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Imaging is central to gaining microscopic insight into physical systems, and new
microscopy methods have always led to the discovery of new phenomenaand a
deeper understanding of them. Ultracold atoms in optical lattices provide a quantum
simulation platform, featuring a variety of advanced detection tools including direct
optical imaging while pinning the atoms in the lattice'*. However, this approach
suffers from the diffraction limit, high optical density and small depth of focus,
limiting it to two-dimensional (2D) systems. Here we introduce an imaging approach
where matter wave optics magnifies the density distribution before opticalimaging,
allowing 2D sub-lattice-spacing resolution in three-dimensional (3D) systems.

By combining the site-resolved imaging with magnetic resonance techniques for local
addressing of individual lattice sites, we demonstrate full accessibility to 2D local
information and manipulation in 3D systems. We employ the high-resolutionimages
for precision thermodynamics of Bose-Einstein condensates in optical lattices as well
as studies of thermalization dynamics driven by thermal hopping. The sub-lattice
resolution is demonstrated via quench dynamics within the lattice sites. The method

opens the path for spatially resolved studies of new quantum many-body regimes,
including exotic lattice geometries or sub-wavelength lattices® ¢, and paves the way
for single-atom-resolved imaging of atomic species, where efficient laser cooling or
deep optical traps are not available, but which substantially enrich the toolbox of
quantum simulation of many-body systems.

Experimentallydrivenunderstandingofquantummechanicalphenomena
depends crucially on the possibility of observing them at the micro-
scopiclevel. The quantum nature of matter shows itself on smallscales,
which hastriggered tremendous efforts to develop advanced methods
withincreasing resolution toimage the quantumsystemitself. Here, we
introduce the alternative approach based on the idea to first magnify
the quantum systemitselfto more accessible scales, which canthenbe
easily imaged. We demonstrate this approach in a quantum simulator
composed of quantum gases in the form of ultracold atoms in optical
lattices and realize imaging of 3D systems with 2D sub-lattice resolution.

Direct optically resolved imaging of ultracold atoms in optical lat-
tices, known as quantumgas microscopy'?, requires very high numerical
aperturesandis so far restricted to 2D systems due to the fundamental
limitation of the depth of focus and to unit lattice site occupation due to
light-assisted collisions. The depth of focus canbe overcome by using an
electronmicroscope’ or anion microscope®, but at the cost of areduced
detection efficiency and a large technological complexity. Recent
experiments have reached sub-lattice resolution via super-resolution
microscopy using nonlinear atom-light interactions®°, butrelyingon
scanningtechniques. Our quantum gas magnifier does not suffer from
these limitations and extends 2D sub-lattice-site-resolved imaging to
new 3D regimes such as bosons or fermions in 3D optical lattices or
sub-wavelength lattices with drastically enhanced energy scales® .

The techniqueyields full single-shotimages, which gives direct access
todensity correlations and, for example, spontaneous pattern forma-
tion such as density waves. Furthermore, the concept can be applied
and adapted to very different physical systems such as exotic atomic
species or mixtures.

Our quantum gas magnifier uses matter wave optics in the time
domain to magnify the atomic density distribution before the stand-
ard optical absorptionimaging™. To this end, aharmonic potential of
trapping frequency w,. = 21/ Tis applied for atime 7/4, mapping the
spatial distribution to the momentum distribution™, This is initial-
ized in our case by switching off the lattice, which additionally helps
in limiting interaction-driven aberrations due to the fast decrease in
local density (see Supplementary Information). This matter wave lens
is followed by free time-of-flight expansion (ToF) of duration ¢.;. This
combination reproduces the initial spatial distribution with a magnifi-
cation M = W, tror (Fig. 1a). Note that more complex pulsed lenses and
other time-domain optical elements can be used in this scheme as well.
An advantage of combining a 7/4 pulse with time of flight is that the
aberrationsintroduced by the finite ToF can be perfectly compensated
by choosing the evolution timein the harmonic trap slightly above 7/4
(see Supplementary Information).

Figure 1c-e demonstrates the power of this method with the first
single-shot site-resolved images of a 3D quantum gases in 2D optical
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Fig.1|Working principle of the quantum gas magnifier using matter wave
optics. a, Thedensity distribution of ultracold atomsinan optical latticeis
magnified by matter wave optics composed of a pulsed dynamicsinaharmonic
trap and afree expansion. Subsequently, it canbe imaged with optical
absorptionimaging of moderate resolution and without restrictions from
optical density or depth of focus. b, Sketch of the 2D hexagonal optical lattice.
¢, Images ofultracold bosonicatomsina2D triangular lattice for constant
systemsize given by the confinement w,y.,/21=225Hz, butvarying
magnification of M=43(1), 65(1),80(1) (from left) tuned via tighter magnetic
confinements w,,,. during the matter wave optics. d, Image of alarger system
with confinement @y..,/21 = 89 Hzimaged with magnification M=43(1).

e, Images of ahoneycomb lattice and aboron nitride lattice with asublattice
offset of 4.6 kHz with amagnification of M =89(1). The scale bars have alength
of1um. Theatom numberisinbetween 48,000 and 59,000 for the six images.

lattices including images of lattices with two-atomic basis. In the fol-
lowing, after describing the concept more closely, we additionally
demonstrate high-resolution thermometry across the thermal-to-Bose-
Einstein condensate (BEC) phase transition for a3D quantum gasina
triangular optical lattice as well as full local addressability and precision
measurements of thermally activated dynamics in a lattice system.
Finally, we also demonstrate sub-wavelength resolution to study local
dynamics. The flexibility and adaptability of our concept now allow for
very precise locally resolved and locally controlled measurements of
higher-dimensional quantum gas systems.

The experiments presented here use Rb BECs evaporatively cooled
inamagnetic trap. The potential of the magnetic trapisin-plane radially
symmetric with a trapping frequency which is ramped within 100 ms
O Wyyseem = 2T0 X [89-658] Hz. We ramp up triangular or honeycomb
optical lattices formed by the interference of lattice beams of wave-
lengthA=1,064 nmleadingtoalattice constant of a,,, = 2A4/3 =709 nm,
whichsetsthe energy scale E,.. = h*/(2mA?) for the lattice depth, where
his Planck’s constant and m the atomic mass. The harmonic trans-
verse confinement has a trapping frequency w, of typically 21t x 29 Hz,
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resulting in aJosephson junction array of BECs in the tubes of the 2D
lattice. The trap frequency is then ramped to w,,, for the magnifica-
tion protocol after freezing the density distribution in a deep optical
lattice (see Supplementary Information). The magnetic trapis suitable
for the T/4 evolution because of its smoothness, radial symmetry and
strong confinement: for typical parameters of t;, = 20 ms and w s/
(2m) up to~700 Hz we measure large magnifications ofup to M =93(1),
allowing resolution of the lattice spacing with conventional absorp-
tion imaging with magnification 2 on a charge-coupled device (CCD)
camera (Fig.1). The uncertainty in parentheses corresponds to the 68%
statistical confidence interval.

Theresolution of the quantum gas magnifier can be made very high
because the harmonictrap hasalarge spatial extension corresponding
toalarge numerical aperture of the matter wave optics. In practice the
resolution is mainly limited by the convolution with our opticalimaging
resolution (see Supplementary Information). The effect of interactions
during the magnification protocol can be effectively suppressed by
working with incoherent systems or by removing the coherence via
freezingina deep lattice (see Supplementary Information).

As a first benchmark experiment, we study the thermal-to-BEC
phase transition in a lattice of tubes, allowing us to confirm the faith-
fulimaging of lattice site occupations. Furthermore, we show how the
high-resolution access toreal-space profiles viathe magnifier provides
anexcellentapproach to optical lattice thermometry, which requires
much greater numerical effort from the more common momentum
space images” ™.

Tostudy the phase transition, we prepare the system at varying tem-
perature and atom number by adjusting the end point of the evapora-
tionramp and avarying hold time before ramping up the lattice to the
final depth with tunnelling energy/ = h x 12 Hz. For the analysis, we start
with the extraction of the on-site populations (Fig.2a,b). The data can
be described by a bimodal model consisting of a condensed part and
athermal partincluding the repulsion of the thermal atoms from the
condensate in mean-field approximation (see Methods). The model
is fitted to the 2D distribution and the excellent fit quality can be seen
when plotting the data as a function of the radial position (Fig. 2c, d)
confirming the exact measurement of the lattice site occupations.

Thefitallows us toextract the temperature 7from the thermal com-
ponent and the condensate fraction f, from the atom numbers in the
two components with very high precision. Owing to the dependence
ofthe critical temperature T,on the total atom number, the condensate
fraction as a function of temperature does not result in asingle curve
(Fig. 2e). To describe this dependence we set up an analytic
non-interacting model predicting the critical temperature 72 to renor-
malize the experimental temperatures using 70 as a scaling tempera-
ture, resulting in a collapse of the data on a single curve (Fig. 2f). We
observe a shift of the critical temperature towards lower values com-
pared to the non-interacting model. To quantify this shift we approxi-
mate the non-interacting model by a power law in the density of states,
resultinginadescriptionf, =1-( 7/T.)*witha =2.69(1) characterizing
the underlying density of states interpolating between alattice regime
and a continuum regime (see Methods).

Fitting this function to the data satisfying f, > 0.1 results in
7.=0.901(4) T2, where the small statistical error reflects the excellent
collapse on a single curve, thus showing the quality of the thermom-
etry. Additionally, we estimate a systematic error of 1% stemming from
an uncertainty of the atom number calibration of 3%. A shift of this
order of magnitudeis expected from interactions and finite size?®, but
aclosed theoretical model for our regime where both trap and lattice
arerelevant does not exist. With the enhanced interactionsin the opti-
cal lattice, the shift is larger than those experimentally observed for
BECs in 3D harmonic traps for comparable atom numbers*?, Interest-
ingly, we observe a pronounced smoothing of the phase transition
despite therather large atom number, which might be due to the 2D-3D
crossover geometry of an array of tubes. Our precision thermometry
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Fig.2| Thermal-to-BEC phase transitioninopticallattices observedvia
high-resolutiondensity profiles. a, b, Spatial density distributions of BECsin
triangular opticallattices prepared at different temperatures and atom numbers
of171(1) nKand 37,000(400) atoms (a), and 310(1) nKand 106,000(600) atoms
(b). Thedensities areshown asatom numbers per latticesite fromintegration
over the Wigner-Seitzcells. c,d, Atom number per tube as afunction of the radial
position correspondingtoaandb, respectively, with abimodalfit (orangeline)
consisting of the condensed part (yellow line) and the thermal part (purpleline).
e, f,Condensate fraction (circles) obtained from the bimodalfits as afunction of
the temperature (e) and of the temperature in units of the scaling temperature 7%
(f).Mosterror bars are smaller than the symbol size. The light-blue line in fshows
the power law approximation of the non-interacting theory describedin

the maintext. The purplelineisafit to the datawith the same power law.
Thebandwidth ofthe lowest band is kz x 5.4 nKand the gap between the first
andsecondband is k; x 290 nK. The colour encodes the total atom number of the
clouds. Allerror bars correspond to the 68% confidenceinterval.

measurements thus provide abenchmark for future theoretical stud-
ies of phase transitions in such geometries.

Inasecond set of experiments, we employ magnetic resonance (MR)
techniques to realize local addressing of individual lattice sites? and
thereby demonstrate the full functionality of quantum gas microscopes
without the need forlarge optical access thus making it compatible with
other experimental constraints. While site-resolved addressing was
previously also realized optically?** and with an electron beam?*, MR
techniques are optimally suited for 3D systems by avoiding the depth
offocuslimitation of optical addressing beams and have, for example,
been proposed for wavefunction engineering?.

Inthe experimental protocol, we freeze the atomic distributionina
deep lattice and shift the magnetic trap (@, dressing/ 2T = 543 Hz) by up
to 20 um, creating magnetic gradients between 23 and 50 kHz pm™

at the atom’s position. The magnetic gradient spatially splits the
radio frequency (RF) transition between the initial stretched F=2,
m; =2 state and the target F =2, m:=1state and we drive spin flips at
positions controlled via RF sweeps (Fig. 3a). To empty the addressed
lattice sites, we make use of the strongly spin-dependent loss rates
driven by hyperfine-changing collisions®, which are suppressed for
the stretched initial spin state but empty the addressed lattice sites
during the sweep time of 100-400 ms. When choosing F-changing
transitions instead, the removal of one state could be achieved viaan
optical push out. The magnifier approach can also be easily extended
to spin dependent imaging (see Supplementary Information).
By choosing the appropriate RF sweeps addressing equipotential
surfaces of the magnetic trap, we create very well resolved patterns
suchasrings of varying radius or—when placing the atoms at the slope
of the magnetic trap—single lines or half systems (Supplementary
Information) (Fig. 3b).

Subsequently, we probe the thermalization dynamics after removal
of atoms from one half of the system® (Fig. 3¢c). We monitor the ther-
malization viatheimbalance Z= (N — N))/(Ng + N) defined as the rela-
tive difference of the atom numbers N, in the right half and N, in the
left half of the trap. The imbalance Z decays to zero (Fig. 3c, d) and we
determine the thermalization rate from an exponential fit. We verify
that the profiles with noimbalance are indeed in thermal equilibrium
(Fig. 3e) by fitting abimodal model consisting of aninverted parabola
and a Gaussian.

The thermalization rate as a function of the initial temperature
is almost constant up to temperatures of about 350 nK and then
increases steeply with temperature (Fig. 3f). We model this by an
Arrhenius law describing thermal hopping combined with an offset
rate resulting from quantum tunnelling (see Methods). We obtain a
potential barrier height of V; = k; x 2.4(6) pK, where kg is the Boltzmann
constant, in excellent agreement with the peak-to-peak lattice depth
of k; x 2.6 pK deduced from lattice depth calibration and an offset
rate [, =0.23(8) Hzrelated to the tunnelling energy /= h x 0.1 Hz of
the lowest band. These experiments demonstrate that the quantum
gas magnifier allows very precise spatially resolved studies of ther-
malization dynamics in optical lattices in new parameter regimes,
which could be extended to strongly correlated regimes by adding
atransverse lattice.

Finally, we demonstrate the capability to resolve density features
well below the lattice spacing by observing nanoscale dynamics after
aquench of the lattice geometry. We startin adeep honeycomb lattice
with large sublattice offset (see Methods) leading to aninitial popula-
tion of the A sublattice only and control the geometry by varying the
imbalance of the lattice beamintensities/;, /,and /;. By abruptly reducing
I,=1,t00.5/,, we create alattice of dimers withenhanced tunnel coupling
within the dimer as well as a displacement of the lattice sites (Fig. 4a),
thus exciting both a tunnelling oscillation between the A and B sites
and an oscillation within the lattice sites.

The resulting dynamics of the atomic density within the dimer
(averaged over all dimers with at least 50% of the signal in the most
populated dimer) is shownin (Fig. 4b, c¢). We capture the dynamics by
anon-interacting multi-band simulationincluding the finite switching
time of thelaser intensities of about 20 ps. The quantum gas magnifier
on honeycomb optical lattices allows resolving the interplay of
tunnelling dynamics between lattice sites with nanoscale dynamics
within thelattice sites”®and opens areal-space approach to studying
multi-orbital systems especially for extended 3D systems.

Inconclusion, we have introduced a quantum gas magnifier based on
matter wave optics and used it toimage 3D quantum gases in triangular
and honeycomb optical lattices with aresolution below the lattice spac-
ing. Spatially resolved measurements give access to central scientific
problems such as transport phenomena®, spontaneous domain for-
mation®, or chiral edge and interface states in interacting topological
matter®, We estimate that the method can be pushed to asingle-atom
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offset (see Methods) (middle). The arrows mark the evolution times showninb.

sensitive regime using free-space fluorescence imaging after the matter
wave magnification, when the magnified lattice spacingis larger than
the diffusive expansion from photon scattering®* or using metastable
helium and multi-channel plates* (see Supplementary Information).
This will allow for adirect study of correlations in strongly interacting
systems of atomic species, for which laser cooling and very deep optical
lattices asin conventional quantum gas microscopes are not available.
The magnification approach also circumvents pairwise atom loss dur-
ing imaging in quantum gas microscopes, allowing measurements of
many-body systems with larger occupation number.

Furthermore, the quantum gas magnifier can be employedto access
coherence properties with high spatial resolution, for example by
applying masks in Fourier space® or by magnification of interference
phenomena like Talbot revivals® (see Supplementary Information).
We also expect that the sub-lattice spacing resolution would allow
band-resolved studies of multi-band systems.
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Methods

Opticallattice setup

Our optical lattice setup consists of three running waves of wave vec-
tor k; with |k;| = 2rt/Aintersecting under an angle of 120°. Depending
on the polarization of the beams we obtain either a triangular lattice
(linear polarization perpendicular to the lattice plane), ahoneycomb
lattice (linear polarizationin plane)® or aboron nitride lattice (suitable
elliptical polarization of the lattice beams® as in this work or using
spin-dependent light shifts®).

The resulting potential can be written as

Vaan(r) =2 - Viavi
x[cos*(B)cos((k; = k)r +a;~a;) - 2sin*(B)cos((k; ~ k)]

where the V{); are proportional to the intensities of the lattice beams.
Ois the angle of the polarization (long half axis) with respect to the
lattice plane, a;is the relative phase between the s and p components
of the polarization for beam i. We neglected the phases of the beams
with respect to each other because they only result in a global shift of
the lattice. Ifwe just name asingle lattice depth, thenall V() are equal.
Theboronnitride lattice in Fig. 3 uses 8 =9°and a = (0,120°,240°) yield-
ing an energy offset between the A and B sublattice quantified by the
tight-binding parameter 4,; (ref. *®). Note that the triangular lattice
has a much larger barrier between nearest neighbours than the hon-

eycomb or boron nitride lattice for the same laser intensities*’.

Read-out of lattice site populations
For several experiments only the total population of the lattice sites is of
interest. Weextract these by first fitting atriangular lattice tothe dataand
subsequently summing up the signalinthe Wigner-Seitz cellsaroundthe
individual sites as explained in the following. The lattice constant a,,. in
pixelsis determined by integrating the density of individualimages along
areal space lattice vector yielding a one-dimensional profile with lattice
constanta,p, whichis obtained fromafit with the heuristic function Aexp(-
(x—x0)%/(20%))(cos(tix/ay, + ¢)* + A).Finally, the lattice constantis deduced
from the average fit parameter from two different such directions as
a,. = 2a,p/-/3.Next, the spatial phase of the lattice is determined by mul-
tiplying the image with a mask that removes the signal from pixels ata
certainradiusaroundthesites of atriangular lattice with the lattice constant
determined beforehand. The phase of this mask is varied and the configu-
ration minimizing the remaining density is considered the lattice phase.
Thefinalstepisto determine the population of eachlattice site by summing
over the Wigner-Seitz cell around the lattice site. To minimize discretiza-
tionerrors the pixels of the cameraare subdivided such that the radius of
thecellisabout ten subpixels. For anexampleimage with non-discretized
Wigner-Seitz masks see Extended DataFig. 1.

For the lattices with two-atomic basis we slightly adjust the algorithm
for lattice phase determination by maximizing the density whichis not
masked thus locating the centres of the honeycombs.

Lattice phase drifts
For our hexagonal lattice setup composed of three laser beams in two
dimensions, phase shifts of the lattice beams only lead to atranslation
of the whole lattice potential, but not to a change of the lattice geom-
etry*. We verify that such phase drifts are not a problem on the time
scale of the experiments presented here by measuring the position drift
of the atomic cloud’s centre of mass in a very deep optical lattice. We
find that the cloud position moves and scatters by less than one lattice
site peak-to-peak within 6 s hold time. We checked in a previous set of
measurements where we deliberately move the lattice, that the lattice
isdeep enoughtobeabletodragthe atoms along. Shot-to-shot lattice
drifts exceed one lattice site (cycle time of 30 s).

Our characterization of the slow phase drifts is compatible with
recent direct measurements of triangular lattices using quantum gas

microscopes**. The drifts can be further reduced to one lattice site
per minuteinasetup withasingle, refolded lattice beam*®. In our case,
the three beams go through separate optical fibres, a setup in which
phase locks have beenimplemented to stabilize the phase®. From our
characterization, we conclude that a phase lock is not necessary for
the measurements presented here. The random lattice phase between
individual images can be easily taken into account by identifying the
phase. For data evaluation in the main text, we determine the lattice
position for every experimental image via a fit routine as described
above. Note that the envelope of the atomic density is given by the
position of the magnetic trap and is therefore not affected by lattice
phase drifts.

Bimodal fits of density profiles
Thelattice-gas profiles can be described by abimodal model. Since we
are considering the on-site populations only, the presence of the lattice
canbe included by a renormalization of the interaction constant**
Lo = g X Ays/(210%) and otherwise using a continuum formalism. Here,
Ays is the area of the Wigner-Seitz cell, o the on-site radial oscillator
lengthand g = 4th’a,/m the interaction constant, computed from the
scattering length a,. = 100 Bohr radii and the mass m = 87 u. The on-site
radial oscillator length is computed as o= ./A/(mMwg) from the
lattice depth using Awgpgice = 3+/2Viae/Erec Ere- The datainFig. 2is taken
with alattice depth of V,, = 1E,..

The condensed atoms are described by a3D Thomas-Fermi profile
integrated along line of sight,

0
R; R?

Ngec(x,y) = I dza R2R
oz

15 Mgec [1_ p(x,y)? _ 22]

Thefit parameters here are the centre of the cloud x,, y, resulting in
P, Y)* = (x=Xo)*+ (¥ - ¥,)> the in-plane Thomas-Fermiradius R, from
which the out-of-plane radius R, is deduced via a computed aspect
ratio, and the number of atoms in the BEC Ny In fact, only for the
lowest evaporation frequency, where the BEC is very distinct from
the thermal part, Nyc and R, are fitted independently. For all other
fits we compute the Thomas-Fermi radius from the number of con-
densed atoms using the expected scaling R, = yNge with y determined
as its mean value from the fits at lowest evaporation frequency. We
obtainy = 0.354 pm, which agrees excellently with the expected value
Veheo = 0.352 pm obtained from*

— 1/5
ho B
¥ineo=18" [—5— (ﬁ%J , 2)
\ m(‘)system g

supporting the validity of the approximations made. Here wyem =
21 x305Hz, @ = (Wyygiem @), 0, =21 x 29 Hzand @ = ./h/(m®@).

The thermal density distribution is described in a semi-ideal
approach, that is, as an ideal gas in a potential V(x) = Vy;;,(x) + Vgec(x)
givenby the external trap V,,,(x) and the repulsion from the condensed
atoms Vi (X) =2 goetpec(X). In semi-classical approximation the ideal
Bose gas density distribution is given by*

ne(x) =g, (exp(= BV (x) - I)/A; 3)

with g (x) = Yi0X'/i" and Ay = h,/211/(mkyT) . Additionally, we allow
for a small offset that we subtract when determining atom numbers.
The fitis performed on the 2D density distribution and both the data
and the fit function are subsequently plotted as a function of radial
position. Extended Data Fig. 2 shows the data from Fig. 2c, d of the
manuscript along witha plot of the logarithm of the density versus the
square of the radius, which yields a straight line in the thermal wings.
This plot shows the excellent agreementbetween data and fitand also
makes the change of the slope at the onset of the BEC fraction more
visible.



Interaction shift and finite size shift

Interactions are known to shift the critical temperature for the BEC
transition with a sign depending on the trapping geometry. For a3D
harmonic trap in mean field approximation the shift is negative and
given by?*®

AT/T,=~ 1.33%%N1/6 @)

predicting ashift of about -0.24 for the typical atom number of the con-
densed samples of N =5 x10*, which is larger than the measured shift
0of-0.099(4). However, for interactions of this strength the mean-field
approximation overestimates the shift*>. Note that we are not aware of
aprediction for our 2D-3D crossover geometry of an array of tubes.
Our measurements thus set abenchmark for future theoretical studies
onthe interesting setting of Josephson junction arrays.

We also recall the prediction for the finite size shift of the critical
temperature fora3D harmonic trap. For an anisotropic harmonic trap
withtrapfrequencies w,, w,, w,and theirgeometricmeanw = (a)xwywz)l/3
and arithmetic mean o, = (o, + @, + ®,)/3, the shift is given by***.

AT /T,~- 0.73%N’1/3. )

With our trapping frequencies of 21t x (305, 305, 29) Hz, the anisot-
ropy factoris w,/@ =1.53and the expected shift is—0.03 for our atom
number of N=5x 10* that is, much smaller than observed. Note that
bothinteractions and finite size effects can contribute to the shift.

The observed smoothing over a range of almost 0.2 in rescaled
temperatureis only expected for much smaller atom numbersinthe
case of a 3D harmonic trap*®. We therefore conclude that finite size
effects are strongly enhanced in our 2D-3D crossover geometry of
an array of tubes. We have verified that the small condensate frac-
tions involved in the smoothened transition do not arise from fit
artefacts of the bimodal profile to the density profiles. The good
agreement with the curve for the visibility shown in Extended Data
Fig. 4 is further evidence that the signal is physical and demands for
further theoretical studies.

Theoretical description of the density of states
We compare our data of the thermal-to-BEC phase transition to
non-interacting calculations based on the density of states. To this
end we compute the Hamiltonian matrix for our trap in position basis
and diagonalize it. In the numerical spectrum we clearly recognize a
crossover between two power laws as a slope change in the log-log
plot of Extended Data Fig.3a. The asymptotes of this crossover can be
understood using analytical considerations.

The high energy limit coincides with the well-known spectrum of a
3D harmonic trap resulting in

1(EY
N(E)=g(ﬁj

(6)
statesup toenergy E. Thisis due to the fact that the gaps between higher
bands are negligible compared to the band widths. So we have to count
separately the first band states and harmonic oscillator-like states.

For energies £ < 4,, where 4, is the first bandgap, only states of the
first kind are relevant. Here, the tunnel coupling /= h x -12 Hz is negli-
gible compared to the offset introduced by the external trap, which
isA=1/2mw,’a,’=hx200 Hz for asite in the centre compared toa
nearest neighbour. Hence the spectrum is given by

Ej=1/2mwlqri+ (k+1/2)ho, (7)

with r; being the distance of the lattice site indexed ij from the trap
centreand kis the index for the zdirection. Alengthy calculation leads
to N(E) = (E/E,)* with Ey= .| RAsm@> /Tt = h x 57 Hz.

We can therefore find an approximation of the numerical result by

the Ansatz
2 3
E 1(E-h4g
N(E)_(Fo] + max[é[ o ]0]

where 4, is obtained from a simulation without external trap. The
crossover between the two power laws appears hereatthebandgap 4,,
because the higher bandgaps are small and the lattice canbe neglected
at higher energies. This analytical model fits very well to the exact
diagonalization up to the numerically accessible energies (Extended
DataFig.3a) while asymptotically reaching the known analytic limit of
equation (6) for high energies.

Now we turn to the detailed derivation of the theory curve for a
non-interacting system (light-blue line in Fig. 2f). From N(£) we obtain
the density of states g(E) = dN/dE, which in turn allows to numerically
compute the critical temperature T(V) from

(8)

N= [ dEg(E)/lexp(E/(ksT2) - 11, ©)
thatis, T2(N) is the temperature yielding exactly N excited atoms for
chemical potential u = 0. The fraction of condensed atoms for a given
temperature T< T2 can be computed by first evaluating the number
of excited atoms as

Nexe= || dE(E)Texp(E/(kyT)) - 1] (10)
and theninferringf, = (N - N,.)/N. Following these steps we can com-
pute T? and f, for every experimental data point from its measured
particlenumber and temperature. The resulting theoretical values are
plotted in Extended Data Fig. 3b. We find that these values can be
approximatedby f =1- (T/T%%as obtained by assuming the density
of states g(£) = C,E @~lto be a power law*. Fitting the theoretical results
for 5 (T/T‘C)) with a as the fit parameter yields a = 2.69(1). The corre-
sponding fit shown in Extended Data Fig. 3b is the same line as the
light-bluelinein Fig. 2f (Extended Data Fig. 3b).

Comparison to ToF data

For comparison, we also take momentum space images from ToF expan-
sion at the same parameters and evaluate their visibility*, which is a
measure of coherence in the system. We use circular masks around
the Bragg peaks (Extended Data Fig. 4a). The radius is determined by
fitting the ToF data by a central bimodal distribution

n(k; o, kg, ng,, N p, ko)

5 (1)
=ny cexp( - (k —k)*/(209) + ng pmax(1- (k - ko) */k, 0)

and aset of six inverse parabola n(k; kg, ngp, ko) = ngpmax(1 - (k — k)2/
ki2, 0) spaced by a reciprocal lattice vector from the centre, resulting
in the complete fit function reading

n(K; 0, kg ¢, kg Brager 0,6 o,p,c» Mo,p, Brager K or Kreci)
6

=n(k;o, kR,c' no,6 No,p,cr ko) + Z n(k ;kR,Braggr No,p,Bragg ko
1

(12)

+Kiei( COSJTI/3, SINjTY/3))

where the variables separated by a semicolon are the fit parameters,
the parameter kg g, is used for the radius and the parameters ;) and
ki..; for the position of the circular masks. We plot the visibility as a
function of T/T?as obtained from the corresponding real space data
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(Extended Data Fig. 4b). We plot the theory curve for the condensate
fraction asaguide tothe eye. This comparison shows that the real-space
and momentum-space images give a compatible description of the
system.

The visibility and the condensate fraction vanish for the same
temperatures (see Fig. 2f and Extended Data Fig. 4). Thisis in con-
trastto 3D optical lattices around unit filling, where a finite visibility
also for the case of vanishing condensate fraction is observed'®"*. In
these experiments the critical temperatures are much smaller, of the
order of afew tunnelling energies, and thus low-energy states that are
not the ground state but still have short range phase-coherence are
substantially populated yielding a finite visibility above the critical
temperature. For our experimental temperatures of a few hundred
tunnelling energies no other state than the ground state gets sub-
stantially populated.

Details on magnetic resonance addressing

Inorder to engineer the density distributions showninFig. 3, we used
atrap frequency of w,gqressing/ 2T = 543 Hz for the first five images, of
0,qdressing/ 2T = 658 Hz for the lastimage and different trap shifts and
RF sequences. By shifting the magnetic trap perpendicularly to a
real-space lattice vector by around 14 um, corresponding to approxi-
mately twice the system diameter, the curvature of the equipotential
lines becomes negligible and the density patterns created by
addressing exhibit straight edges. In Fig. 3 the trap centre resonance
frequency is w./21 = 108 kHz for all images, except the last one of
panelbwhereitis w./2m =67 kHz. The trap is shifted by 14.1 umfor the
firstand third image, by 15.7 pm for the second image and not shifted
for the fourth to sixth image, but always shifted back to the position
ofthe atoms before imaging. For the third image a constant RF pulse
of 360 kHz is turned on for 200 ms. For the first image, an RF ramp
from 360 to 290 kHz is used, leading to the depletion of all lattice
sites from the centre of the cloud towards the centre of the shifted
magnetic trap. Here, for the same RF ramp time (200 ms) we ramp
over awider range and therefore have to compensate the reduced
time by which the resonance condition is met at each position by
increasing the RF amplitude. In all protocols, Fourier broadening is
negligible. Lattice phase fluctuations from shot to shot lead to one
or two partially depleted rows in most images. The second image in
Fig. 3 is created by applying two RF ramps. In this case the trap was
shifted further to the side resulting in a higher energy difference
to the target F =2, m; =1state and thus we used ramps from 420 to
486 kHz and from 494 to 540 kHz with 200 ms each to target all sites
except for the centreline. For the fourth to sixthimage 100 ms were
used as the RF duration. In the fourth image the outer wings of the
distribution are cut viaa RF ramp from 150 to 110 kHz. In the following
images only a single frequency very close to the respective w,,
108.5and 67.2 kHz, is used to address a ring or a single lattice site.
The third and fifthimage also visualize the second difference between
addressing with and without shifting the magnetic trap: the slope
grows linearly from the centre, which leads to sharper resonances
for shifted systems.

Modelling of thermal hopping

The Arrhenius law is often used to describe chemical reac-
tion rates, but also to model thermal hopping of continuously
laser-cooled atoms in very deep optical lattices*s. Here we
use it to model the thermal hopping of ultracold atoms in our
two-dimensional lattice. In contrast to quantum mechanical
tunnelling through the barrier between two lattice sites, thermal
hoppingrefers to motion thatis activated thermally when the thermal
energy allows to overcome the barrier. To good approximation, the
activation energy for a hopping event can be identified with the
potential barrier in the lattice, which is V3 =9V,, in our triangular
lattice convention.

The Arrhenius law describes the hopping rate I, as the product of
an attempt rate I, and the probability P(E > V;;) to sample an energy F
abovethebarrier Vyinthe thermal distribution. The hopping rate can
then be written as

R [PE> W) =1, exp(=E/kTIAD/KT). (13)

Toinclude quantum tunnelling, we add an offset rate, resulting in

Th=lexp(= Vy/kgT) + 1. (14)

InFig.3, we model the temperature-dependent thermalizationrate
by the modified Arrhenius law of equation (14) and extract an activa-
tionbarrier of Vi = k3 x 2.4(6) pK and an attemptrate of I, = 52(44) Hz as
wellasanoffset rate of I, = 0.23(8) Hz, which we attribute to quantum
tunnellingin higher bands. The barrier height for the calibrated lattice
depth of Vi, = 3E, is Vy/k; = 2.6 K. We note that in contrast to quantum
tunnelling, for thermal hopping the atoms canmove over long distances
in single hopping events. This enables the large-scale mass transport
in Fig. 3 within few hopping events.

Modelling of nanoscale dynamics

We describe here the numerical simulations shownin Fig.4c. The simu-
lations start with the ground state of the periodic potential with initial
opticallattice beam intensities /,, /;=1I,. Attime ¢t =0, /,and /;are set to
0.5/;; the intensities change on the intensity lock time scale of about
20 ps. For every time step (5 ps) we diagonalize the Hamiltonian in
plane-wave basis of the instantaneous periodic potential and let the
stateevolve according to theinstantaneous eigenstates and eigenval-
ues. Because the dimers are decoupled from each other, thebands are
completely flat and all quasi-momenta are equivalent and we perform
the calculations at the I point in the Brillouin zone. After the quench,
99.5% of the probability distribution of the time-evolved state is found
tolieinthelowest six bands, demonstrating that the dynamics features
interference between the two sbands and four p bands, the latter being
the smallest in-plane excitations within a lattice site.

The extracted atomic distributionin a cut of 65 nm width is plotted
inFig.4c (left). InFig. 4c (middle) the distributionis convoluted with a
Gauss filter of 76 nm width, and summed with an offset, for comparison
with the experimental datain Fig. 4c (right). The lattice depth used in
the theory (32E,..; note that the tunnel barriers are much smallerin a
honeycomb lattice compared to a triangular lattice of the same total
depth) is calibrated from the comparison with the experiment. The
external trap is not included in the analysis, because experimentally
we don’t see any dependence of the dynamics on the position of the
dimer withrespect to the trap centre.

Data availability

All data files are available from the corresponding author on
request. Source data are provided with this paper.
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Extended DataFig.1|On-site population computation. a, Raw density
distribution of atypicalimage. b, On-site populations determined from the
imageinausing the Wigner-Seitzmasks plotted as solid linesina.
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Extended DataFig.2|Density as afunction of radial position.a, b, Density
of partially condensed BECsin alattice as function of radial position as shown
inFig.2c,d. Theexamples are prepared by end points of the radio frequency
evaporationof 85kHz (a) and 105 kHz (b) and ahold time at the final
evaporation frequency ofI ms.c,d, Samedataasinaandb plotted with natural
logarithmicyaxis and quadraticxaxis resulting in the Gaussian wings
appearingasastraightline.
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Extended DataFig. 3 | Numerical evaluation of the density of states. a,
Number of states N(E) up to energy Efor atriangular lattice of tubes with tight
external confinement: the analytical approximation of equation (8) (black
curve) reproduces the numerical diagonalization of the system (red points).
Thecrossoverbetweena=2and a =3intherelevantenergyrange canbeseen
intheslope changeinthelog-log plot.b, Theoretical values of f, for the
experimentally accessed parameters computed using the analytical
approximation (symbols). The orange curveisafitofthe form f, =1- (T/TY)
asexplained in the main text.
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Extended DataFig. 4 | Visibility across the BEC phase transition. a, Density
after time of flight for the parameters of Fig. 2ain the main text showing the
momentumspace density with Bragg peaks reflecting the coherenceinthe
system. The visibility iscomputed as the difference of the density in the blue
circlesandred circles compared to their sum. b, Visibility of the time-of-flight
images of the lattice gas as a function of the reduced temperature T /T where
T0is the scaling temperature computed from the corresponding real space
imagesinFig.2. Thelineis thefit to the experimental condensate fractionsf,
fromthe main text for reference.
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