parison between Fig. 3, A and D. The simulated B
profile (Fig. 3D) also agrees reasonably well with
the experimentally extracted B (Fig. 3A) given
that there are some differences in shape and un-
certainty in the exact boundary conditions. The
main discrepancy is that the experimental B pro-
file appears much more uniform than the sim-
ulated one, which may be attributed to spatial
averaging of the LDOS over the magnetic length
scale of ~1.5 nm. The simulated and experimen-
tal nanobubbles both exhibit a relatively uniform
strain-induced pseudo—magnetic field of 200 to
400 T across the central region with increasing
field at the edges.

The exceptional flexibility and strength of gra-
phene membranes (28, 29) coupled with the large
strain-induced fields observed suggest that strain
engineering of nanoscale energy levels (11, 30)
may be a viable means of controlling the elec-
tronic structure of graphene, even at room temper-
ature. The experimental demonstration of these
enormous pseudo—magnetic fields also provides
anew basis for the study of extreme high magnet-
ic field regimes in a condensed-matter environment.
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Probing the Superfluid—to—Mott
Insulator Transition at the

Single-Atom Level

W. S. Bakr,> A. Peng,* M. E. Tai," R. Ma,* ]. Simon,* J. I. Gillen,* S. Félling,2

L. Pollet,* M. Greiner'*

Quantum gases in optical lattices offer an opportunity to experimentally realize and explore
condensed matter models in a clean, tunable system. We used single atom—single lattice site
imaging to investigate the Bose-Hubbard model on a microscopic level. Our technique enables
space- and time-resolved characterization of the number statistics across the superfluid—Mott
insulator quantum phase transition. Site-resolved probing of fluctuations provides us with a
sensitive local thermometer, allows us to identify microscopic heterostructures of low-entropy
Mott domains, and enables us to measure local quantum dynamics, revealing surprisingly fast
transition time scales. Our results may serve as a benchmark for theoretical studies of quantum
dynamics, and may guide the engineering of low-entropy phases in a lattice.

icroscopic measurements can reveal
properties of complex systems that are
not accessible through statistical en-
semble measurements. For example, scanning
tunneling microscopy has allowed physicists to
identify the importance of nanoscale spatial in-
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homogeneities in high-temperature superconduc-
tivity (/), and single-molecule microscopy (2) has
enabled studies of local dynamics in chemical
reactions, revealing the importance of multiple
reaction pathways (3). Whereas previous ultra-
cold quantum gas experiments focused primar-
ily on statistical ensemble measurements, the
recently introduced single atom—single lattice site
imaging technique in a quantum gas microscope
(4) opens the door for probing and controlling
quantum gases on a microscopic level. Here, we
present a microscopic study of an atom-lattice

system that realizes the bosonic Hubbard model
and exhibits a quantum phase transition from a
superfluid to a Mott insulator (5-7).

In the weakly interacting superfluid regime,
the many-body wave function factorizes into a
product of states with well-defined phase on each
lattice site, known as coherent states, with Pois-
sonian number fluctuations. As the strength of
the interaction increases, the number distribution
is narrowed, resulting in a fixed atom number
state on each site deep in the Mott insulator re-
gime. We study this change in the number sta-
tistics across the transition; these microscopic
studies are complementary to previous experi-
ments that have focused on measuring ensemble
properties such as long-range phase coherence,
excitation spectra, or compressibility (7-9). Local
properties such as on-site number statistics (/0)
had been accessible only indirectly (8, 17, 12)
and were averaged over several shells of super-
fluid and Mott insulating domains in the inho-
mogeneous system, complicating quantitative
interpretation. More recently, the shell structure
was imaged through tomographic (/3), spec-
troscopic (/4), and in situ imaging techniques,
coarse-grained over several lattice sites (/5).

We started with a two-dimensional (2D) *’Rb
Bose-Einstein condensate of a few thousand atoms
confined in a single well of a standing wave, with
a harmonic oscillator length of 130 nm (/6). The
condensate resided 9 um from an in-vacuum lens
that was part of an imaging system with a resolu-
tion of ~600 nm. This high-resolution system
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was used to project a square lattice potential
onto the pancake cloud with a periodicity of a =
680 nm, as described in (4). The lattice depth
was ramped exponentially with a time constant
of 81 ms up to a maximum depth of 16E, where
E, is the recoil energy of the effective lattice
wavelength given by h%/8ma” (where m is the
mass of ’Rb and 4 is Planck’s constant). In a
homogeneous system in two dimensions, the
transition to a Mott insulator with one atom per
site occurs at a ratio of interaction energy to tun-
neling rate of U/J = 16.7 (17-19), corresponding
to a lattice depth of 12.2E,. During this ramp,
the initial transverse confinement of 9.5 Hz was
increased such that the cloud size remained ap-
proximately constant. After preparing the many-
body state, we imaged the atoms by increasing
the lattice depth by a factor of several hundred,
and then illuminated the atoms with laser cool-
ing light that served to localize the atoms while
fluorescence photons were collected by high-
resolution optics. As a result of the imaging pro-
cess, the many-body wave function was projected
onto number states on each lattice site. In addi-
tion, light-assisted collisions immediately ejected
atoms in pairs from each lattice site, leaving be-
hind an atom on a site only if its initial occupation
was odd (20). The remaining atoms scattered
several thousand photons during the exposure
time and could be detected with high fidelity. By
preparing the sample repeatedly under the same
conditions, we deduced the probability pyqq of
having an odd number of atoms on a site before
the measurement.

For a coherent state on a lattice site with
mean atom number A, poqq i given by 5[l —
exp(—21)] < %. In a Mott-insulating region in
the zero temperature and zero tunneling limit,
Podd = 1 for shells with an odd atom number per
site, and poqq = O for shells with an even atom
number per site. Figure 1, A to D, shows flu-
orescence images in a region of the cloud as the
final depth of the lattice is increased. The initial
superfluid density was chosen to obtain an in-
sulator with two shells on the Mott side of the
transition; the region shown is in the outer shell
containing one atom per site. For high filling
fractions, the lattice sites in the images were
barely resolved, but the known geometry of the
lattice and imaging system point-spread function
obtained from images at sparser fillings allowed
reliable extraction of site occupations (/6).

We used 24 images at each final lattice depth
to determine poqq for each site. The transverse
confining potential varied slowly relative to the
lattice spacing, and the system was, to a good
approximation, locally homogeneous. We made
use of this to improve the error in our determi-
nation of pyqq by averaging over a group of lattice
sites—in this case, 51 sites for regions in the
first shell and 30 sites for regions in the second
shell (Fig. 1E). In the n =1 shell, we detected an
atom on a site with probability 94.9 + 0.7% at a
lattice depth of 16E,. We measured the lifetime
of the gas in the imaging lattice and determined

Fig. 1. Single-site imaging of
atom number fluctuations across
the superfluid—Mott insulator
transition. (A to D) Images with-

in each column are taken at
the same final 2D lattice depth
of 6, (), 10, (B), 12E, (O),
and 16F, (D). Top row: In situ
fluorescence images from a re-
gion of 10 x 8 lattice sites
within the n = 1 Mott shell that
forms in a deep lattice. In the
superfluid regime [(A) and (B)],
sites can be occupied with odd
or even atom numbers, which

appear as full or empty sites,
respectively, in the images. In
the Mott insulator, occupancies
other than 1 are highly sup-
pressed (D). Middle row: results 0.6
of the atom detection algorithm
(26) for images in the top row. 0al
Solid and open circles indicate
the presence and absence, re-
spectively, of an atom on a site.
Bottom row: Time-of-flight fluo-

n=1 shell

P odd

0.2

- ==T/U=0.05
—— T/U=0.15
.............. T/U =0.20

-~

rescence images after 8-ms ex- 0-00
pansion of the cloud in the 2D
plane as a result of nonadiabat-

un

D16E; —680nm 5
]

0.00
0.10

0.20

40.25

40.20

0.10
0.00

x1000 counts

Variance

ically turning off the lattice and the transverse confinement (averaged over five shots and binned over 5 x 5
lattice sites). (E) Measured value of pyqq Versus the interaction-to-tunneling ratio U/]. Data sets, with 1c error
bars, are shown for regions that form part of the n = 1 (squares) and n = 2 (circles) Mott shells in a deep
lattice. The lines are based on finite-temperature Monte Carlo simulations in a homogeneous system at
constant temperature-to-interaction ratio (U) of 0.20 (dotted red line), 0.15 (solid black line), and 0.05
(dashed blue line). The axis on the right is the corresponding odd-even variance given by poga(1 — Podd)-

Fig. 2. Single-site imaging of the
shell structure in a Mott insulator.
(A to D) The images show pyqq 0N
each site determined by averaging
20 analyzed fluorescence images.

The lattice depth is 22, and the
transverse confinement is 45 Hz. As
the atom number is increased, the
number of shells in the insulator
increases from one to four. The val-
ue of pygq for odd-numbered shells
is close to 1; for even-numbered
shells, it is close to 0. The atom num-
bers, determined by in situ imaging
of clouds expanded in the plane, are
120 + 10 (A), 460 + 20 (B), 870 +
40 (Q), and 1350 + 70 (D). (E and F)
Long-wavelength disorder can be cor-
rected by projecting an appropriate
compensation light pattern onto the
atoms, resulting in nearly circular
shells. (E) poyq (average of 20 ana-
lyzed images); (F) a single-shot raw
image (arbitrary units).

that 1.75 + 0.02% of the occupied sites were
detected as unoccupied, as a result of atoms lost
during the imaging exposure time (1 s) because

30 JULY 2010 VOL 329 SCIENCE www.sciencemag.org

1.0

Podd

0.0

of background gas collisions. The average oc-
cupation numbers and error bars shown in Fig.
1E include corrections for this effect.
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Fig. 3. Dynamics of on-site number 1.0 . . . — 0.00
statistics for a fast ramp from the - - ¥
superfluid regime to the Mott re- 1010
gime. pogq at the end of the ramp 0.8f 16

versus ramp time is shown in the ) 10-20
n =1 (squares) and n = 2 (circles) osl £

shells, averaged over 19 data sets 3 8
with 1c error bars. Red lines are Q§ é 1 025_§
exponential fits. Inset shows the 0.4} g g
two-part ramp used in this experi- o

ment. The first part is a fixed adia- -10-20
batic exponential ramp (t = 81 ms) 02F .

and the second is a linear ramp 40.10
starting at 11£, and ending at 16E,. 00 . . . oo
The duration of the second ramp is ) 5 10 15 20

varied in the experiment.

Fig. 4. Low-entropy Mott

domains observed in a
steep potential gradient.
(A) Single-shot in situ im-
age of a Mott insulator in
a 16£, deep lattice with
25-Hz transverse confine-
ment. The ring is an n =
1 insulator enclosing an

x1000 counts

2 4 6 8 10
Position (lattice sites)

n = 2 region. (B) Average p,qq Over 24 images. Each pixel corresponds to a single lattice site. The red
rectangle encloses a region containing a Mott insulator with n = 1, a few lattice sites wide. (C) Column
average of poqq over the sites within the red rectangle in (B), with 1c error bars.

Measuring the defect density in the Mott in-
sulator provides sensitive local thermometry deep
in the Mott regime. Thermometry in the Mott
state has been a long-standing experimental chal-
lenge (21, 22) and has acquired greater impor-
tance as experiments approach the regime of
quantum magnetism (23-25), where the temper-
ature scale should be on the order of the super-
exchange interaction energy. Our method directly
images the excitations of the n = 1 Mott insu-
lator, holes and doublons, because they both ap-
pear as missing atoms in the images. Similarly,
for Mott insulators with higher fillings n, sites
with excitations (n + 1, n — 1) can be detected
through their opposite-parity signal. For a finite
tunneling rate J much smaller than the interac-
tion energy U, the admixture fraction of coher-
ent hole-doublon pair excitations is ~(UY,
whereas any other excitations are due to inco-
herent thermal fluctuations and are suppressed
by a Boltzmann factor, exp(—-U/T).

The theory curves presented in Fig. 1E are
the predicted poqq in the two shells for dif-
ferent values of 7/U. The curves were obtained
using a quantum Monte Carlo “worm” algorithm
(26, 27), and the average temperature extracted
using the data points at the three highest U/.J
ratios was 7/U ~ 0.16 + 0.03. At the transition
point for n = 1, this corresponds to a temperature
of 1.8 nK. Assuming this value of 7/U to be the
overall temperature, the thin layer between the
Mott shells should be superfluid, and the transi-
tion to a normal gas is expected around a critical
temperature of zJ = 2.8 nK, where z is the num-
ber of nearest neighbors in the lattice (28).

Next, we studied the global structure of the
Mott insulator. The high-resolution images pro-
vide an atom-by-atom picture of the concentric
shell structure, including the transition layers be-
tween the insulating shells. In Fig. 2, A to D, the
formation of the various shells, up to the fourth,
is shown as the atom number in the trap is in-
creased. Slowly varying optical potential dis-
order causes deviation from circular symmetry
in the shells. The contour lines of the potential
are directly seen in the images in Fig. 2. In Fig.
2, E and F, we compensated for this disorder by
projecting a light pattern, generated using a dig-
ital micromirror device, through the objective
(16), resulting in a nearly circular shell structure.

In a second series of experiments, we used
on-site number statistics to probe the adiabatic-
ity time scale for the transition, focusing on the
local dynamics responsible for narrowing the
number distribution. We started by increasing
the lattice depth adiabatically to 11E,, still in the
superfluid regime, using the same ramp de-
scribed previously. Next, the depth was ramped
linearly to 16E,, where, for an adiabatic ramp, a
Mott insulator should form. The ramp time was
varied from 0.2 to 20 ms, and p,qq Was mea-
sured in the first and second shells as before
(Fig. 3). We found that the data fit well to ex-
ponential curves that asymptotically approach
the value of pyqq obtained in the adiabatic case.
The fitted time constant in the first shell is 3.5 +
0.5 ms; in the second shell, the constant is 3.9
1.3 ms.

Relative to the critical value of the tunneling
time //J, = 68 ms for the first shell, the observed

REPORTS

dynamics were counterintuitively fast. This can
be understood by using a simple picture of two
atoms in a double well. In this system, as the
tunneling is varied, the minimal gap between
the ground state and the first excited state is U,
which sets the adiabaticity time scale. It is an
open question whether this argument can be gen-
eralized to a lattice. In an infinite system, the
appearance of Goldstone modes in the super-
fluid regime leads to a vanishing gap at the tran-
sition point, but the density of states is low for
energies much less than U (29). In fact, the 1/e
time scale observed experimentally is compara-
ble to /U, = 4.1 ms, where U, is the critical in-
teraction energy for an n = 1 insulator.

Although the local number statistics change
on a fast time scale of /U, entropy redistribu-
tion in the inhomogeneous potential should oc-
cur on a much slower time scale of 4/J. Because
superfluid and normal domains have a larger
specific heat capacity than Mott domains, in an
inhomogeneous system, entropy is expelled from
the Mott domains and accumulates in the transi-
tion regions after crossing the phase transition if
the system is in thermal equilibrium (30). How-
ever, in bulk Mott regions, the insulating behav-
ior makes entropy transport difficult, and global
thermalization is slow on experimental time scales
(37). In our system, optical potential corruga-
tions produce sizable potential gradients in some
regions, leading to a heterostructure of almost
1D Mott domains, about one to two lattice sites
thick, surrounded by transition layers (Fig. 4).
We found remarkably low defect densities and
sharp transitions between superfluid and Mott
states in these regions. The measured defect prob-
ability per site in the domain shown is 0.8 +
0.8%. In these microscopic domains, each site
of a Mott domain is in contact with a superfluid
region. Such a configuration is likely to lead to
fast thermalization, which would explain the low
defect density we observed. This suggests that
the lowest entropies in a Mott insulator might be
obtained under conditions where the chemical
potential is engineered so as to obtain alternating
stripes (2D) or layers (3D) of insulating and
superfluid regions (32, 19).

In addition to the number statistics studied in
this work, single-site imaging could be applied
to study spatial correlations in strongly correlated
quantum gases (33), and to directly measure
entanglement in a quantum information context.
The low-defect Mott states we detect would pro-
vide an ideal starting point for quantum mag-
netism experiments; if the low entropy in the Mott
domains can be carried over to spin models, it
should be possible to realize magnetically ordered
states such as antiferromagnets, which could be
directly detected with single-site imaging.
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Ultrathin PbS Sheets by
Two-Dimensional Oriented Attachment

Constanze Schliehe,” Beatriz H. Juarez,? Marie Pelletier, Sebastian Jander,* Denis Greshnykh,*
Mona Nagel,* Andreas Meyer," Stephan Foerster,* Andreas Kornowski,"

Christian Klinke,* Horst Weller'*

Controlling anisotropy is a key concept in the generation of complex functionality in advanced
materials. For this concept, oriented attachment of nanocrystal building blocks, a self-assembly of
particles into larger single-crystalline objects, is one of the most promising approaches in
nanotechnology. We report here the two-dimensional oriented attachment of lead sulfide (PbS)
nanocrystals into ultrathin single-crystal sheets with dimensions on the micrometer scale. We found
that this process is initiated by cosolvents, which alter nucleation and growth rates during the
primary nanocrystal formation, and is finally driven by dense packing of oleic acid ligands on
{100} facets of PbS. The obtained nanosheets can be readily integrated in a photodetector device

without further treatment.

ontrolled assembly leading to anisotropic

nanostructures poses a conceptual chal-

lenge in the field of materials research.
Penn and Banfield et al. (1, 2) described crystal
growth, in which oxide nanoparticles coalesce in
well-defined crystalline orientations. Their method
of oriented attachment of nanocrystals is now one
of the most favorable techniques to grow linear or
zig-zag—type one-dimensional (1D) nanostructures.
In addition to strong size-quantization effects
occurring in these structures, their big advantage
is solution processability, which makes them at-
tractive candidates for optoelectronic and ther-
moelectric applications in low-cost integrated
systems. 1D assemblies of oriented attachment
have been reported, and, in most cases, the an-
isotropy during self-assembly is caused by crystal
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Hamburg, Germany. 2IMDEA Nanoscience, Giudad Universitaria
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planes with preferred reactivity and dipole mo-
ments in the crystallites. However, systems with
cubic-crystal symmetry (such as PbS and PbSe),
in which beautiful 1D oriented attachment occurs,
are somewhat more difficult to explain. Oriented
attachment, in this case, should result in 3D
networks rather than 1D structures. The common
explanation assumes that, despite the strict mono-
dispersity of the samples, inhomogeneities in the
chemical composition of surface planes exist and
result in dipole moments within the nanocrystals.
On the other hand, organic ligand molecules play
a crucial role in such processes by capping nano-
particle surfaces selectively and may hinder, mod-
ify, or trigger an oriented attachment (3). In this
work, we show that the formation of ordered and
densely packed ligand surface layers of oleic acid
on {100} PbS surfaces can drive the normally iso-
tropic crystal growths into a 2D oriented attach-
ment of nanocrystals. In addition, the presence of
chlorine-containing cosolvents during the initial
nucleation and growth process of the nanocrys-
tals plays a prominent role.

Syntheses of lead chalcogenide nanoparticles
(4-7) can lead to a large variety of particle shapes
through slight changes of the reaction conditions.
The mechanism of how small traces of organo-
phosphine compounds may alter the course of
the reactions has been reported, which underlines
their complexity (8). For other systems, like CdS
nanoparticles, shape control has been reported by
the addition of small amounts of HCI (9) or chlorine-
containing solvents such as 1,2-dichloroethane
(DCE); for example, in the case of CdSe nano-
rods attached to carbon nanotubes (/0). Reported
strategies to generate 2D nanostructures are based
on the use of lamellar-like templates (//) or thin
superstructures by assembly (/2—74).

Our approach is based on a standard synthetic
procedure to generate nearly spherical PbS nano-
particles (/5). After 3 min, the resulting dotlike
particles have a mean diameter of ~5 nm. In
contrast, ultrathin PbS nanosheets, as depicted in
Fig. 1, are formed in the presence of chlorine-
containing compounds such as DCE or similar
linear chloroalkanes (fig. S1). The nanosheets
have lateral dimensions of several hundred
nanometers and stack showing Moiré patterns
caused by the interference between the crystalline
lattices of the individual sheets (see fig. S2 for
Moiré patterns and corresponding simulations).

Fig. 1. TEM image of stacked PbS nanosheets using
1,1,2-trichloroethane.
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