inglength, where the insitu density is highest, and the Feshbach reso-
nance, where the loss coefficient is maximal. We then interpolate the
scattering length between them using the common functional form*-¢,
Asanindependent cross-check, the magneticfield is calibrated using
radio-frequency spectroscopy of the|F=1, my=-1) to|F=1, mz=0)
transitionin¥Rb and converted to ascattering length using literature
values for the parameters of the Feshbach resonance®*¢. The two
approaches agree to <la,.

Comparing with QMC simulations

The QMC calculations reported inref. 6 were performed as afunction
ofthedensity ninahomogeneous systemat fixed interaction strength
g. As the main panel of Fig. 2b focuses on the phase transition in the
centre of the trap, we extract the experimental central density n, from
in situ absorption images using the known aspect ratio of the trap.
To minimize statistical noise, we measure n, at different scattering
lengths (a=0-30aq,) and constant lattice depth (V,=1E,..) and find a
mildinteraction dependence n,(30a,) =1/2 ny(0a,) for the used lattice
ramp (Extended Data Fig. 2). In addition, we relate the 2D interaction
coupling constantgused inref. 6 back to the 3D scattering length a via

g_h:N ~ 2n

m5 & 7807 In(a/ay)’
a,p=2.092 [Lexp(— E%}

Herea,.=A,,/2and [, = ./h/mw is the characteristic confininglength
given by the strong z lattice with a trapping frequency of w, = 21t x
87 kHz.

Excluding Mott insulators

To investigate the possibility of Mott insulators in our experiment,
we numerically compute the Bose-Hubbard parameters of the quasi-
periodic potential using the results from ref. 43. We calculate the



site-dependent ratio between on-site interactions and tunnelling ener-
giesU/ }; |J;1, where the sum runs over all significant tunnelling ele-
ments linking site i to other adjacent sites. Within the explored
parameter regime, this ratio reaches amaximum ofmax(U/ %, 1J; 1) = 1.4
for the case of a=30a, and V,=4.0E,... This is significantly below the
criticalinteractionstrength for formingaMottinsulatorina2D square
lattice (U/z/). = 4.385 (ref. 57), where z = 4 represents the number of
nearest neighbours. Furthermore, the studied parameter range lies
within the weakly interacting regime of ref. 11, and Mott insulators can
hence be excluded in this experiment.
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Extended DataFig.1|Effect ofboosterstage (V,=2F,.,a=10a,) and an
example of the populationextraction. a, Inthe absence of the booster, the
majority of condensed atoms remainin the central diffraction peak, with only
asmallfraction occupying the satellite peaks. The high atomic density of the
central peak causes almost all theimaging light around this central areato be
fully absorbed, leading to significantimaging saturationatk=0.b, thebooster
stage promotes condensed atoms to higher diffraction orders, thus facilitating

!
o
o

thefitting. ¢, Simulated diffraction pattern for the first 6 diffraction orders.
The 81 peaks consideredinthe population count are colouredinblue, with
their radiusindicating the extracted population n,. Gray dots represent the
peaksthat canalsobe observed butarenotincludedin the population count
duetotheir low populations.Imagesin (a,b) are averaged over 30 experimental
shotsinorder to visually emphasise the signal from very weakly populated
high-order diffraction peaks.
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used to extract the effective cloud width for calculating the central density.
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Extended DataFig. 3| Width of central peak.a, FWHM of central peak for the absence of thermal components around the peaksinb demonstrate that
a=11a,, datataken fromFig.2b.b, Normalised cuts through the density themomentum distributionis compatible with T=0up to very close to the
distribution observed after time-of-flight (analogous to cuts through Fig. 2a). phase transition. Red dotsinupper panelindicate the lattice depthsusedinthe
Theredlineinaindicates the measured in-situ cloud size, demonstrating that lower panel.

the observed peak width is dominated by the in-situ size. Both the FWHM and
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