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Quantum science with optical tweezer arrays of
ultracold atoms and molecules

2P

Adam M. Kaufman®'* and Kang-Kuen Ni

Single atoms and molecules can be trapped in tightly focused beams of light that form ‘optical tweezers’, affording exquisite
capabilities for the control and detection of individual particles. This approach has progressed to creating tweezer arrays hold-
ing hundreds of atoms, resulting in a platform for controlling large many-particle quantum systems. Here we review this new
approach to microscopic control of scalable atomic and molecular neutral quantum systems, its future prospects, and applica-

tions in quantum information processing, quantum simulation and metrology.

ver the past two decades, optical tweezer arrays of atoms

and molecules have emerged as a powerful platform for

the preparation and manipulation of ultracold neutral
particles'™'. In such experiments, tunable arrays of individual par-
ticles are trapped under ultrahigh vacuum by shining a laser beam
through a microscope objective, creating foci of light that trap indi-
vidual atoms (Fig. 1).

The technique is built upon work in the early 2000s' that dem-
onstrated that single atoms could be loaded into micrometre-scale
optical potentials from a laser-cooled cloud of atoms, and read out
with high-fidelity fluorescence microscopy via the same imaging
system used to project the tweezers. As the trapping is based on
control of precisely tunable optical fields, the system derives much
of its power by translating optical engineering techniques into engi-
neering of large-scale atomic arrays''-"*. While isolated single atoms
in an ordered array of separated potentials were previously realized
through sophisticated phase transitions in optical lattice systems'®,
now such conditions are reached with what have become basic
laser-cooling and optical techniques.

With these methods, ordered, microkelvin conditions are
achieved on subsecond timescales, enabling studies where fast sta-
tistics acquisition and experimental duty cycles are critical. This
combination of microscopic control and detection, speed, and
versatility has had wide-ranging use in quantum science, in fields
ranging from quantum optics and quantum information’"", to
many-body physics®***!, metrology”~*’, nanophotonics®~*' and
ultracold collisions®**-*.

Pioneering work
In a series of experiments, it was shown that laser-cooled neutral
atoms in a micrometre-scale focus of light (the optical tweezer)
experience a ‘collisional blockade, wherein atoms are ejected in
pairs from the tweezer region through optically enhanced dipole-
dipole interactions"*. The collisional blockade (Box 1) process cor-
respondingly converts a population of N atoms within the tweezer
to the parity of N, yielding stochastic, sub-Poissonian loading of
zero atoms or one atom (Fig. 1).

High-resolution microscope objectives can readily achieve
a tweezer focus below one micrometre, creating a robust,
millikelvin-scale deep trap with only milliwatts of optical power.
Using this new single-atom source to create an ideal two-level sys-
tem allowed for seminal experiments in quantum optics, including
triggered single-photon sources and fundamental studies of Hong—
Ou-Mandel interference of independently generated photons'”'%, as

well as demonstrations of quantum state control of single neutral
atoms in tweezers™*,

Rapid creation of low-entropy neutral-atom tweezer arrays
In spite of the versatility and simplicity of the tweezer platform, a
clear shortcoming has been the higher entropy of atoms in twee-
zer arrays compared with, for instance, the entropy exhibited in an
atomic Mott insulator'® using conventional optical lattice methods.
This entropy arises in two ways: first, the motional temperatures of
the individual atoms, and second, the stochastic 50% density fill-
ing of the array from loading the tweezer with the collisional block-
ade process. The first form of entropy impacts quantum control
schemes that benefit from or require pure ground-state preparation
of each atom'”*. The second form of entropy is an impediment to
scalability, for example, for use as a platform for quantum simula-
tion and quantum computing, where deterministic preparation of
defect-free arrays is highly desirable.

While not always required, mitigating both forms of entropy
would allow tweezer-based assembly of degenerate systems from
individual atoms**. Quantum degeneracy can be achieved with
ultracold gases in optical lattices, but the tweezer platform would
provide significantly enhanced cycle times and statistics acquisition.

The motional entropy in tweezers has primarily been tack-
led in two ways. First, in 2010, a set of experiments demonstrated
that deterministic preparation of degenerate Fermi gases could be
achieved by overlapping optical tweezers with evaporatively cooled
clouds* rather than thermal laser-cooled clouds. The overlapped
tweezers isolated the coldest atoms from the sample, realizing
within the tweezer highly degenerate, idealized gases of spin-half
fermions. Deterministic number preparation was achieved through
clever spilling techniques, allowing full control of the spin and num-
ber distribution. This approach has been used to study the transi-
tion between few-body and many-body physics*, fermionization®,
coherent tunnelling dynamics of fermions*, entanglement and cor-
relations*~*, and other essential features of interacting fermions**.

To retain the fast cycle times and reduce experimental complexity,
it was also desirable to explore how to lower motional entropy after
loading single atoms from a purely laser-cooled (thermal) cloud.
In this case, the evaporative-cooling method is unavailable as this
cooling relies on atomic collisions within samples of many atoms. In
2012, it was shown™”"' that the confinement afforded by an optical
tweezer was amenable to a technique known as ‘sideband cooling’
(Box 2) that had been developed in trapped-ion experiments™.
This laser-cooling technique enables preparation of atoms in their
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Fig. 1| Neutral atoms in optical tweezers. Right: typical set-up and technology used in a neutral-atom optical tweezer trapping experiment. A spatial light
modulator (SLM) and set of acousto-optic deflectors (AODs) are used to create arrays of tunable (blue) and rearrangeable (red) optical potentials, which
are projected through a high-numerical-aperture objective (0.5 or above is typical) to trap single atoms under ultra-high vacuum (UHV). A high-sensitivity
camera can be used to image single atoms in these potentials via their fluorescence (green). Left: an example sequence of images from ref." is shown,
illustrating the binarized presence or absence of atoms in a single tweezer trap through the fluorescence counts on the camera. Figure adapted with

permission from ref.’, Springer Nature Ltd.

three-dimensional motional ground state with a greater than 90%
success rate in tens of milliseconds, which is between ten and a
thousand times faster than evaporative-cooling schemes.

With single atoms cooled to the three-dimensional ground state
of optical tweezers, it became possible to study single-band tun-
nelling physics of indistinguishable atoms in a pair of tweezers,
allowing the first observation of the Hong-Ou-Mandel effect with
atoms (Fig. 2b) as well as studies of spin-exchange-based entangle-
ment of individually addressed atoms**. Precise control of atomic
motion also allowed the groundbreaking demonstration of cou-
pling a neutral atom to nanophotonic structures®. Holding an atom
near the highly confined optical mode of a nanophotonic structure
provides enhanced atom-photon interactions while requiring the
suppression of thermal fluctuations to well below the spatial size
of the optical mode. The combination of laser-cooled atoms in
mobile tweezers and nanophotonic structures has continued to
be an exciting direction since this first demonstration for novel
atom-photon interfaces~*!. This cooling method may also prove
valuable for high-fidelity Rydberg two-qubit gate schemes sensitive
to Doppler effects as well as using tweezers to synthesize ultracold
molecules'*>*%,

A second critical set of advances improved the overall filling frac-
tion in laser-cooled tweezer arrays to near unity. Here, defect-free
conditions are realized by leveraging the tunability of the tweezer
positions and depths to rearrange the atoms to fill empty twee-
zers'»". This simple but powerful technique can be implemented
in multiple ways. In one approach, after detecting the random dis-
tribution of atoms within a one-dimensional array, empty tweezers
can be extinguished while the entire chain is spatially compressed
to leave a homogeneously filled array of atoms (Fig. 2a, top). In
another approach, a two-dimensional array is detected, and then
atoms from the edge of the array may be transported with an auxil-
iary mobile tweezer to empty sites, yielding a central region of filled
tweezers (Fig. 2a, bottom).

The use of acousto-optic deflectors and spatial light modula-
tors—a versatile optical engineering technology—provides the
real-time control necessary for the rearrangement and flexibility in
the target atomic geometries. This method allows the creation of
defect-free arrays of tweezer-trapped atomic qubits, a versatile tool
for quantum computing and simulation, discussed below and in
ref.**. This work has since been extended to three dimensions™ for
arrays of 72 atoms at 95% filling fraction and larger two-dimensional
array sizes of 200 atoms and 99.2% filling"**. To reach thousands

of atoms, it is possible that rearrangement will be combined with
enhanced loading schemes™-*' (Box 1), as the rearrangement time
scales extensively with the number of defects and the overall fidelity
of the operations is fundamentally limited by the vacuum lifetime.

The ingredients discussed so far enable the creation of tens to
hundreds of ultracold atoms in defect-free, tunable arrays with
single-particle-resolved readout, an effective resource for quantum
science. They establish the concept of assembly of ultracold matter,
one atom at a time, a characteristic that has been critical to many
advances in recent years. Furthermore, many of the basic mecha-
nisms (light-assisted collisions and laser cooling) have also been
exploited in tunable lattices'"'* with great success, resulting most
recently in defect-free three-dimensional arrays of ground-state
cooled atoms"”.

Rydberg atoms in tweezers
Single neutral atoms in tweezers offer excellent coherence prop-
erties because the effects of atomic collisions on internal state
coherence are largely eliminated, a key strength for some of the
metrological work discussed in the next section. However, this
strength comes at the cost that engineering interactions between
the atoms—a requirement for generating and studying entangled
quantum systems—must be enabled by introducing wavefunction
overlap or through the creation of long-range interaction potentials.
The former has been achieved using ground-state cooled atoms in
tweezers”, with the challenges that the interaction timescales can be
slow and realizing the requisite wavefunction overlap is non-trivial.
The latter approach of long-range interactions has been the focus of
much work in the past decade, via so-called Rydberg interactions.
The concept of using Rydberg interactions to create two-qubit
entanglement between tweezer-trapped atoms dates back to a semi-
nal theory proposal® and the first demonstration of neutral-atom
optical tweezer trapping'. The strategy suggested was simple: by opti-
cally exciting a pair of neutral atoms separated by a few micrometres
to a ‘Rydberg’ excited state with a high principal quantum number,
the resulting van der Waals dipole-dipole interactions could be har-
nessed for quantum information processing and many-body spin
models'>® (Fig. 3a). The energy scale of these interactions reaches
tens to hundreds of megahertz. This greatly exceeds the lifetimes
of Rydberg states, which vary from tens of microseconds to tens of
milliseconds depending on the Rydberg level that is determined
by radiative decay and blackbody-induced transitions between
Rydberg levels.
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Box 1] Collisional blockade

Collisional blockade is a mechanism that limits the number of
atoms (or molecules) trapped in an optical tweezer to no more
than one®. While initial loading might cool several atoms into
an optical tweezer, subsequent light-assisted collisions then take
place to eject particles in pairs, leaving behind either one atom or
zero atoms trapped in the tweezer, each with roughly 50% prob-
ability. The physical mechanism of the pair-wise ejection can be
understood using the following semiclassical picture, taking al-
kali atoms as an example'*. For any homonuclear pair of atoms
separated by distance R, their long-range potential varies as 7
to the electronic state S+S asymptote, while their long-range
potential varies as 73 to the S+P asymptote. When an atom
absorbs a photon (red straight arrow) from red-detuned laser
cooling light, the two atoms on the 73 potential attract (black
arrow) before a redder photon (red wavy arrow) is spontaneously
emitted. The total energy gained by the atom pair is sufficient to
eject both atoms out of the tweezer. Notably, it is also possible
to modify the light-assisted collisions such that the stochastic
loading is improved from ~50% up to a current record of 91%
(ref. *°). This is accomplished by detuning the laser that drives
the light-assisted collisions to the blue, which bounds the energy
imparted during a collision so that there is only enough energy
for a single atom in the pair to be ejected rather than both*. This
approach was subsequently adapted to two-by-two arrays with
91% filling®® and improved on using grey-molasses-cooling tech-
niques to ten-by-ten arrays at 80% filling fraction®'.

For heteronuclear collisions, the situation is different because
the excited-state long-range potential is =, which matches
more similarly to the ground-state long-range potential, and it
takes many more photon-scattering events to eject the atoms.
For other species, such as alkaline-earth atoms and molecules,
where the homonuclear pair situation applies, the general
mechanism for light-assisted collisions hold. The differences are
in the details. For alkaline-earth atoms, light-assisted collisions
can be induced by applying near-resonant light with a broader
cooling transition because the narrow-linewidth laser-cooling
light would otherwise scatter photons too slowly’®”, and for
molecules, the underlying pair potentials are unknown’.
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Importantly, the Rydberg interactions are optically switch-
able and can be spatially resolved with patterned light fields, rep-
resenting a powerful tool for creating interacting many-body
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quantum systems with a variety of spin-spin interactions®*’-*, as
well as digital quantum circuit models. The former is the subject of
a recent review article”’, and so, here, we focus on recent develop-
ments in quantum information with tweezer-trapped atoms using
Rydberg-mediated gates.

Models of quantum information processing typically assume a set
of experimental requirements that includes a qubit with long-lived
coherence compared with relevant gate times, single-qubit control,
single-qubit readout, and two- or multi-qubit gate interactions. A
qubit encoded in hyperfine levels of tweezer-trapped alkali atoms
exhibits long coherence times, allowing high-fidelity rotations
through microwave or Raman spectroscopy and low qubit-to-qubit
cross-talk within an array. Recent work using a two-dimensional
tweezer array of caesium atoms demonstrated single-qubit address-
ing with fidelity exceeding 99% with cross-talk at the 10~° level®. In
parallel with the development of single-qubit capabilities, two-qubit
gates based on Rydberg interactions have significantly advanced
with time, beginning with early demonstrations of the Rydberg
blockade effect®**® and then two-qubit gates™*. These groundbreak-
ing two-qubit gate experiments showed entanglement in long-lived
(hyperfine) qubit states. Early work reported a Bell-state fidelity
near 75%, limited by technical issues including trap loss, detection
errors, laser phase coherence and temperature effects>’. Building
on these results, more robust gate schemes using optimized laser
sweeps resulted in an enhanced two-qubit fidelity of 81% (ref. ).
More recently, improved understanding and control of the lasers
used for Rydberg excitation significantly increased the fidelity of
the blockade interaction™”, on the heels of which came the most
recent demonstrations of two-qubit gates with Bell-state fideli-
ties of 97.4(3)% in globally addressed one-dimensional arrays and
88(2)% in a locally addressed two-dimensional array®*® (Fig. 3b,c).
More advanced entanglement generation schemes can leverage
the long-range interaction’”'—for example, the recently demon-
strated three-qubit Toffoli gate®® or 20-particle cat states” through
many-body sweeps—to realize quantum algorithms in fewer steps.

With existing apparatuses, the control of high-fidelity trans-
verse Ising spin models establishes the prospect of studying
quantum-enhanced performance in near-term devices. There has
been a particular focus on variational algorithms and natural encod-
ings of Max-cut and sampling problems into Rydberg blockade
models™> 7. Further improvements to remove blackbody effects and
reach the fundamental coherence time limit set by radiative decay
will require tweezer array systems in a cryogenic environment.
This could potentially lead to factor-of-ten-level improvements in
gate fidelity’®”. Cryogenic trapping would be especially useful for
exploiting the greatly enhanced radiative lifetimes—tens of milli-
seconds, corresponding to a thousand-fold improvement—of cir-
cular Rydberg states'®’¢. Meanwhile, multi-species experiments in
the spirit of mixed species ion traps may be employed to improve
the fidelities of local qubit measurement and explore new two-qubit
gate schemes™”".

Alkaline-earth atoms in tweezers
As with early work in quantum gases, the pioneering studies in opti-
cal tweezer trapping of neutral atoms focused on alkali atoms, the
single valence electron of which admits simple, robust laser cool-
ing. In recent years, there has been growing interest in exploring
the use of tweezer trapping for more complicated particles, where
additional internal degrees of freedom might expand the scope of
scientific applications. This interest is reflected in two major efforts
over the past five years, including tweezer trapping of alkaline-earth
atoms and of molecules. In this section we focus on emerging topics
regarding the former, while in the next section we discuss the latter.
Beginning with the first demonstrations”*, the field of
alkaline-earth atoms in tweezers has been moving quickly with a
number of directions under investigation (Fig. 4). With two valence
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Box 2 | Laser cooling single neutral atoms to the motional ground state

Once single atoms are loaded into individual tweezers, optical cool-
ing may be used to cool the atoms to the motional ground state,
following pioneering work with trapped ions> and later neutral at-
oms in optical lattices'***". In the first step of cooling, a coherent
transition occurs between |1 ;1) — || ;n — 1) with a pair of Raman
beams whose differential k-vector projects onto the motional axis
quantized in 7 and is resonant with a transition that changes the
atomic spin and removes a motional quantum of energy (hw). Then,
in a second step, optical pumping (OP) recycles the atom back to
the initial spin state through an excited state (|e)), where the spon-
taneously emitted photons carry away entropy. If the tweezer trap
is sufficiently confining (that is, within the Lamb-Dicke regime),
then the momentum imparted by the scattered optical pumping
photon does not change the motional state of the atom, transferring

47 moves

the population from || ;n — 1) to |1 ;n — 1). The cooling process
then repeats until the atom is in the motional ground state, at which
time it decouples from both drives. This is accomplished with a set
of beams (shown in a) that drive coherent transitions that change
the motional state and internal state of the atom (Raman beams,
‘RB’ in the figure), as well as initialize the atom in a particular spin
state through optical pumping (see the level diagram in b). By
having several pairs of Raman beams that each couple to separate
motional axes, this ground-state cooling process can be performed
on all three dimensions of the tweezer. We also point out that this
scheme can be adapted to forgo the need of separate Raman beams
and optical pumping, by using optical transitions whose linewidth
is less than the trap frequency®. Figure adapted with permission
from ref. ** under a Creative Commons licence CC BY 3.0.
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Fig. 2 | Entropy mitigation by rearrangement and ground-state cooling. a, Using the real-time tunability of the tweezer positions, the positions of trapped
atoms can be moved around in one dimension (top) or two dimensions (bottom right), such that an initial array with empty sites can be rearranged to
create a 'defect free' region. As an example, on the bottom left, a static, shallow potential made by an SLM can hold atoms, while they are dragged with

a mobile tweezer into vacant sites. The method creates defect-free arrays, which are useful for the realization of many-body spin models of long-range
interacting atoms. b, Removing motional entropy through ground-state cooling (Box 2) opens new directions. For instance, combining cooling with the

tunability of the tweezer positions can create conditions where atoms can tunnel and undergo atomic beamsplitting interactions between tweezer sites.
With adequate cooling, the atoms can be made indistinguishable, allowing the observation of the atomic Hong-Ou-Mandel effect*. The top plot shows
the single-particle tunnelling dynamics of a single atom in a double well with coupling J, beginning in the left (right) well in blue (red) and the probability
to end up in the left well (P); the bottom plot shows the two-particle dynamics in terms of the probability P, for atoms to reside in separate wells, where
the Hong-Ou-Mandel interference is manifest in the regions of the plot where the measured P, falls below the expectation for P,, (dashed green lines) for
distinguishable atoms (purple), indicating that the atoms are in a superposition of both being in the left well and both being in the right well. Error bars are
the standard error in the measurement. Panels adapted with permission from: a, ref. 2, AAAS; ref. %, AAAS; b, ref. 4, AAAS.
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Fig. 3 | Two-qubit gates with Rydberg atoms. a, A typical system incorporates two long-lived, non-interacting levels for a qubit; in alkali atoms, the qubit
is often encoded in hyperfine levels. The qubits can be arbitrarily controlled on the Bloch sphere, using resonant drives (microwave- or Raman-induced)
for X and Y rotations and a.c. Stark shifts for Z rotations. One of the qubit states may be coupled to a high principal-quantum-number Rydberg level, so
that there is a conditional phase shift depending on the two-particle spin state. Two Rydberg excited atoms a distance R apart, exhibit a van der Waals
dipole-dipole interaction V.. = C./R®, where C, depends on the spectrum of Rydberg levels and dipole matrix elements. b, In ref. %, a sequence of pulses
on the Rydberg transition, applied globally, realize a two-qubit CZ gate on separated pairs of atoms (top). The resulting Bell state is read out with parity
oscillations (bottom right) using global Z and X rotations. The oscillation contrast encodes the off-diagonal coherence of the two-particle density matrix,
which, along with the measured populations in the qubit basis (bottom left), yield a final Bell-state fidelity of 97.4(3)%. Error bars are the standard error
in the measurement ¢, In ref. °, two-qubit gates are implemented with site-resolved control of the Rydberg transition in a two-dimensional array (middle;
control and target atoms 'c’ and 't" undergo the gate) via the n-2n-n scheme'. Using this gate protocol based in the local control (left) yields a Bell state
that similarly may be analysed with parity rotations and population measurements. In this locally interrogated array, the two-qubit Bell-state fidelity is
88(2)% between atoms labelled c and t. Panel b reproduced with permission adapted from ref. ¢, APS. Panel ¢ adapted with permission from ref. ¢, APS.

electrons, these atoms exhibit a range of optical transitions with
natural linewidths ranging from tens of megahertz down to ten
kilohertz and even millihertz. While the fast megahertz transition
can be used for traditional laser cooling and fluorescence detection,
the kilohertz-wide transitions have been the basis of new cooling
schemes based on Sisyphus cooling or resolved-sideband cool-
ing’®%, which rely on the transition linewidth and trap frequency
being on comparable timescales, a condition that is harder to achieve
in alkalis. Combining the cooling performance with fast fluores-
cence detection has yielded high-fidelity single-atom detection with
applications in quantum metrology and quantum information**"*,

The ultranarrow transitions in alkaline-earth atoms—the
so-called clock transitions—have been studied for over a decade
for their use in high-precision time and frequency metrology*-*°.
Viewed as an oscillator, these long-lived transitions represent some
of the highest-quality-factor objects in nature®”*-*. Using tweezers
for optical atomic clocks is one direction under pursuit, as twee-
zers combine several strengths of trapped ions and optical lattice
clocks—the two leading optical clock platforms. ‘“Tweezer clocks’
possess the atomic isolation and high repetition rate of single-ion
clocks*~?, while being scalable to much larger atom numbers
closer to those of optical lattice clocks**. The first demonstrations
reached atom-laser coherence times of three seconds, approaching
the state of the art, with stabilities within an order of magnitude
of lattice clock records™*””, as well as the capacity of the system

NATURE PHYSICS | www.nature.com/naturephysics

to operate with atom numbers of 40 particles®. Very recent work
has pushed this technique to 160 particles while maintaining atomic
coherence, demonstrating precision in self-comparisons on par
with the state of the art as well as reaching atomic coherence times
at the half-minute scale for optical frequencies®**.

For Rydberg physics, alkaline-earth atoms also offer a number
of appealing properties. By virtue of being a two-electron atom, an
alkaline-earth atom with an electron in a Rydberg level retains a
core resembling an alkali-like ion*~*. Correspondingly, a Rydberg
alkaline-earth atom can be optically trapped using the polariz-
ability of the core® or exhibit reduced light-shift effects®. Both
can lead to improvements in overall two-qubit gate performance,
as anti-trapping and large light shifts of Rydberg atoms present
challenges in spectroscopy, necessitating flashing of the traps and
consequently reduced usable interrogation times. In the context
of Rydberg physics, another avenue of interest relies on the use of
the long-lived excited clock state (°P): from this level, in bosonic
isotopes with zero nuclear spin, one can optically excite to a triplet
series with magnetic field insensitive levels and do so with high Rabi
frequency. Exploring this Rydberg spectroscopy scheme has led to
recent demonstrations of record high-fidelity Rydberg spectroscopy
and entanglement purity for ground-Rydberg qubits in tweezers®.

There remain many untapped capabilities of alkaline-earth
atoms. One direction of interest is to combine the tweezer clock
with high-fidelity Rydberg interactions to engineer entangled states


http://www.nature.com/naturephysics

REVIEW ARTICLE | INSIGHT

Load

v
,-> Image| SICICICICINICTS

e

Repump,
, fepeat <500 mHz
|
1 Interrogate /NW Q NEW
\
\ S, -2 -1
\ Detumng Hz
N < —
\-lmage\ T 00 ® O |

{....

F——5pum

NATURE PHYSICS
3.6 um [r*)
\ | I Detection
,‘f | e
1.0 € 40A8 nm
- 0.8
K
L 0.6+
Z
S 04-
Qo
[
& 0.2
0 : 2
0 50 100 150 698 nm
Time (ns) ‘s0 |a)

Fig. 4 | Experiments with alkaline-earth atoms in tweezers. a, Alkaline-earth and alkaline-earth-like atoms (for example, Sr and Yb, respectively) have
two valence electrons. Consequently, when one electron is excited to a high-lying Rydberg level, the remaining core resembles that of alkali-like ions,
which can be used for tweezer trapping of singe alkaline-earth Rydberg atoms®°%°°, b, Another application of tweezer-trapped alkaline-earth atoms is
so-called tweezer clocks. Using high repetition rates, low-loss imaging and long coherence times, this new clock platform has demonstrated competitive
performance with state-of-the-art systems, and could be used to create entangled clocks by leveraging the control offered by tweezer-based spin
models?>?’., ¢, Using the long-lived metastable state as a ground state, alkaline-earth atoms have been used to implement record high-fidelity Rydberg
Rabi oscillations and associated entanglement between pairs of atoms (fluorescence images of which are shown). The contrast of Rydberg-blockaded
Rabi oscillations is used to infer the high degree of state purity maintained during the Rydberg entangling dynamics®. The quality of these Rydberg
measurements was enhanced by the use of high-fidelity fluorescence detection®' and photoionization using the alkaline-earth atomic structure (right).
Panels adapted with permission from: a, ref. °°, courtesy of Jeff Thompson; b, ref. >, AAAS,; ¢, ref. %, Springer Nature Ltd.

useful for metrology'®'*". Such entangled states can be used to
improve the quantum projection noise that fundamentally limits
clock performance for classical states'”. Along a similar vein, the
clock transition could be exploited as a qubit for quantum informa-
tion processing. Finally, so far, the fermionic isotopes with nuclear
spin have not been exploited. Doing so would allow use of the
nuclear spin degree of freedom to store quantum information—a
low-energy qubit that is well-isolated and easy to manipulate—
while using the clock transition for shelving, enhanced measure-
ment techniques and new gate schemes based on nuclear—electronic
spin exchange'*>'"". Further, such an approach could be straightfor-
wardly merge with established two-qubit Rydberg gates schemes
for quantum information processing, exploiting the high-fidelity
operations so far demonstrated with the platform.

Molecules in tweezers

As described in the previous section, alkaline-earth atoms have
established new scientific directions via their increased complexity.
Polar molecules, which contain two or more atoms, have even more
quantum degrees of freedom plus intrinsic tunable dipolar interac-
tions. Leveraging these intrinsic properties of molecules opens new
scientific directions for fundamental physics and chemistry as well as
quantum technology. Already, in the area of precision measurements,
searches for an electron electric dipole moment with molecules have
set the most stringent constraint by two orders of magnitude over
the previous best measurement using atoms and probed a mass
scale that is higher than the collision energy at the Large Hadron
Collider'®. A similar performance gain is anticipated when polar
molecules are tailored for quantum science applications'*-'*. For
example, several proposals outline pathways to fault-tolerant quan-
tum logic gates by leveraging different molecular degrees of free-
dom for information storage and entangling operations separately,
providing a way to fulfil many requirements (sometimes compet-
ing) within one coherent system''°-">. Motivated by these prospects,
many advances in quantum control of molecules have been made in
the past 15 years'"~'”, including demonstrations of spin coherence
times on the one-second scale'**'*' and rotation'**'** and vibration'*
coherence times on the ten-millisecond timescale.

To fully realize the potential of molecular systems for quantum
sciences, full quantum state control with individual particle manip-
ulation and readout in a low-entropy gas or array is a prerequisite
and a long-standing goal. The bottom-up approach of assembling
atom arrays with optical tweezers has inspired a new generation of
molecular experiments. As the traditional way to obtain ultracold
molecular gases relies on balancing favourable collision properties
of atoms and molecules, removing such a constraint by isolating
individual particles from the outset would allow higher-efficiency
production of trapped molecules. Furthermore, with fewer but
more highly controlled particles, the tweezer platform offers tech-
nical shortcuts that allow single-particle control of molecules®>,
realizing single molecules in the internal and motional quantum
ground states'’, reaching a pair density sufficient to study molecular
collisions™, and extending rotation coherence time by tenfold to a
hundred milliseconds'*. Below, we review these recent demonstra-
tions based on two complementary approaches (Fig. 5) to obtain
single molecules in optical tweezers.

Loading single molecules from a laser-cooled ensemble. Laser
cooling of atoms is the starting point of all the experiments dis-
cussed before this section in this Review. However, the additions
of molecular degrees of freedom—vibration and rotation—make
photon cycling challenging. The recognition of molecules with
diagonal Franck-Condon factors (that is, vibration wavefunction
overlap of the ground and the electronic excited states is close to 1)
that would allow efficient optical cycling'**'*” has motivated rapid
experimental advances in laser cooling and sub-Doppler cooling
of molecules''*'?*-"*!, To grab single molecules in tweezers (with an
effective density of 10" cm™) from a laser-cooled ensemble, an opti-
cal dipole trap with large volume and high restoring force is used
as an intermediate step to enhance the ensemble density from a
molecular magneto-optical trap (typical density of 10°-10°cm™).
Remarkably, this method also provides the ability to scatter a large
number of photons for imaging and to induce light-assisted colli-
sions for parity projections. Specifically, A-imaging demonstrated
with CaF molecules can scatter thousands of photons in the pres-
ence of a tweezer trap, which allows imaging of single particles with
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Fig. 5 | Two approaches to fully controlled single molecules in tweezers. a, One approach is to directly load single molecules from a laser-cooled
ensemble and purify their internal states, as has been demonstrated in CaF®*, and then further cool their motional states. b, Another approach to single
molecules is by associating single atoms and mapping all quantum control from the atoms to the resulting molecules. Once single molecules are formed,
their internal state is further manipulated to bring the molecules to their vibrational ground state where they possess an appreciable dipole moment. All
of the steps have been achieved in diatomic NaCs molecules'®. With the success of these approaches, harnessing coherent molecular degrees of freedom
and intrinsic dipolar interactions of fully controlled diverse molecular species for quantum science applications is underway.

a fidelity exceeding 92% currently’. The resulting single molecules
in the tweezers are typically at a temperature of 40 pK. Empirically,
light-assisted collisions of molecules in tweezers has been mea-
sured to be faster than molecular collisions in the absence of light,
and ensures that traps with more than one molecule are ejected
pair-wise and leave behind one or zero molecules.

Asthe photon-cycling schemes generally connect several Zeeman
sublevels, optical pumping and microwave drives are used to further
purify molecules in a chosen internal quantum state’'*>. To reach
even lower temperatures in tweezers to allow dipolar interactions to
dominate over kinetic energy, motional sideband cooling methods
that overcome realistic but complex molecular structure have been
proposed'* and will bring these single molecules under motional
control. The ability to cycle a large numbers of photons with mol-
ecules is the key to the success of this single-molecule approach
because it allows techniques developed for atoms to be realized with
molecules. Higher-fidelity state preparation and detection can be
straightforwardly achieved with tighter traps and larger photon col-
lection efficiency. In addition, the same techniques can be applied
to other laser-coolable species, including asymmetric-top mol-
ecules'**, which would unlock more features of neutral particles for
quantum engineering'*>-'¥".

Building single molecules from single atoms. Rather than start-
ing with a cold gas of molecules and grabbing individual molecules
out of it, one can also start with individual atoms and bring them
together to make molecules. The advantage of this approach is that
full control of both the internal and motional degrees of freedom
of the molecules is obtained by construction in the building pro-
cess. Namely, only pairs of atoms in a specific internal and motional
state can be converted into molecules. One challenge to achiev-
ing this lies in simultaneous quantum control of different species
of single atoms'**'*, which requires new twists to well-established
atomic cooling and trapping techniques to allow their applica-
tion to a wider range of species'**'*". Another challenge is efficient
molecular association, overcoming the small wavefunction overlap
(<107*) between two atoms and a molecule. The solution is to apply
a two-step approach'”*-"'* that has successful in producing bi-alkali
molecules in bulk gases and in optical lattices to single molecules
in tweezers.

The first step pairs ground-state cooled atoms into a single, albeit
high-lying, vibrational quantum state via a Fano—Feshbach scatter-
ing resonance with a majority population in the motional ground
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state>*>. The second step uses a two-photon coherent process to
transfer the single Feshbach molecules to the lowest vibrational state
in which the molecules possess a large dipole moment that is crucial
for realizing dipolar interactions. This step was recently achieved
with NaCs molecules'’, which constitutes the first time that an indi-
vidually controlled rovibrational ground-state molecule is predom-
inately in its motional ground state. In addition, other molecular
association methods without using Fano-Feshbach resonances are
being developed, such as coherent optical Raman transfer'*’, which
could allow a wider range of molecular species including larger
molecules to be assembled atom by atom.

Collisions. Optical tweezers provide exquisite control to study
collisions with the exact collision partners prepared and the out-
comes measured®*~**. These parameters play an important role in
the formation and the reaction of molecules. For chemical reactions
to take place, a collision between molecules is the usual starting
point. However, to study such a process in the ultracold regime, a
sufficiently high molecular density'*’ and direct probing tools are
needed'. By inserting two laser-cooled molecules in a tweezer,
a pair density many orders of magnitude higher than the initial
laser-cooled gas is achieved and processes involving three particles
are eliminated, allowing the observation of collisions of exactly
two CaF molecules™ with a loss rate close to the universal rate that
has also been widely observed in collisions of bi-alkali molecules.
Furthermore, such a platform has recently served as a testbed to
demonstrate microwave shielding of collisions'*. In the near future,
optical tweezers offer a promising and clean platform to probe
few-body physics with complex interactions, such as atom-mol-
ecule and molecule-molecule.

The introduction of tweezers to molecular systems in the past
five to seven years has fulfilled the long-standing aim to bring indi-
vidual molecules under full quantum control. Immediate goals on
the horizon are to scale up the number of single molecules using
optical engineering techniques that have been demonstrated with
atom arrays and to exploit complex molecular degrees of freedom
and their intrinsic dipolar interactions for exciting applications such
as quantum simulations of spin models'*”'*® and synthetic dimen-
sions for Hamiltonian engineering'*, realizing chiral spin liquids'’
and entangling logic gates'*®''®!"?. Furthermore, with the rapid
recent progress aided by optical tweezers, we can expect diverse
molecular species tailored for different quantum science applica-
tions to become available in the near future.
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Future directions

Controllable arrays of single neutral atoms in tweezers have proven
to be a powerful platform, impacting an impressive range of sub-
fields within quantum science, including information process-
ing®»*72+5997582  many-body physics®*-*, metrology**°, quantum
optics'”*, quantum networks® and ultracold chemistry®**. Yet,
all indications are that we are only at the early stages of develop-
ing this platform. Technical improvements in control, gate fideli-
ties and scalability occur on a yearly basis; meanwhile, a growing
industry sector—including companies such as QuEra Computing,
Cold Quanta and Atom Computing—for Rydberg-based quantum
computing is likely to begin making its own contributions. Nascent
platforms with new particles, such as alkaline-earths and molecules,
are establishing many different research directions. One can be opti-
mistic that the future is bright for this emerging player in the quan-
tum science arena.
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