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In situ observation of incompressible Mott-insulating
domains in ultracold atomic gases
Nathan Gemelke1, Xibo Zhang1, Chen-Lung Hung1 & Cheng Chin1

The observation of the superfluid toMott insulator phase transition
of ultracold atoms in optical lattices1 was an enabling discovery in
experimental many-body physics, providing the first tangible
example of a quantumphase transition (one that occurs even at zero
temperature) in an ultracold atomic gas. For a trapped gas, the
spatially varying local chemical potential gives rise to multiple
quantum phases within a single sample, complicating the inter-
pretation of bulk measurements1–5. Here we report spatially
resolved, in-situ imaging of a two-dimensional ultracold atomic
gas as it crosses the superfluid to Mott insulator transition, provid-
ing direct access to individual characteristics of the insulating,
superfluid and normal phases.We present results for the local com-
pressibility in all phases, observing a strong suppression in the
insulator domain and suppressed density fluctuations for the
Mott insulator, in accordance with the fluctuation–dissipation the-
orem. Furthermore, we obtain a direct measure of the finite tem-
perature of the system. Taken together, these methods enable a
complete characterization of multiple phases in a strongly corre-
lated Bose gas, and of the interplay between quantum and thermal
fluctuations in the quantum critical regime.

Since its theoretical inception6–8, two of the most celebrated
properties of the bosonic Mott insulator have been its incompress-
ibility and suppression of local density fluctuations9, induced by the
enhanced importance of inter-particle repulsion for particles subject
to a strong lattice potential. The result for a trapped atom gas is the
remarkable ‘wedding-cake’ density profile, in which successive Mott-
insulator domains appear as plateaus of constant density. Related
phenomena have been studied through the coherence1,2, transport1,3,
noise correlations4, and number variance5,10, but direct observation of
the incompressibility has proved difficult owing to the inhomogen-
eous nature of all experiments to date, and to the technical difficulty of
making spatially resolved measurements. Innovative experimental
efforts incorporating tomographic imaging and other advanced tech-
niques have yielded evidence11,12 that shell structure exists in theMott
insulator regime, though no-one has directly observed the incom-
pressibility of the insulating density plateaus by imaging a complete
and single physical system in situ.

We report studies based ondirect in-situ imagingof an atomicMott
insulator. By loading a degenerate Bose gas of caesium-133 atoms into
a thin layer of a two-dimensional (2D) optical lattice potential, and
adiabatically increasing the optical lattice depth, we observe the emer-
gence of an extremely flat density near the centre of the cloud, which
corresponds to a Mott-insulator phase with accurately one atom per
site. From density profiles, we extract important thermodynamic and
statistical information, confirming the incompressibility and reduc-
tion of density fluctuations in the Mott insulator as described by the
fluctuation–dissipation theorem.

The single-layer 2Doptical lattice is formedby twopairs of counter-
propagating laser beams derived from a Yb fibre laser at wavelength

l5 1,064 nm. The pairs are oriented orthogonally on the horizontal
(x–y) plane, forming a square lattice with site spacing d5 l/25

0.532mm. A weak harmonic potential of Vh~m(v2
xx

2zv2
yy

2)=2

localizes the sample, wherem is the caesiummass, and the geometric

mean of the principal trap frequencies vx,y is vr~
ffiffiffiffiffiffiffiffiffiffiffi
vxvy

p
~

2p|9:5 Hz, where subscript r refers to radial direction (a weak
dependence on lattice depth is described in the Methods). Vertical
confinement is provided by an additional vertical optical lattice with
a site spacing of 4mm, formed by two beams intersecting at an angle
of 15u, confining atoms in a Gaussian wavepacket of width
(oscillator length) az5 0.30mm. The sample is loaded into a single
site of the vertical lattice, kept deep to prevent vertical tunnelling.
Tunnelling in the horizontal 2D lattice is controlled by varying the
lattice depth V (ref. 1). Details on preparation of the atomic sample
can be found in the Supplementary Information and ref. 13.

We obtain a top view of the sample using absorption imaging,
directly revealing the atomic surface density n(x, y) on the horizontal
plane. The imaging resolution is 3–4mm, andmagnification such that
one imaging pixel corresponds to an area of (2mm)2 on the object
plane.Unit filling in a 2Doptical lattice has a convenientlymeasurable
optical absorption on resonance.

The superfluid to Mott insulator transition of ultracold atoms in an
optical lattice is describedby theBose–Hubbardmodel, characterizedby
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Figure 1 | False-colour absorption images and line cuts along major axis of
density profiles forN5 7,500ultracold caesiumatomsat scattering length
a5 310aB in 2D optical lattices. a, Superfluid regime (shallow lattice
V5 2.4ER); b, phase transition regime (medium lattice depth V5 9.4ER);
and c, Mott-insulator regime (deep lattice V5 22ER). Images are averaged
over three experiment repetitions. The colour scale shows linear variation
with density from zero to the peak value of 5.4 mm–2. Line cuts are taken
along the major axis, and compared to radial average of density (solid line)
over the entire image as described in text. The blue horizontal dotted line
indicates the density of one atom per site.
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on-site interactionU and the tunnelling strength J (ref. 8). In 2D optical
lattices, superfluid is converted into a Mott insulator when U/J exceeds
16 near the density of one atom per site2,14. Here, the superfluid–Mott
insulator phase transition can be induced by either increasing the lattice
potential depth V (typically measured in units of recoil energy
ER5h3 1.3 kHz, where h is Planck’s constant)1,2,12 or the atomic inter-
action strength (characterized by scattering length a, typicallymeasured
in Bohr radii aB) via a magnetically tuned Feshbach resonance15,
together providing complete, independent control of U and J.

Atomic density profiles in the lattice are shown in Fig. 1. For weak
lattice depths (superfluid regime), the density profiles are bell-
shaped, with negative curvature at the centre (Fig. 1a), indicating a
finite, positive compressibility dictated by the interaction coupling
constant (discussed below). In sufficiently deep lattices, we observe a
flattened density at the centre of the sample (Fig. 1b, c), indicating
development of a Mott-insulating phase with one particle per lattice
site. This density plateau, an important feature of the Mott-insulator
phase, arises from incompressibility.

A primary check on theMott insulator is to compare themeasured
density in the plateau to that corresponding to one atom per site,
given by Mott-insulator physics as a ‘standard candle’ of atomic
density. Using the known scattering cross-section, correcting for
saturation effects (see Methods), we determine the plateau density
(and standard error, in parentheses) to be n5 3.5(3) mm22, in agree-
ment with the expected value 1/d25 3.53 mm22.

To distinguish a Mott insulator from superfluid or normal gas, we
histogram the occurrence of pixels h(n) in the images corresponding to
a density n within a small bin size Dn. The Mott-insulator plateau,
containing a large number of pixelswith similar atomic density, appears
as a peak at n5 1/d2 (Fig. 2a). In general, the occurrence of a particular
density n can be regarded as the rate at which local chemical potential
changes with density, multiplied by the number of pixels w(m)Dm
corresponding to a chemical potential between m and m1Dm. The
occurrence at density n is then h nð Þ~Dnv mð ÞDm=Dn<Dnv mð Þk{1,
where k~Ln=Lm is the local compressibility16. In a harmonic trap,
v mð Þ~2p

�
md2v2

r is constant, and the histogram is a particularly
useful tool for distinguishing different phases. For a pure Bose–
Einstein condensate (BEC) in the Thomas–Fermi limit, the compres-
sibility is constant up to the peak density npeak, and results in a constant
h(n) for n#npeak (see Fig. 2b for 0.5/d2,n, 1.5/d2). For the Mott
insulator, the density is insensitive to chemical potential in a narrow
range near n5 1/d2, indicating a vanishing compressibility, and thus a
sharp histogram peak at n5 1/d2. The peak’s presence in Fig. 2a is thus
directly related to the incompressibility in the Mott phase. Finally, the
compressibility of a normal (ideal) gas is proportional to its density, so
h nð Þ!1=n, leading to the strong upturn at lowdensities in Fig. 2a, b for
both regimes.

Muchmore information can be obtained from the density profiles,
as recently suggested in ref. 17. For example, the compressibility in a
2D cylindrically symmetric trap can be written k~Ln

�
Lm~

{n’ rð Þ
�

rmv2
r

� �
, where we have assumed the local density approxi-

mation, and that the chemical potential depends on the trapping
potential m~m0{Vh rð Þ. For a BEC in the Thomas–Fermi regime,
the compressibility is positive and constant, kBEC5 1/g, where
g~

ffiffiffiffiffi
8p

p
aB2

�
maz is the 2D interaction parameter18. We can thereby

relate the measured compressibility to that of a BEC as:

k

kBEC
~{

2

p

� �7=2
n’ rð Þ
rd{4

a

az

ER

Bvr

� �2

ð1Þ

We evaluate k from azimuthally averaged density profiles (Fig. 3a).
The eccentricity of the trap is corrected by rescaling the principal axes
as determined from the density profile, and verified to be consistent
with direct measurement of trap frequencies. Owing to the singular
nature ofn’ rð Þ=r near the centre,we evaluatek there by fittingn(r) to a
quadratic, n rð Þ~n 0ð Þ{ar2. The curvature a then gives the compres-
sibility ask 0ð Þ~2a

�
mv2

r , for which we obtain k/kBEC5 0.34(10) in a
weak lattice and k/kBEC5 0.013(6) in a strong lattice (see Fig. 3). In
the weak lattice (superfluid regime), the finite and constant compres-
sibility at the centre agrees with expectation for the superfluid phase,
though lower than expected, which we attribute to finite temperature
and calibration of trap parameters. The finite temperature is also clear
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Figure 2 | Histograms of density profiles in the Mott-insulator regime and
the superfluid regime. a, Mott-insulator regime: V5 38ER, a5 460aB.
b, Superfluid regime: V5 0.5ER, a5 460aB. The histograms are based on an
average of three density images. The bin size is Dn5 0.03. Occurrence is the
number of samples (pixels) measured as a density between n and n1Dn.
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Figure 3 | Extraction of compressibility from density profiles. a, Radially
averaged profiles (three images) in the superfluid (black squares, V5 0.3ER,
N5 7,200) and Mott insulator (red circles, V5 22ER, N5 6,700), with
a5 310aB. A quadratic fit to the sample’s centre extracts the curvature near
r5 0. b, Normalized compressibilities derived from a using equation (1) in
the superfluid (black squares) and Mott-insulator (red circles) regimes. The
horizontal lines indicate compressibility near r5 0, estimated from the
quadratic fits in a. Rising compressibility at r5 20d marks the Mott-
insulator boundary. c, The dependence of compressibility on atomic density.
Linear dependence at low densities (normal gas) is best-fitted by solid lines.
Error bars indicate standard error in the mean.
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in the exponential tail of the density profile and the compressibility19,
from which we derive the temperature 10(2) nK in the superfluid
regime (V5 0.3ER) and 15(3) nK in the Mott-insulator regime
(V5 22ER).

In a deep lattice (Mott-insulator regime), we observe a strong
reduction of the compressibility in the trap centre, below that in
the superfluid phase for the weak lattice, strongly supporting the
emergence of a Mott-insulator phase at the centre of the sample.
Away from the centre, k suddenly increases at r5 20d, then decreases
for r. 40d. The exponential decay is again consistent with a normal
gas. Between a Mott insulator and a normal gas (20d, r, 40d), a
more detailed measurement and model of compressibility would be
necessary to identify the local phase.

Within the local density approximation, one may consider any
small area of the sample as a thermodynamic subsystem in a grand-
canonical ensemble, assumed to be in equilibriumwith the remainder
of the gas. One can then invoke the fluctuation–dissipation theorem
(see for example, refs 16 and 20) to ascertain that incompressibility
necessarily implies a low local particle number fluctuation; this rela-
tionship takes the form:

dn2<kkBT ð2Þ
Resolved in-situ imaging provides an enticing opportunity tomeasure
fluctuations of the local density9,21, and thus check the validity of the
fluctuation–dissipation theorem. We measured fluctuations by
recording multiple absorption images, calculating the variance of
density measured in each pixel (each collects signals from a patch of
(2mm/d)2< 14 lattice sites). Figure 4 shows the recorded fluctuations,
where pixels are binned according to their mean atomic density.
Fluctuations consist of detection (photo-electron shot) noise and
thermal and quantum atomic density fluctuations. Detection shot
noise can be well-calibrated and modelled by analysing portions of
the imageswith lowdensity; extension tohigher optical depth (density)
shows the weak dependence illustrated in Fig. 4.

Above the detection noise, density fluctuations (see Fig. 4) show a
strong qualitative agreement with the compressibility presented in
Fig. 3, as expected from the fluctuation–dissipation theorem. For
example, the Mott-insulator phase shows a strong suppression of
fluctuations at the density of one atomper site. The superfluid regime
lacks this feature, instead showing a pronounced flattening as the

sample transitions from normal gas to superfluid, as expected from
the constant compressibility in the superfluid phase (Fig. 3c). Finally,
at low density, the normal gas shows a temperature-independent
fluctuation of dn~c

ffiffiffi
n

p
, which can be anticipated from Fig. 3c,

and agrees with the fluctuation–dissipation theorem. The coefficient
c is roughly consistent with the fluctuation–dissipation theorem, and
the measured imaging resolution (see Methods).

Clearly, in-situ imaging of theMott insulator is a powerful new tool
withwhich to investigate newquantumphasesof cold atoms inoptical
lattices. From the density profiles, not only canwe observe the density
plateau, incompressibility and reduction of fluctuations in the Mott
insulating phase, but also demonstrate a qualitative validation of
the fluctuation–dissipation theorem. Relatively modest extension of
this work holds new promise for studying the role of quantum fluc-
tuations, correlation and thermodynamics near a quantum phase
transition.

METHODS SUMMARY

Caesium Bose condensates are produced by forced evaporative cooling in a

crossed-beam dipole trap. The condensate is compressed vertically by loading

into a single layer of an optical lattice with the scattering length tuned near zero.

After this, the lattice is adiabatically applied by controlled retroreflection of

dipole trapping beams, and the scattering length brought to its final value.

Imaging is performed absorptively along the vertical, calibrated for saturation

effects by varying the intensity of the imaging light. Fluctuations of density are

calculated for each pixel in a series of images taken at identical experimental

parameters, and plotted against themean density at that pixel. The parameter c is
estimated fromamodel of the expected averaging of thermal fluctuations over an

imaging resolution limited spot. Further details may be found in the online-only

Methods and in the Supplementary figure.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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Figure 4 | The fluctuation of local density extracted from a set of eleven
absorption images in the weak and deep lattice regimes. The insulator and
superfluid show a pronounced difference at one atom per site, where the
insulator’s fluctuation is suppressed by incompressibility. In the superfluid,
constant compressibility initiates a flattening. At low densities, in both the
weak (a) and the deep (b) lattice regimes, the fluctuation shows a
characteristic

ffiffiffi
n

p
dependence, where the gas is presumed to be normal; the

dashed line shows the best-fitted
ffiffiffi
n

p
dependence. The total number of atoms

was N5 8,300 (superfluid) and N5 9,600 (Mott insulator) with a5 310aB
for both sets. Error bars indicate standard error in the mean.
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METHODS
Preparation of BEC in a thin 2D optical lattice. The 133Cs BEC is formed in a

crossed-beamdipole trap by an efficient evaporative coolingmethod13. Thedipole

trap consists of three beams on the horizontal plane (see Supplementary figure):

two orthogonal beams at the wavelength of 1,064nm (Yb fibre laser, YLR-20-

1064-LP-SF, IPG Photonics), focused to 1/e2 radii of 350mm, and one CO2 laser

beam (not shown in the Supplementary figure) at the wavelength of 10.6mm
(Gem-Select 100, Coherent), focused to a vertical 1/e2 radius of 70mm and hori-

zontal radius of 2mm. The CO2 beam intersects the Yb fibre laser beams at an

angle of 45u and provides an enhanced vertical confinement to support the atoms
against gravity. With N5 104 atoms in a pure condensate, the Thomas–Fermi

radii of the condensate are (rx, ry, rz)5 (23, 14, 3.6)mm.

After a pure BEC is obtained, the sample is compressed vertically by intro-

ducing a vertical lattice, formed by two laser beams (Mephisto, Innolight)

inclined at17.5u and27.5u relative to the horizontal plane. The vertical lattice

has a spacing of 4 mmand, togetherwith the crossed dipole trap, forms an array of

2D oblate ‘pancake’ potentials, with harmonic confinement frequencies of

850Hz at its maximum depth.

To load the condensate into a single pancake trap, we first ramp the magnetic

field to 17.2G in 400ms, reducing the s-wave scattering length to a, 10aB, and

then turn on the vertical lattice in 100ms. Atomic population in other lattice

sites, if any, can be identified by observing an interference pattern in time-of-

flight images taken from the side. For this work, we observe a sufficiently weak

interference pattern contrast, and hence conclude that over 98% of the atoms are

in a single pancake trap. After the vertical lattice is fully turned on, the CO2 laser

intensity is ramped to zero in 100ms while the scattering length is ramped to its

final value by tuning the external magnetic field.

The 2D lattice potential in the horizontal (x- and y-) directions is formed by
introducing retro-reflections of the 1,064nm dipole trap beams. A continuous

evolution from a pure dipole trap (with zero retro-reflection) to a 2D optical

lattice (with significant retro-reflection) is achieved by passing each dipole trap

beam (after it passes through the atomic cloud once) through two acousto-optic

modulators controlled by the same radio-frequency source, then off a retroreflec-

tion mirror. The acousto-optic modulators induce an overall zero-frequency

shift, but permit a dynamic control of the retroreflection intensity over six orders

of magnitude. To load the lattice to a depth of 38Er, the retroreflection intensities

are slowly ramped over 200ms with an exponential waveform of 36ms time

constant. For smaller final lattice depths, the rampwaveform is fixed but duration

shortened. Onsite interaction energy U and tunnelling rate J are evaluated from

themeasurements of the lattice vibration frequencies and band structure calcula-

tion. Envelope trapping frequencies were separately measured by exciting centre-

of-mass oscillations, and found to be consistent with orientation and ellipticity of

in-situ images of atomicdensity. Aweak variationof themean envelope frequency

with lattice depth was measured and accounted for by the expression:

vr~
ffiffiffiffiffiffiffiffiffiffiffi
vxvy

p
~2p|9:5 1 z V=82ERð Þ Hz.

Calibration of atomic surface density. By varying the intensity of the imaging

beam, we measure the optical depth on resonance in the density plateau using

OD5 ln(M0/M), where M is the number of photons collected by a charge-

coupled device (CCD) pixel in the presence of the atoms andM0 is that without

the atoms. The optical depth in the plateau is extracted from a fit to the peak in

the histogram. We then assume OD5 ns= 1 z M0=Msatð Þ and fit the variation

of peak optical depth to determine the optical depth in the zero intensity limit

M0R 0, and thus the surface density of the sample. Here, s5 0.347mm2 is the

known caesium-atom optical cross-section and the fit parameterMsat represents

the photon number on a CCD pixel at the atomic saturation intensity.

Fluctuation of atomic density. The fluctuations in the absorption images are

estimated by taking the average of 11 images under the same experimental

procedure, and calculating the mean and variance of optical depth measured

at each CCD pixel. Fluctuations are presumed to arise from optical shot noise,

thermal atomic fluctuation, and long-lengthscale variations arising from total

atom number fluctuation. The optical shot noise is calibrated by examining

regions with negligible atomic density, and extended to higher optical depth

using dODoptical shot!
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1zeOD

p
. For the thermal cloud, with density n, 0.3

atoms per site, the fluctuation–dissipation theorem predicts dNa~
ffiffiffiffiffiffi
Na

p
, with

Na the number of atoms measured in a given region. This result should be valid

for a region significantly larger than the correlation length, which we expect for

the normal gas to be of the order of the de Broglie thermal wavelength, expected

to be less than 1.5mm for our sample. Although each imaging pixel corresponds

to an area in the object plane consisting of,14 sites, imperfect imaging resolu-

tion is expected to effectively average away a certain fraction of the total fluc-

tuation. This effect can be calculated, assuming statistical independence for each

site, by summing theweightwi,j of a resolution-limited spot fallingwithin a given

pixel j for each lattice site i, giving a variance reduced by
P

iw
2
i,j . The result for

our parameters is a reduction to dn~c
ffiffiffi
n

p
, with c< 0.11(1). This should be

compared with the fraction of the total fluctuation shown in Fig. 4 correspond-

ing to thermal fluctuations in the superfluid regime. To make this comparison,

we reject global fluctuations associated with variation of the total atom number

by subtracting the variance we calculate after first applying a resolution-spoiling

Gaussian blur to the images from the variance without modification. We find,

for the remaining high-spatial-frequency fluctuations, a best fit to c of 0.15(2),
using a Gaussian blur 1/e2 radius of rb5 14mm to remove global variations (the

result varies within stated error for blur radii 7 mm, rb, 28 mm). The remain-

ing discrepancy is probably due to calibration of imaging resolution, and

possibly the effect of a non-negligible correlation length.
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