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Inrecent years, an increasingly large variety of molecular species have been
successfully cooled to low energies, and innovative techniques continue
to emerge to reach ever more precise control of molecular motion. In

this Review, we focus on two widely employed cooling techniques that
have brought molecular gases into the quantum regime: association of
ultracold atoms into quantum gases of molecules and direct laser cooling
of molecules. These advances have brought into reality the capability to
prepare and manipulate both internal and external states of molecules on
aquantum mechanical level, opening the field of cold molecules to a wide
range of scientific explorations.

Over the past two decades, research on cold molecules has blossomed
from a nascent field into a strong scientific current that expands the
horizon of physical sciences' . The scientific community is currently
witnessing a transition from early aspirations to impactful scien-
tific fruition and emergent technology. Pioneering ideas of cooling
molecules to unexplored low-energy regimes*® have led the way to a
more mature pursuit of goal-driven molecular quantum state control®.
Chemical interactions are being studied with much greater details,
including individual reaction pathways and resonances’ . Molecular
complexity hasbecome afeature to demonstrate sophisticated quan-
tum control and explore emergent phenomena'® ™, Severalideas for the
implementation of tunable many-body Hamiltonians with long-range,
anisotropicinteractions through the manipulation of molecules with
external fields have expanded quantum simulation prospects'® .
Molecules with extended coherence times are now setting more
stringent limits and opening novel grounds for quantum sensing and
for the exploration of fundamental symmetry and new physics beyond
the standard model® . Moreover, increasingly precise control of
complex molecules fits right into the emergent theme of quantum
information, which builds on high-fidelity manipulation of microscopic
quantum systems>*?’,

Giventhecentralrolethat molecules playinawide range of physical
processes, the progress in the field of cold molecules is bringing
together scientists from many different disciplines. Particle physicists
are interested in using molecules to search for evasive particles and
fields. Condensed-matter physicists are building quantum material

models based on cold molecules. Chemists aimtoimprove the elemen-
tary understanding of the most fundamental reaction processes to
enable designer chemistry. Quantum scientists are using molecules
to build quantum simulation and information processing platforms.
More complex molecules might also enable powerful technologies
that are attractive to biomedical researchers™,

Molecules bring us great diversity and a rich energy-level struc-
ture, and their control and use for scientific explorationthus demand a
wide scope of methods and approaches. Althoughitis easy tojudge the
success of molecular cooling by the temperatures achieved, scientific
vision and purpose should always be the foremost guiding principle
when designing and deciding research directions on cold molecules.

Inthis Review, we present aselected few approaches that are being
effectively pursued for the cooling, trapping and manipulation of mole-
cules, and afew examples of scientific successes that build uponthese
tools. These efforts underpin our goal of precise control of molecular
states for achieving a comprehensive understanding of emergent
complexity in quantum materials, controlled chemical processes,
and powerful new methods for precision measurement and quantum
information science. The purpose of this Review is to provide a com-
mon connection between varying approaches to cold molecules and
their relevant scientific goals.

Preparation of ultracold molecules
In this first section, we discuss recent progress in the cooling and
trapping of molecules. We focus on two distinct methods, namely,
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the association of quantum gases of atoms into ultracold molecules
and direct laser cooling of molecules. These approaches are leading
the production of molecular samples with high phase-space densities
and full control over quantum mechanical degrees of freedom.

We note that there exists a further large variety of powerful tech-
niques and strategies to control the external and internal degrees
of freedom of molecules, which we mention here only briefly. These
include buffer gas® and supersonicsources®*, decelerators**and their
combinationwith conservative traps®**, merged™ or crossed** molecu-
lar beams, as well as cryofuges® and Sisyphus cooling of electrically
trapped molecules. We also note that there is a whole vibrant field
oftrapped molecularionsthat have been used for studies of chemical
reaction dynamics, precision measurement and quantum logic gates™.

Association of quantum gases of atoms

The first strategy that we discuss here in detail relies on the ability to
create and manipulate gases of ultracold atoms*®*', By ramping an
external magnetic field across a Feshbach resonance, pairs of these
atoms can be associated into weakly bound, highly excited Feshbach
molecules* (Fig. 1a). Transfer of these molecules into their absolute
ground state can be realized by stimulated Raman adiabatic passage
(STIRAP). In this process, a pair of Raman lasers coherently transfers
the moleculesinto their ground state via a suitable excited state. This
removes thousands of kelvins worth of binding energy from a gas at
nanokelvin temperatures. The coherence of the process is essential
for this, as any spontaneous processes would unavoidably lead to
undesirable heating.

Akeyingredientis the choice of the excited state that must accom-
modate the vastly different vibrational wavefunction extension as well
asthedifferent—typically singlet and triplet—characters between the
Feshbach molecule and the ground-state molecule, respectively, to
provide sufficient transition strengths for both legs of the Ramantrans-
fer. Although such a state can in general be found through extensive
spectroscopy with the help of detailed knowledge on the molecular
structure, the Rabifrequencies, especially that for the upwards transi-
tion, are often not very high. In this limit, high STIRAP efficiency can
be achieved with only long-duration Raman pulses, which require
high relative phase coherence between the Raman lasers. In earlier
work, this was established by phase locking the Raman lasers to a sta-
bilized frequency comb***, Currently, the comb has been replaced
by high-finesse ultrastable cavities with dual-wavelength coating®.
With these efforts, a one-way STIRAP transfer efficiency of over 90%
hasbeenachieved. The high efficiencyis alsoimportant for detection,
which relies on the reversed STIRAP process to transfer ground-state
molecules back to the Feshbach state.

Association of ultracold atoms has so far achieved the highest
phase-space densities in molecular gases. However, as this strategy
requires ultracold atomic gases tostart with, it produces only molecular
species formed from atomic species that can be laser cooled. Typical
experimental examples are heteronuclear***** and homonuclear®*
mixtures of alkalis, or mixtures of alkali and alkaline earth atoms™.

Arelated technique to magneto-association is photo-association
of ultracold atoms, which has also been used to create bialkali
molecules in the rovibrational ground state***". Further work has
also suggested the possibility to form alkali-lanthanide and alkaline
earth-lanthanide mixtures with large spins®>*°.

Notably, recent progress has led to the first generation of
quantum degenerate molecular Fermi gases of KRb (Fig. 1b) and NaK
molecules®®**, as well as the first Bose-Einstein condensate (BEC) of
NaCs molecules®. Moreover, the technique not only works for meso-
scopic gases of many particles but also can be applied even on the
single-molecule level, where precisely two atoms can be turned into
one molecule®® %,

The molecular quantum gases created in this approach are readily
loaded into optical dipole traps or optical lattices, leading to studies
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Fig.1| Preparation of ultracold molecules from ultracold atoms. a, Magneto-
association and STIRAP transfer. Pairs of atoms are associated into a weakly
bound molecule by sweeping a magnetic field over a scattering resonance
(inset). These weakly bound molecules are subsequently transferred into

the rovibrational ground state by a two-colour STIRAP via an excited state.

b, Transition of a mixture of potassium and rubidium clouds (top) and associated
KRb molecules from these clouds (bottom) into the quantum degenerate
regime. Temperatures T decrease from left to right, with T, being the critical
temperature for the bosonic Rb atoms and T; representing the individual
Fermitemperatures for the fermionic K atoms and KRb molecules, respectively.
Panel b adapted with permission from ref. 60, AAAS.

of chemical reactions near absolute zero'*’, long lifetimes of trapped
molecules™”, tuning of state-dependent trapping potentials’>’* and
spin-exchange interactions'®"”1*?*7*,

Directlaser cooling

Laser cooling relies on the repeated scattering of photons. Through this
photon cycling, the collective actions of tens of thousands of photons,
each with a small individual momentum, lead to sizable forces for
massive particles such as atoms or molecules. Thus molecules, with
their complexinternal structure, donot,apriori, appear tobe very well
suited for laser cooling, as an excitation created by absorbing a photon
can easily decay into many vibrational and rotational energy levels
different from the initial one. As each of the corresponding transi-
tions has a different frequency, photon cycling appears to require an
unpractically large number of lasers to address all of these transitions.

However, over the past decade, it has been established that this
challenge canbe overcomeinalarge number of molecular species, by
exploiting diagonal Franck-Condon factors* and transition selection
rules’® to limit vibrational and rotational branching. A study® further
proposed practical schemes for constructing a molecular magneto-
optical trap. While these requirements again limit cooling to a subset
of molecular species, the required properties are fairly generic and
provide alarge variety of chemically diverse species™ .

The best understood examples showing favourable vibrational
properties are alkaline earth monofluorides (SrF (ref. 78), CaF (refs. 79,
80)) and oxides suchas YO (refs. 81,82). The calculated valence electron
distribution of the CaF ground stateis shownin Fig. 2a. While one of the
calcium atom’s two valence electrons forms the molecular bond with
the electronegative fluorine atom, the other one is primarily located
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Fig.2|Laser cooling of molecules. a, The calculated valence electron
distribution for the ground state of CaF molecules, where the optically active
electronis centred around the metal atom and polarized away from the
molecular bond. The molecule thus behaves similarly to an alkali atom, with
transitions of the single valence electron independent from molecular vibrations
to avery good approximation. b, This leads to a highly diagonal Franck-Condon
factor (between the lowest vibrational levels v" = 0 and v' = 0 of the electronic
ground state X and the first excited state A), which strongly suppresses
vibrational branching and limits the number of lasers required to realize a closed
cooling cycle. ¢, In addition, rotational branching can be suppressed using parity
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selection rules, by driving transitions from the energetically lowest ground
state with negative parity (N=1) to the lowest excited state with positive parity
(J=1,+).d, Asimilar strategy can be followed to laser cool also more complex
polyatomic molecules that are formed from a suitable optically active cycling
centre (thatis, an atom or diatomic molecule, shown here in colour) and aligand
(showningreyscale). This ligand can, in principle, have very different levels

of complexity without significantly perturbing the laser-cooling cycle. Panels
adapted with permission from: a, ref. 166; b,c, ref. 75, Taylor & Francis; d, ref. 93,
under a Creative Commons licence CC BY 4.0.

around the calcium atom and polarized away from the bond®. Excita-
tions of this latter electron are thus nearly unaffected by changesin the
molecular vibrational state, leading to diagonal Franck-Condon factors
andstrongly suppressed vibrational branching (Fig.2b). The molecules
thus behave—in some ways—similarly to alkali atoms, which are com-
mon in atomic laser-cooling experiments. In YO, the same principle
holds’for two independent electron-nuclear spin angular momentum
ground states, enabling efficient formation of amagneto-optical trap
(MOT) and grey molasses sub-Doppler cooling®. YO also features a
narrow transition that can facilitate narrow line cooling similar to that
in alkaline earth atoms®,

Giventhe abundance of potential candidates, the list of explored
molecular species is expected to grow rapidly in the coming years.
In particular, favourable vibrational properties are not limited to
diatomic species, but extend naturally to polyatomic ones, where a
large variety of ligands canbe attached to atoms or diatomics acting as
optical cycling centres®* (Fig. 2d). Initially demonstrated with linear
triatomic molecules such as SrOH, CaOH and YbOH (refs. 88,89), this
approach hasnow also been extended experimentally to more complex
molecules such as CaOCH; (ref. 12). The limits of this approach are
currently very actively explored on the theoretical chemistry side,
with the goal of systematically predicting which ligands are compatible
with which cycling centres®%",

Onthe practical side, the additional structure of polyatomics leads
to additional vibrational bending, stretching and hybrid modes, which
require additional lasers to address the corresponding states. Although
thisincreases the complexity of maintaininganearly closed optical cycle,
the overall structure of polyatomics is particularly favourable for preci-
sion measurements’** asitleads, for example, to opposite parity, nearly
degenerate doublets of states. Such molecules can thus generically be
polarizedin electric fields that are much smaller than the fields required
for diatomicmolecules andtheir structure provides a powerful tool to con-
trol systematic effects in precision measurements. Other applications of
polyatomic molecules that have been considered include quantum simu-
lation, quantum computation, and ultracold chemistry and collisions®.

For both diatomics and polyatomics, once vibrational branch-
ing is suppressed, angular momentum and parity selection rules
for rotational states can be used in combination with remixing of
dark states thatare not addressed by the laser light, to realize aclosed
optical cycle®® (Fig. 2c). Recently, the work on species with more
complex hyperfine structure, which show many additional dark states,
has also gained traction®°,

Turning a closed optical cycle into actual laser cooling requires
the understanding of the resulting multi-level systems”*”%, Scatter-
ing rates in such multi-level systems are proportional to No/(N,+ N,),
where N, and N, are the number of exited and ground states that are
coherently involved in the optical cycle. Typical monofluorides, for
example, show 4 excitedand 12 ground statesin each addressed vibra-
tional level. The scattering rates are thus significantly reduced com-
pared with the textbook two-level situation, which also goes hand in
hand withincreased saturation intensities for the transitions. Cooling
of molecules therefore typically requires not only more lasers than
cooling of atoms to address all required states but also higher laser
powers to achieve sufficiently fast scattering.

However, apart from an increased level of complexity, one finds
cooling forces similar to the ones known from atomic laser cooling,
such as Doppler and Sisyphus forces. Molasses techniques can be
used to image molecules down to the level of individual molecules”.
Interestingly, and in contrast to atoms, closed optical cycles can also
berealized in ways where absorption and emission occur on different
wavelengths, which allows near-background-free detection of
molecules, for example, for precision measurement applications'**'",

Experiments typically start with a slow molecular beam, formed,
for example, by laser ablation and buffer gas cooling®'*?, which is
laser slowed®*'°>!°* to the capture velocity of a magneto-optical
trap’®808910519 Fyrther molasses cooling”**%° then produces molecular
samples that can be trapped in conservative potentials'’ ™",

The phase-space densities that have beenachieved in this way have
increased by more than10 orders of magnitude inrecent years, reach-
ingnow 107 (refs.110,112), which is close to being suitable for further
collisional cooling of the molecules to quantum degeneracy. Further
progressis expectedin the near future through more efficient slowing
methods™ ¢, more efficient sources"” and sympathetic cooling with
atoms"®". The current phase-space densities are also sufficiently high
toload optical tweezer arrays with single molecules'”, enabling studies
of collisions on the single-molecule level'”.

State engineering and coherence of single
molecules

Therichinternal structures of ultracold polar molecules, including
their vibrational, rotational and hyperfine states, have long been identi-
fied as great assets for many potential applications. A prerequisite for
exploring such possibilities is the capability of controlling the inter-
nal states of the sample on the single quantum level. Building on the
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Fig.3|Internal state control and single-molecule rotational coherence.

a, Schematic of the microwave-driven transitions between rotational and
hyperfine levels of NaRb. Here the projection of the total angular momentum
Mr = my + mM + mR°is always a good quantum number, with m,, mMand mR®
the projections of the rotation and atomic nuclear spins. A nuclear spin flip is
made possible by nuclear spin and rotation mixing. b, Coherent population
transfers from N=0to N =1orbetween hyperfinelevelsin N = 0. The oscillations
and their corresponding transitions in a are colour-coded. ¢, Differential light
shifts cause rotational decoherence (top). This can be mitigated by tuning the
polarization angle 8 of the trapping light to the magic angle (bottom). The K
vector of the trapping light is perpendicular to the external magnetic field B.

d, The rotational coherence time for single CaF molecules in optical tweezers is
limited by aresidual differential light shift (green diamonds). With spin echo, the
coherence timeis extended to nearly 500 ms (blue circles). @ is the phase shiftin
the second /2 Rabi pulse in the Ramsey spectroscopy for measuring the fringe
contrast. e,f, Dynamical decoupling with the XY8 microwave pulse sequences
which areimplemented by adding eight Rabi mt-pulses (R, and R,) spaced by time
during the Ramsey evolution time T. (e) is powerful enough to extend the
rotational coherence time of KRb molecules in 2D potentials to nearly 20 ms
without the magic-angle compensation (f). Panels adapted with permission from:
a,b, ref.123, American Physical Society; c,d, ref. 131, APS; e f, ref. 18 Springer
Nature Ltd.

progress in cooling discussed in the previous section, this has been
fully achieved with the combined power of optical and microwave
methods. In addition, microwave coupling between rotational levels
has emerged as a major method for engineering and probing inter-
molecular interactions. To fully explore the potential of this method,
significant efforts have been devoted to understanding and controlling
rotational coherence.

Internal state control

In magneto-association, the weakly bound Feshbach molecule is
produced with a Feshbach resonance between atom pairs in single
hyperfine Zeeman levels and is thus inherently in a single quantum
level*. For bialkali molecules, the ground electronic state is 'L*,
which has no electronic orbital and spin angular momenta. Their
hyperfine structures are thus purely from the atomic nuclear spins
and rotation'?. In magnetic fields, these structures splitinto (2N +1)
(21, +1)(21, +1) closely spaced levels, with N the rotational quantum
number, and /;the nuclear spin of the two atoms. Take ?Na®Rb as an
example: with Iy, = Iy, = 3/2, there are 16, 48 and 80 levels for N=0, 1
and 2, respectively'?. In a magnetic field, the total frequency span
of the hyperfine levels in each rotational state is on the megahertz
level, while the intervals between adjacent hyperfine levels are even
smaller. With the combination of selection rules and polarization, Rabi
frequencies and the Raman laser pulse lengths, population transfer
to single selected hyperfine levels has been routinely realized*>**,
However, it is worth mentioning that high spectroscopic resolution
and high population transfer efficiency have contradictory require-
ments on Rabi frequencies. This highlights again the importance of
establishing good phase coherence between the Raman lasers, which
will allow high STIRAP efficiencies at lower Rabi frequencies and longer

pulses. If possible, using Feshbach resonances at higher magnetic
fields to make hyperfine splitting larger also helps.

While most experiments start frommoleculesinthe lowest energy
level with vibrational and rotational quantum numbersv=0and N=0,
STIRAP can also place the populationin N=2 directly. The N=1level,
which cannot bereached by STIRAP as limited by parity selectionrules,
canbe populated with amicrowave driving the rotational transition, for
example, between N=0 and 1, asillustrated in Fig. 3a,b refs. 123-126.
In addition, two-photon microwave transitions are also frequently
used for hyperfine manipulation. As has been demonstrated in RbCs,
multiple microwave frequencies canalso be applied to produce mole-
culesinhigher rotational levels'”. STIRAP canalso transfer molecules
tolow-lying excited vibrational states, suchasv =1(ref.123). For mole-
cules with no two-body chemical reactivity in the v =0 level, this can
serve asaknob to turn on the reaction'®.

Fordirectlylaser-cooled >’2* molecules, after the laser cooling stage
the populationisdistributedin N =1, the state used for the realization of
the closed laser-cooling cycle (Fig. 2c). This manifold contains multiple
spin-rotation and hyperfine levels. In recent experiments with CaF and
SrF molecules, preparing the molecules into asingle hyperfine Zeeman
level has been demonstrated using optical pumping and microwave
driving'”'%’, In combination with optical tweezers, such state control
has facilitated the study of state-dependent collisions'?, and entangle-
ment of pairs of molecules via spin-exchange interactions®?”,

Single-molecule coherence

The microwave coupling between rotational levels with opposite
parities caninduce strong dipolar interactions between molecules. This
leads to a rotational dipolar spin-exchange interaction, which can be
used for realizing a variety of spin models®*° and implementing the
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Fig. 4| Controlling molecular interactions. a, Short-range versus long-range
physics. The short-range regime happens inside the shielding barrier, whose
height Vis proportional to the induced dipole moment d, that can be controlled
via external fields. The long-range regime is instead outside the barrier. At
short-range, molecular collisions are dominated by complex formation and
chemical reactions, and often result in losses. Dipolar interactions enable elastic
scattering beyond the barrier, which is crucial for evaporative cooling and
many-body physics. b, Experimental set-up for collisional shielding in 2D gases
of ultracold molecules. 2D trapping is realized by a combination of dipole traps,
and awell-controlled d.c. electric field is applied by transparent bias field plates

and auxiliary gradient rods. ¢, Experimental set-up for microwave shielding of
ultracold molecules. Circularly polarized microwave electric fields are applied

to molecules trapped ina combination of different dipole traps. d, Shielding
resonance for KRb moleculesin the N=1state as a function of the bias d.c. electric
field E. The rate of two-body loss S is extracted from the evolution of the molecular
density n at different values of £. The insets highlight the dramaticincrease in
molecular lifetime on different sides of the shielding resonance. e, Evaporative
cooling of a2D thermal Fermi gas of KRb molecules (top) to the quantum
degenerate regime (bottom). Panels adapted with permission from:b,e, ref. 61,
Springer Nature Ltd; ¢, ref. 62, Springer Nature Ltd; d, ref. 158, Springer Nature Ltd.

iSWAP two-qubit quantum gate***, However, to make these applica-
tions possible, the single-molecule rotational coherence time must be
longer than the timescale of the interaction.

For optically trapped molecules, the most important source of
decoherence is the differential a.c. Stark shift’>”?, which causes shifts
of the rotational transition frequencies across the trap. This problem
canbe mitigated using the anisotropic polarizability of N = 1. By setting
the polarization of the trapping light to a‘magic’ angle, as depictedin
Fig.3c, thelight shifts of N= 0and N=1from the scalar polarizabilities
canbemade exactly thesame. However, the polarizability of N =1also
hasatensor termthat mixes the different rotational Zeeman levels m,,
andresultsinahyperpolarizability and a quadratic shift. This compli-
cationleads to anintensity-dependent magic angle, and more impor-
tantly an incomplete differential light-shift cancellation. The typical
rotational coherence time, as measured by Ramsey spectroscopy,
is limited to several milliseconds for bulk samples in optical traps™.
For single moleculesin optical tweezers (Fig. 3d), acoherence time of
93(7) ms has been observed™'.

Several different methods have been developed to make fur-
ther improvements. Together with polarization-angle adjustment,
amoderate d.c. electric field can be applied to decouple nuclear
spins from rotation to minimize the hyperpolarizability and thus the
intensity-dependent differential shift'*>'*, Similarly, magnetic fields
can be used to adjust the nuclear spin-rotation mixing to cancel the
differential light shift at matched light intensities". For NaRb in the
ground band of the two-dimensional (2D) optical lattices of aquantum
microscope set-up, a coherence time of 56(2) ms has recently been
reported”. A very different scheme is to create a ‘magic’ trapping
potential for the different rotational states by tuning the trapping
light to near resonance with an excited molecular state. To minimize
off-resonance scattering, the nominally forbiddenv=0 < v =0 tran-
sition between X'X* and bITis used”*™*. In RbCs, it is estimated that
rotational coherence times greater than 1s can be achieved in the
magic potential®®,

Imperfections of the magnetic field, such as fluctuations and gradi-
ents, areanotherimportant source of decoherence. For'X*molecules,

as the nuclear spins are very insensitive to magnetic fields, this is less
of a problem. For 2£* molecules with a non-zero electron spin, the
requirements onthe magnetic field arein general more stringent. How-
ever, the sensitivity to magnetic field can be reduced significantly by
choosingapair of rotational hyperfine Zeeman levels with small relative
shifts so that the rotational transition frequency has only a quadratic
Zeeman shift at low magnetic fields**%.

To extend the rotational coherence time further, more advanced
microwave pulse sequences, such as spin echo and dynamical decou-
pling, can be used to remove decoherence from quasi-static sources.
In several experiments, coherence times of hundred of milliseconds
were achieved with these methods in both opticallattices'®'” and opti-
cal tweezers®**”"!, This is already much longer than the timescale of
the dipolar interaction between molecules. Although more complex,
dynamical decoupling pulse sequences are more powerful than spin
echo®¥.Inthelatest KRb experiment'®, acoherence time of -20 ms was
achieved withan XY8 pulse sequence, despite the presence of large dif-
ferential light shift between rotational states inan optical trap without
using magic wavelength or magic angle (Fig. 3e,f).

Besides their insensitivity to magnetic fields, the nuclear spin
hyperfine levels in N=0 of 'X* molecules also experience very small
differential light shifts”. They can thus serve as storage qubits for pre-
serving quantum coherence over long periods of time****'*’, In several
experiments, nuclear spin coherence times of several seconds have
beenobservedin optical traps and lattices with two-photon microwave
spectroscopy’***'* Although it has not been demonstrated, with spin
echo or dynamical decoupling, the nuclear spin coherence time should
be readily extended to over 1 minute.

Molecular interactions

The exquisite control of interactions in atoms has enabled collisional
cooling oflaser-cooled atomic gases further into the ultracold regime,
where collective quantumbehaviour plays aleading role. Such agas of
indistinguishable particles with finely tunable interactions performs as
aquantum simulator, providing insights in the behaviour of complex
many-body systems. However, the class of phenomena that ultracold
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atoms can exploreisrestricted by the limited strength, range and iso-
tropic nature of their interactions.

Richer dipolarinteractions with anisotropic and long-range char-
acter canbe realized in magnetic quantum gases. This has recently led
to the surprising observation of new states of matter such as droplets
and supersolids'*®'*, Nonetheless, the strength of this interaction is
stillinherently set and limited by the atomic structure. An ultracold and
dense gas of polar molecules, with strong electric long-range interac-
tionsand arichstructure of coherent, long-lived states, is expected to
greatly exceed the possibilities of such weakly dipolar atoms and realize
new phases of matter, such as topological superfluids>'**.

However, the very same complexity that makes molecules so
appealing renders the precise control of their interactions highly chal-
lenging. Molecular collisions at short distance are not as favourable
as atomic ones: their dense spectrum of internal energy levels allows
two colliding molecules to stick together**'** and undergo a (photo-)
chemical reactionthat hampers collisional cooling and most molecular
quantum applications (Fig. 4a). Over the past decade, there has been
tremendous efforts in understanding the collisional complexes that
molecules form at short range, how they impact chemical reactions
and how we can suppress their formation with shielding methods' %,
Shielding has enabled the achievement of a new regime, a molecular
gas dominated by elastic interactions, which can then be cooled to
quantum degeneracy to study complex dipolar systems.

Ultracold chemical reactions and shielding methods

At ultralow temperatures, chemical reactions do not follow an
Arrhenius-type equation as thermal energy is too low to overcome
reaction barriers. Instead, wavefunction overlap and quantum tun-
nelling provide away for molecules to meet at short distance and then
react. Fermionic KRb ground-state molecules proved to be a valuable
test bed for suchultracold chemistry. The reactionKRb + KRb > K, + Rb,
is energetically allowed and proceeds according to a two-body loss
rate. By changing theinitial state of the molecular gas, it is possible to
tune the reaction rate in a quantum state-resolved fashion. Owing to
the centrifugal barrier in the p-wave channel, a gas of identical fermi-
onic molecules reacts less than a gas of distinguishable (or bosonic)
molecules®’, where collisions in the barrier-less s-wave channel are
allowed. Thus, control over the long-range barrier translates into con-
trol over the reactivity and stability of the molecules. This is the basic
principle of reaction shielding. As anisotropic dipolar interactions mix
higher-order partial waves together, they provide away to change the
height and shape of the long-range barrier.

Dipolar interactions can be induced by polarizing molecules
in an external electric field. Initially, collisions of molecules in the
lowest rotational level were investigated ina static electric field. While
perpendicularly totheelectricfield dipolar interactions are repulsive,
they are attractive along the field direction and facilitate short-range
collisions. For a three-dimensional (3D) gas, the attractive dipolar
component dominates and the rate of chemical reactions monotoni-
cally increases with the induced dipole moment'. In 2D traps, it is
possible toretain only the repulsive side of dipolar interactions when
the 2D gas is tightly confined along the field direction (Fig. 4b). This
shielding method combines strong dipolar interactions with optical
lattice confinement to exploit the stereodynamics of the reaction and
suppress the reaction rate with respect to the 3D case™°.

Thetechnical complicationin dealing with the large electric fields
required for this type of shielding shifted the focus towards the crea-
tion of inherently chemically stable ultracold molecular samples***>",
Surprisingly, the new speciesinvestigated for this purpose still showed
two-body losses close to the universal limit of chemically reactive mole-
cules®"52 1n 2019, a theoretical study'** analysed the effect of optical
dipole traps onmolecular collisions, focusing on the role of intermedi-
ate complexes. Complexes are formed when molecules meet at short
range. For chemically stable molecules, energy conservation should

allow complexes to dissociate back to the original reactants, while in
thereactive case, complexes can transforminto reaction products. In
the bialkali case, complexes have abroad optical absorption spectrum
that peaksinthe wavelength range of standard optical dipole traps. As
aresult, bialkali complexes quickly absorb trap photons, heat up and
are quickly lost from the trap. The detrimental role of optical trapping
was later confirmed by two separate experiments™*"*, However, the
features of complexes are far from being completely understood, as
additional experiments with different molecular species observed
persisting losses even in absence of optical traps™>°,

Methods that shield molecular collisions from losses at short range
completely are thus expected to become anintegral part of molecular
quantum gases experiments.

Onthebasis of the theidea originally proposed in ref. 145, the first
resonant shielding was achieved experimentally using molecules in
large static electric fields, exploiting the rotational structure of polar
molecules””"® (Fig. 4d).Insuch asituation, resonant dipolar coupling
results in a huge modulation of the chemical reaction rate in a nar-
row electric-field region around the energy-level crossing of pairs of
rotational states coupled by the dipolar interactions. The shielding
resonance enabled the realization of long-lived molecular gasin a
staticelectric field.

Similarly, based on other theoretical ideas ,ref.159 exploited
microwave radiation to engineer an effective repulsion between
two-body collisions of CaF molecules in optical tweezers. Through
proper detuning of the circularly polarized microwaves, it was possible
tosuppressreactionrates by afactor of sixevenintight tweezer traps.

Dressing with strong microwave fields not only allows for shielding
of collisions but also shows great promise to independently control
elastic interactions at short range altogether. By finely tuning the
ellipticity of the microwave, it is possible to bring the open channel of
two colliding molecules into resonance with a weakly bound tetramer
state!**1°°, Control over the so-called field-linked resonance has ena-
bled strong modulation of chemical reactionrates, butin the futureit
may be possible to coherently populate the tetramer state, similarly
to the case of Feshbach molecules on a Feshbach resonance". Full
control over resonant dipolar scattering and short-range interactions,
for example, by combining microwave shielding with additional d.c.
electricfields, will enable the realization of the molecular analogue of
the BEC-Bardeen-Cooper-Schrieffer (BCS) crossover and the attain-
ment and stabilization of molecular BECs'*.

Resonances in molecular collisions can also be controlled with
external magnetic fields. Similarly to ultracold atoms close to a
Feshbachresonance, atom-molecule'®and molecule-molecule® colli-
sions can show resonant behaviour, which resultsinasharp increase of
the loss rate of the trapped molecular gas. These resonances emerge
when along-range polyatomic (tri- or four-body) bound state can be
brought to degeneracy with the scattering continuum. Precise control
over their relative position enables new possibilities for coherent chem-
istry and molecule assembly. For instance, in collisions between sodium
atoms and sodium-lithium molecules, an atom-molecule Feshbach
resonance enabled the manipulation of the long-range barrier via
control of the phase of the scattering wavefunction'®. Interference
between the long-range and the short-range part of the molecular
potential resulted in a strong modulation of the reaction rate, even
exceeding the universal limit.

147,148

Evaporative cooling and quantum degeneracy

Shielding presents a twofold advantage: while short-range losses are
quenched from the effective shielding repulsion, elastic collisions
atlong range are increased. Thus, shielding enables the realization
of stable and strongly dipolar molecular gases, with large ratios of
elastic-to-inelastic collisions. This condition was first demonstrated
in 2D gases of fermionic KRb®, improving on the static shielding strat-
egy inref. 150. Cross-dimensional thermalization as a function of the
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Fig. 5| Advancesin controlling intermediate-scale molecular systems.

a, Improved buffer gas cooling of large polyatomics, such as C4,, combined with
advanced spectroscopy techniques, enables the probing of new features, such
asergodicity breaking in a mesoscopic quantum system. b, Tweezer arrays can
be used to scale-up molecular systems from the single- to the many-molecule
regime. Control over dipolar interactions in such arrays enables deterministic
generation of an entangled Bell pair of individually trapped molecules. The inset
shows coherent parity /7 oscillations of the entangled Bell pairs®*¥. ¢, Tailored
external fields can help engineer molecular structures with subwavelength

resolution. This facilitates the tuning of chemical reactivity by stacking spatially
separated 2D layers of KRb molecules prepared in different rotational levels.

d, Ramsay interferometry with large, trapped samples of molecules showing
coherence times exceeding a second, and providing the currently most stringent
bound for the size of the electron’s electric dipole moment. A, and A, are the
fringe asymmetries for the upper and lower parity doublet, respectively. A;and
Aprepresent the sum and difference asymmetrics and are used to extract mean
and difference frequencies, respectively. Panels adapted with permission from:
a,refs. 10,11, AAAS; b, ref. 26, AAAS; ¢, ref. 74, AAAS; d, ref. 22, AAAS.

induced dipole moment revealed an optimum spot around 0.2 D, where
the separationamong elastic and inelastic rate is maximum. This con-
ditionrepresented anideal starting point for attempting evaporative
cooling to quantum degeneracy, a necessary condition for any quan-
tum simulation proposal. Controlled electric-field gradients enabled
realization of the first degenerate Fermi gas from an initial thermal
distribution of the molecules, relying on only the strength of molecular

interactions (Fig. 4e). The shielding resonance in ref. 157 was instead
used to demonstrate evaporative cooling and phase-space-density
increaseina3D trap™®.

Evaporative cooling to quantum degeneracy was also demon-
strated for amicrowave-shielded gas of fermionic sodium-potassium
(NaK) molecules® (Fig. 4c). The large effective dipole moment enabled
by microwave shielding allowed to approach the hydrodynamicregime
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of collisions and an elastic-to-inelastic collisions ratio of 500. Recently,
microwave shielding has lead to the stabilization of quantum gases of
bosonic bialkali molecules, which could then be evaporatively cooled
close to the onset of Bose degeneracy'**'®®, and the formation of a
molecular BEC®.

The newly discovered Feshbach resonances provide analternative
path for molecule formation close to quantum degeneracy. Inref. 14,
anew molecular quantum gas of weakly bound polyatomic molecules
was demonstrated by adiabatic magneto-association of potassium
atoms and sodium-potassium molecules in the rovibrational ground
state, which may lead to the formation of ultracold ground-state
polyatomics at record-high phase-space densities.

Scientific outlook

The use of cold moleculesis now spreading across a variety of platforms
for many different goals, including precision measurement, cold chem-
istry, quantum simulation and quantuminformation processing. Some
ofthese topics are discussed in companion Reviews in this issue”**, It
isclear that we aresstill at the very early stage of realizing the full poten-
tial of molecular quantum systems. Molecules are being employed in
many-body physics experiments of increasing complexity (Fig. 5b),
but many intriguing quantum phases remain unexplored or out of
reach with the current capabilities. Quantum simulation employing
precisely tunable interacting molecules offers fascinating opportuni-
ties to study exotic quantum phases and dynamics. Molecule-based
precision measurements are setting new limits for violations of fun-
damental symmetries. When probed with state-of-the-art quantum
control techniques, even molecular systems that have been known
for decades reveal surprising, emergent phenomena (Fig. 5a). These
achievements further support the dream of realizing fully quantum
state-engineered molecules that are designed to have optimized sen-
sitivity for fundamental physics. A first step in this direction is the
trapping of large-scale samples of suitable molecules, including also
polyatomics with favourable level structure for precision measure-
ment applications (Fig. 5d). Incorporating modern spectroscopy and
detection tools with cold molecules is allowing us to follow reaction
pathways and kinetics, and steer these reaction processes with exter-
nal fields and unprecedented spatial resolution (Fig. 5c). The exciting
prospect of using quantum information science to explore complex
molecular structure and uncover hidden interaction dynamics will
breathe powerful new life into quantum chemistry. Entanglement
operations are being demonstrated on molecules trapped in optical
fields, signalling initial stepsin molecule-based quantuminformation
processing (Fig. 5b), but the key challenges of achieving high fidelity
and scalability are still open.
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