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Quantum sensing and metrology for 
fundamental physics with molecules

David DeMille)  )1,2 , Nicholas R. Hutzler)  )3, Ana Maria Rey)  )4,5 & 

Tanya Zelevinsky)  )6

Quantum sensing and metrology use coherent superposition states of 

quantum systems to detect and measure physical efects of interest. 

Their sensitivity is typically limited by the standard quantum limit, 

which bounds the achievable precision in measurements involving 

nominally identical but uncorrelated quantum systems. Fully quantum 

metrology involves entanglement in an array of quantum systems, 

enabling uncertainty reduction below the standard quantum limit. 

Although ultracold atoms have been widely used for applications 

such as atomic clocks or gravitational sensors, molecules show higher 

sensitivity to many interesting phenomena, including the existence of 

new, symmetry-violating forces mediated by massive particles. Recent 

advancements in molecular cooling, trapping and control techniques have 

enabled the use of molecules for quantum sensing and metrology. This 

Review describes these advancements and explores the potential of the rich 

internal structure and enhanced coupling strengths of molecules to probe 

fundamental physics and drive progress in the feld.

Ultracold atoms have emerged as a powerful and versatile tool for 

metrology and sensing applications1. For such purposes, atoms typi-

cally are prepared in a quantum superposition state, where the relative 

phase between the states grows at a rate proportional to the physical 

effect being measured. This phase is then mapped onto a measurable 

difference in individual state populations (Fig. 1). Slowly moving or 

trapped ultracold atoms in ultrahigh vacuum are ideal for such meas-

urements, as the phase accumulates over time. This approach is typified 

by atomic clocks, but also finds applications in detecting various types 

of external perturbation on the atoms, arising from magnetic and/

or electric fields, inertial forces, hypothesized dark matter particles 

and more.

Atoms can also be used to measure the forces acting within them1. 

For example, ultra-precise measurements of energy levels, when com-

pared with theoretical predictions, can provide insights into quantum 

electrodynamics, nuclear structure or potential 8fifth9 forces, each of 

which shifts the levels in a characteristic way. Measurements of energy 

shifts induced by certain configurations of electromagnetic fields can 

reveal properties of the ordinary weak interaction or uncover exotic 

new forces that violate charge conjugation3parity (CP) symmetry. 

These methods commonly achieve precision and sensitivity at a fun-

damental limit set by quantum mechanics, known as the standard 

quantum limit (SQL). Here the uncertainty ·Ç in a phase Ç is given by 

δφ

SQL

= 1/(τ

√

N), where Ç is the coherence time and N is the number of 

particles measured.

Molecular sensors can provide enhanced sensitivity to many inter-

esting phenomena by exploiting the additional degrees of freedom in 

molecules, such as rotations and vibrations2,3. For example, the small 

energy splittings between opposite-parity rotational states amplify the 

effect of parity-violating interactions by many orders of magnitude4, 

and vibrational energy splittings are highly sensitive to fifth forces 

at the submicrometre range5,6. New experimental methods are now 

enabling the use of cold and ultracold molecules as quantum sensors 

for such purposes. A crucial requirement for molecule-based sensing 
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CPV effects in atoms and molecules

The effects of CPV interactions often manifest through the existence 

of particular distributions of charges and currents linked to the spin 

axis of a quantized particle, such as an electric dipole moment (EDM) 

or other electromagnetic (EM) moments. In a molecule or atom, such 

EM moments of an electron or a nucleus interact with the EM fields 

produced by other charged particles in the system. Such EM interac-

tions are strongest when an electron (e) is in close proximity to or even 

inside a nucleus (ൂ䈲). The largest e3ൂ䈲  overlaps occur when electrons 

are in s orbitals around heavy nuclei with high atomic number (Z)k)1), 

as these nuclei also produce the largest EM fields. The same conditions 

also maximize the effect of CPV e3ൂ䈲  interactions, which can be 

described as short-range 8contact9 e3ൂ䈲  interactions when mediated 

by massive particles.

Although an electron experiences strong EM fields near a heavy 

nucleus, the vector average of these fields, as seen by an electron in an 

s orbital, vanishes. To create a net average EM field, the electron must 

spend more time on one side of the nucleus than the other. The same 

condition holds for activating CPV e3ൂ䈲  interactions. This can be 

accomplished by polarizing the electron orbital, using a laboratory 

electric (E) field. Electron orbitals in atoms require roughly one atomic 

unit of E field, ~5)GV)cm21, to be fully polarized. However, as static lab E 

fields typically cannot exceed ~200)kV)cm21, the polarization is, at best, 

tiny. Consequently, in atoms, the net average EM field near the nucleus 

is orders of magnitude smaller than its naive value.

By contrast, in polar molecules, the strong internal E field caused 

by the other nucleus can fully polarize an electron along the molecular 

axis, into an s3p hybridized (Ã) orbital. In this case, polarizing only 

the rotational motion of the molecule is sufficient for the electron to 

experience the largest possible net average EM fields (or CPV contact 

interactions). As the rotation of typical polar molecules can be fully 

polarized in lab-scale E fields (~30)kV)cm21 or, often, much smaller), the 

net size of CPV effects in molecules can be amplified by many orders of 

magnitude relative to atoms. The recent development of new methods 

to create heavy molecular species and to prepare, control and measure 

their quantum states is now making it possible to take advantage of 

this huge amplification.

Electron EDM

The most notable success in using molecules as quantum sensors has 

been in searches for a CPV EDM along the spin of the electron (Fig. 2). 

Although these experiments have not yet detected the electron EDM, 

is the cooling of not only external motional degrees of freedom but 

also internal motions, including vibrations, rotations, and electron 

and nuclear spins. Cryogenic buffer gas-cooled molecular beams7 

enable modest control over both internal and external molecular 

motion, and are widely applicable. Direct laser cooling and trapping 

of molecules, first demonstrated in 20108, is now applied to reach 

submillikelvin temperatures for many diatomic9 and, recently, polya-

tomic10 species. The most exquisite control is obtained with diatomic 

molecules assembled from ultracold atoms, reaching temperatures in 

the nanokelvin regime11314. These methods are enabling revolutionary 

improvements in the ability to create, control and measure long-lived 

quantum superposition states in molecules15. Using particular species 

and internal degrees of freedom chosen for optimized sensitivity to the 

effects of interest, molecular systems are becoming the tools of choice 

for several types of quantum sensing and metrological applications. 

Here we discuss a few of these applications.

Sensing symmetry-violating forces with 
molecules
Several cosmological observations, such as the lack of free antimatter in 

the Universe and the existence of dark matter, suggest the presence of 

undiscovered fundamental particles and new forces mediated by them. 

Such forces are often expected to violate symmetries such as CP. For 

example, new CP-violating (CPV) interactions are needed in many mod-

els to explain the matter3antimatter asymmetry16, as CP-preserving 

effects cannot bias the production of matter over antimatter in the early 

Universe. In addition, theories that introduce new particles beyond 

those in the standard model typically open new mechanisms for CP 

violation, making the search for such effects a fairly generic way to 

search for physics beyond the standard model.

New forces can lead to observable effects in ordinary matter, 

associated with virtual exchange of such particles. Typically, the size 

of the observable is proportional to the inverse square of the new par-

ticle9s mass. Methods to detect symmetry-violating interactions can 

be exquisitely sensitive, as they are clearly distinguishable from the 

dominant strong and electromagnetic forces. Hence, experiments of 

this type can probe the existence of extremely massive new particles. 

However, using any given molecular species requires detailed theoreti-

cal analysis to quantify its sensitivity to fundamental symmetry viola-

tions, and extensive spectroscopic study to understand its energy-level 

structure. Rapid advances in these areas are key to enabling molecular 

searches for symmetry-violating effects.
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Fig. 1 | A typical quantum sensing protocol with molecules. a, Molecules have a 

complicated distribution of energy levels, many of which are populated at 

temperatures s1)K. Further cooling can prepare a single quantum state |0ï (with 

energy defined as 0). Application of electromagnetic fields whose frequency f is 

resonant with the transition from |0ï to a single other state |1ï (energy E1), such 

that f)=)E1/h (where h is Planck9s constant), creates an effective two-level quantum 

system useful for sensing. b, Any two-level system is mathematically equivalent 

to a spin-1/2 particle, with eigenstates |↑ï and |↓ï. Any arbitrary state of the 

system, |ψï, can be written in the form |ψï = cosθ

|

↑ï + e

iφ

sinθ

|

↓ï

, and visualized 

to lie on a 8Bloch sphere9 at a point with polar coordinates » (latitude) and Ç 

(longitude). For sensing, the initial state |0ï ≡ |

↑ï is transformed by a resonant 

pulse into an equal-weight superposition of |↑ï and |↓ï ≡ |

1ï, after which the 

perturbation of interest caused by the phenomenon to be sensed leads to a 

non-zero value Ç)=)�ET//, where �E is the energy shift and T is the observation 

time. A second resonant pulse transforms the system to a superposition with 

relative amplitudes determined by Ç, which can be read out by performing 

state-selective detection of |↑ï and/or |↓ï, with many repetitions to find the 

average value 
⟨φï

 and its uncertainty ·Ç. This protocol is closely related to work 

using molecules as qubits88.
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their sensitivity has advanced substantially in the past decade17319. They 

are currently sensitive to the existence of certain new particles with 

mass at the 10350)TeV scale, indicating that such particles must have 

even higher mass, well beyond the reach of direct searches using the 

Large Hadron Collider. Although the standard model of particle physics 

predicts a non-zero electron EDM, experimental sensitivity will have to 

improve by roughly a million-fold to detect it at the predicted size20. By 

contrast, in many theories of physics beyond the standard model, the 

new particles can lead to a much larger electron EDM, even if they have 

much higher masses than standard model particles. As molecular EDM 

experiments appear poised to probe even higher mass scales soon, we 

discuss this topic in some detail.

The electron EDM leads to a negative (positive) energy shift when 

the electron spin, and hence the EDM, is aligned (anti-aligned) with an 

electric field. As described above, an electron experiences the strong-

est field when in a Ã molecular orbital around a highly charged nucleus, 

and when the rotation of the molecule is fully polarized. Consider, for 

example, an electron in the thorium monoxide molecule (ThO). Here, 

owing to the heavy nucleus Th (Z)=)90), the electron EDM experiences 

a net effective E field of ~80)GV)cm21 (refs. 21,22) when the molecular 

rotation is polarized with a modest laboratory electric field (~10)V)cm21 

or more).

The first molecular experiment to set a strict limit on the electron 

EDM used a free-radical species (YbF) with one valence Ã electron23. 

More recent experiments, such as ACME17,18 (the Advanced Cold Mol-

ecule electron EDM experiment; see below) and one using trapped 

ions19, use molecules (ThO, HfF+) with a second valence electron in a 

different molecular orbital. This serves to cancel the magnetic moment 

of the electron in the EDM-sensitive Ã orbital, which reduces both noise 

and possible systematic errors due to stray magnetic fields. It also 

imbues the molecule with pairs of quantum states that have extremely 

high polarizabilities of opposite sign (due to the phenomenon known 

as �- or «-doubling24). The energy shift associated with the EDM is of 

opposite sign in these pairs of states, allowing for the suppression of 

many possible systematic errors by measuring in both states25.

Existing experiments continue to rapidly improve. The experiment 

using HfF+, performed at JILA (Boulder, CO, USA), recently reported an 

upper bound on the electron EDM a factor of 2.5 times smaller19 than the 

previous best limit from ACME set in 201818. Both experiments had sta-

tistical uncertainty near the SQL. Systematic errors were even smaller, 

and could be reduced further with better statistics. Both experiments 

are currently undergoing upgrades to increase the useful number of 

molecules and the coherent spin evolution time, among other improve-

ments. ACME projects a factor of ~30 increased sensitivity relative to 

its best previous result26,27 and the JILA experiment is aiming for similar 

ultimate sensitivity. This will explore mass ranges of ~150)TeV in typical 

theories of physics beyond the standard model. Concurrently, new 

approaches are also being developed to reach sensitivity orders of 
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Fig. 2 | CP violation effects. a,b, New particles mediating symmetry-violating 

forces can couple to the electron (a), giving rise to a permanent electron EDM, de, 

along its spin axis (b). c,d, The valence electron in a polar molecule (c) can 

experience very large effective electric fields ℰ
eff

, giving rise to molecular energy 
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 (d). e, Schematic of an example experiment, ACME18. A beam of 

ThO molecules is sent through lasers that prepare a coherent superposition  

(Fig. 1), which evolves as the molecules travel through a region of length L in the 

presence of electric and magnetic fields, and is then read out by different lasers.  

f, Many repeated measurements89 give enough statistical sensitivity to probe the 

electron EDM with sufficient precision to search for new fundamental particles 

and forces. Panel f adapted with permission from ref. 89 under a Creative 

Commons licence CC BY 3.0.
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magnitude better than at present, on the ~10-year timescale. Some of 

these efforts are discussed in Box 1.

CPV nuclear moments

The nuclei in molecules also provide interesting opportunities for 

detecting new CPV forces, but with sensitivity to different underlying 

physics compared with the electron EDM, namely, forces coupling to 

quarks, gluons, nucleons, pions and so on. Although nuclear EDMs 

are shielded by surrounding electrons, CPV interactions can manifest 

themselves through a nuclear Schiff moment (NSM; a dipole-like charge 

distribution on the nuclear surface) or/and a magnetic quadrupole 

moment (MQM; a current distribution like a pair of nearby coils with 

currents flowing in opposite directions). Similar to the electron EDM, 

signals from these effects are greatly amplified4typically ~1,000-fold4

in heavy molecules compared with in atoms. A molecular NSM search 

was completed in TlF molecules approximately 30)years ago28. Several 

new, similar experiments are actively being developed29,30 using modern 

molecular techniques with TlF31 and Ra-containing neutrals and ions.

In certain nuclei, the NSM or MQM itself can be greatly amplified 

when the nucleus has a deformed shape. In particular, quadrupolar 

or octupolar deformations amplify the MQM and NSM, respectively. 

Certain heavy, radioactive isotopes, such as 223Fr, 225Ra, 227Ac, 227Th and 
229Pa, offer typically ~1,000-fold enhancement of NSMs, for the same 

underlying source of CPV, due to such deformations30,32. MQMs of 

many stable deformed isotopes can yield CPV energy shifts ~10 times 

larger than from ordinary NSMs33,34. No molecular MQM search has 

been completed, but several are underway or under development29,30, 

using 173YbF, 173YbOH, 181TaO+, 229ThF+ and 175LuOH+.

Electroweak interactions

The parity-violating electroweak interaction (EWI) leads to energy shifts 

in atoms and molecules placed in a left- or right-handed configuration 

of electromagnetic fields. Measurements of these shifts, combined with 

accurate calculations of atomic and molecular structure, can provide 

information on aspects of the EWI inaccessible to other methods. In 

molecules, one aspect of the EWI, which couples an electron to the 

spin of a nucleus, can be amplified by orders of magnitude relative to 

atoms by pushing opposite-parity rotational levels to near degeneracy 

using the Zeeman effect35. In heavy molecules, this coupling comes 

primarily from EWIs between protons and neutrons in the nucleus, 

leading to a toroidal current distribution in the nucleus known as a 

nuclear anapole moment (NAM), which interacts magnetically with 

BOX 1

New approaches for molecular EDM searches
Here we describe some promising avenues that are emerging for the 

improvement of sensitivity of molecular-based EDM sensors.

Direct cooling. Laser-cooled and trapped neutral molecules9  

ofer a route to large count rates with advanced quantum control, 

as demonstrated by the success of atomic clocks based on 

ultracold atoms. Whereas most experiments use diatomic species90, 

polyatomic species are also amenable to laser cooling, and  

provide additional capabilities to engineer structure and 

electromagnetic properties to enhance EDM searches, such as  

high polarizability and tunable magnetic moments91–93. Many 

promising species are being explored29,30, including BaF, YbF, RaF, 

SrOH, YbOH and RaOH.

Ultracold assembly. Ultracold, trapped molecules can be formed by 

coherent assembly from ultracold, trapped atoms, thus ofloading 

the dificulty of cooling to the simpler case of atoms11. The challenge 

is to find species that are heavy and polar, as assembled molecules 

tend to be covalently bonded. However, molecules containing silver 

atoms, such as FrAg and RaAg, are highly polar and can probably be 

assembled at ultracold temperatures94,95.

Matrix isolation. While gas-phase molecules ofer the maximum 

possible coherence, those in the solid state can ofer unrivalled 

particle numbers. There has been a recent resurgence in EDM 

searches using polar molecules isolated in crystals96–98 or noble gas 

matrices99,100. Such optically transparent media enable methods for 

quantum control and readout, and show potentially high sensitivity if 

systematic errors due to the complex environment of a solid material 

can be controlled.

Each of these methods ofers a route to improve electron-EDM 

sensitivity by several orders of magnitude. For example, an 

experiment with 106 optimally sensitive molecules, 100)s coherence 

time and 1)year of integration could detect an electron EDM, de, with 

magnitude as small as |de|)<)10233)e)cm, thereby probing energy scales 

up to around 8,000)TeV, far beyond the reach of any conceivable 

future high-energy collider.

New methods for electron EDM searches. Diatomic molecules for EDM searches typically consist of a heavy atom of a metallic element (red, 

larger spheres) bound to a lighter, electronegative atom (pink, smaller spheres). a, Certain molecules can scatter many photons; such species 

can be laser-cooled directly, then loaded, for example, into a tweezer array, where they can be imaged. b, Certain pairs of ultracold atoms can 

be assembled into a bound molecule, for example, through magnetoassociation to a weakly bound state followed by coherent optical transfer 

through excited bound electronic states. c, Molecules can be embedded in cryogenic solids and oriented by the lattice.

a Direct cooling b Ultracold assembly

Internuclear distance

c Matrix isolation
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the spin of penetrating molecular electrons. Measurements of NAMs 

can provide new information on these intranuclear EWIs, which remain 

poorly understood. A proof-of-principle experiment recently demon-

strated a method to measure NAMs using diatomic molecules, yielding 

sensitivity well beyond the previous state of the art using atoms36. This 

method can be applied to measure NAMs of isotopes of many different 

elements35. Applying similar techniques with laser-cooled and trapped 

neutral37 or ionic35,38 molecules will probably enable measurements of 

even smaller EWI effects, such as the direct couplings of Z0 bosons to 

neutron or proton spins.

Molecular metrology and applications in 
fundamental physics
Molecular clocks
Molecules present enticing opportunities in sensing of fundamental 

phenomena that have proven to be elusive with other methods. In par-

ticular, high-precision state control of molecules enables the develop-

ment of clocks that can explore physics from a complementary angle 

to atomic clocks. Atomic clocks are currently the ultimate sensors of 

space3time, with sensitivity to gravitational redshifts approaching 

the microscopic scale39. Molecular clocks, with their rotational and 

vibrational dynamics, present an interesting alternative approach.

Molecular clocks (Fig. 3) can utilize assembled ultracold neutral 

molecules such as Sr2 (ref. 40), laser-cooled neutral radicals such as 

CaF (ref. 41) or molecular ions such as N2
+ (ref. 42). These systems 

feature narrow transitions, state-insensitive trapping options and 

low sensitivities to external fields. Their advantages for space3time 

sensing resolution over atomic clocks could include longer natural 

lifetimes and lower field sensitivity. However, lower densities and 

less well-developed state-insensitive trapping are current challenges 

for the development of molecular clocks. Terahertz frequencies of 

molecular clocks based on vibrational transitions are unlikely to be 

competitive with atomic clocks for absolute sensitivity. Nonethe-

less, they offer benefit for metrology in a new spectral region where 

secondary frequency standards are scarce43, and where there is 

a need for continued technological developments that will in turn 

enhance studies of molecular and solid-state systems. A complete 

evaluation of systematic effects for an Sr2 clock yielded a frac-

tional uncertainty of <5)×)10214 (ref. 40), a promising starting point 

for high-precision sensing of the types discussed in the remainder  

of this section.

Dark matter detection
Several observed cosmological phenomena could be explained via 

hypothetical dark matter particles44. One proposed type of dark matter 

consists of light (mass ≲1021)eV)c22) bosonic particles that form a coher-

ent field and interact with ordinary particles not only gravitationally but 

also via very weak additional forces. For example, spin-zero particles 

known as moduli4which arise naturally in string theories4can have 

couplings that modify the masses of ordinary particles and the strength 

of known forces proportional to the amplitude of these new fields. As 

masses and force strengths are usually thought of as eternally fixed, 

changes in the new fields9 amplitudes would appear as variations in 

some fundamental constants, on a timescale inversely proportional to 

the dark boson mass45. Molecule experiments are currently most sensi-

tive to very light dark matter candidates (mass <10215)eV)c22). Molecular 

vibrational transitions depend directly on the electron-to-proton mass 

ratio η, and hence are suitable for characterizing possible dynamics 

of η (ref. 42). Atomic clocks based on hyperfine transitions also are 

proportional to η but depend on a nuclear magnetic g-factor as well. 

Comparisons of laboratory molecular spectra with observations from 

the early Universe constrain η drifts to ~1027 over 1010)years, whereas the 

limit from atomic hyperfine clocks is at a similar level of ~4)×)10217 per 

year46 (assuming a constant g-factor). The best laboratory molecular 

limits on η variations are obtained using a clock transition in ultracold, 

untrapped KRb molecules47, though at a level ~300 times less sensitive 

than from atomic clocks. However, by using much higher-sensitivity 

vibrational transitions in deeply bound non-polar molecules such as 

O2
+, molecular clock experiments could surpass the sensitivity of other 

methods42.

Fundamental constants, quantum electrodynamics and fifth 
forces
Comparing molecular clocks with state-of-the-art calculations of their 

transition frequencies enables the use of molecules as quantum sen-

sors for detecting fine details of known forces or possible new physical 

forces. Measurements of rotational3vibrational transitions in hydrogen 

molecules (H2, H2
+ and their isotopologues), described by quantum 

electrodynamics (QED) and using as inputs only the fine structure 

constant α, η and the Rydberg constant R∞, provide a paradigmatic 

example of this approach. Spectroscopy of H2
+ is a competitive means 

to measure the absolute size of η (refs. 48,49), whereas the strictest 

test of molecular QED was obtained with HD+ (ref. 50). Rapid develop-

ments in molecular quantum control are inspiring concurrent efforts 

in high-precision QED calculations for heavy molecules, an endeavour 

traditionally limited to few-body systems such as H2.

This type of comparison between measurements and theory also 

constrains hypothetical new fifth forces. Diatomic molecules are par-

ticularly sensitive to nucleon3nucleon fifth forces that are absent in 

atoms. Such forces could include short-range gravity that does not 

follow Newton9s law, or forces mediated by virtual exchange of moduli. 

Precise spectroscopy and calculations with HD+ limited such forces to 

~10211 of the electromagnetic interaction strength at the ångström scale, 

corresponding to moduli with ~keV)c22 mass50. Although direct tests 

performed with cold neutron beams have so far provided constraints 

~300 times stronger51, molecular-based methods offer substantial 

room for improvement. For example, weakly bound Yb2 molecules have 

been used already for proof-of-principle constraints on non-Newtonian 

gravity at ~5-nm-length scales6. Deeply bound Sr2 molecules40 feature 

smaller bond lengths of ~0.5)nm and have the potential to improve the 
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Fig. 3 | Molecular clock set-up. Molecular clocks can be based on trapped ionic 

or ultracold neutral molecules40. a,b, Here, the vacuum chamber (a) contains a 

cloud of ultracold atoms that are assembled into ultracold diatomic molecules 

trapped in an optical lattice (b). c, The vibrational energies of these molecules are 

probed using two-colour light precisely calibrated and stabilized with a frequency 

comb. d, Molecules remaining in the original state are imaged to obtain narrow 

clock spectra40. Panel a courtesy of Tanya Zelevinsky9s lab. Panel d adapted with 

permission from ref. 40 under a Creative Commons licence CC BY 4.0.
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best current bounds on new forces around this scale, particularly by 

comparing molecular isotope shifts with theory52.

Towards fully quantum metrology with molecules
The experimental methods required to perform the type of measure-

ments discussed so far are often complex, and can provide only mod-

erate numbers of particles N. This, in turn, limits the precision of phase 

measurements at the SQL, when the quantum states of the N particles 

are uncorrelated. However, measurements using many-particle entan-

gled states can enable greater precision, with the ultimate limit set by 

the Heisenberg uncertainty δφ
H

= δφ

SQL

/

√

N  (ref. 53). Hence, to take 

advantage of the full potential offered by molecules for sensing, it is 

crucial to generate robust entangled states that maximize sensitivity 

for the limited particle numbers available in experiments.

In ensembles of N two-level systems (that is, psuedo spin-1/2 sys-

tems), it is useful to consider the collective psuedo-spin, J)=)N/2, and 

to visualize its states on a collective Bloch sphere of radius N. If all 

individual pseudo-spins are aligned along a given direction in their 

individual Bloch spheres, this forms a so-called spin coherent state 

of the collective pseudo-spin (Fig. 4a). In such states, the N individual 

systems are uncorrelated, and the variance (�J)2 of the collective spin 

along any direction perpendicular to the mean spin is equal to N/4.

Among the simplest entangled states that can give a metrological 

advantage over uncorrelated particles are the so-called spin-squeezed 

states53355. In these states, quantum correlations between the particles 

help to partially cancel quantum projection noise of the collective spin, 

thus enabling better angular resolution of rotations of the collective 

spin along one targeted direction, at the expense of increasing the noise 

along another angular direction that is irrelevant for the experiment56. 

For example, if the mean collective spin points along the x direction 

of the Bloch sphere describing the N-particle collective pseudo-spin, 

and the state is spin-squeezed in the y direction, then it can be used to 

estimate the accumulated phase from rotations around the z axis with 

sensitivity below the SQL (Fig. 4a).

A paradigmatic strategy to create this form of entangled state is 

through the dynamical generation of all-to-all, state-dependent Ising 

interactions. If we characterize the collective pseudo-spin J)=)N/2 of an 

ensemble of N atoms by its total projection M along a quantization axis 

with the state |J = N/2,Mï, the all-to-all Ising Hamiltonian has eigenval-

ues proportional to M2. These types of interactions dynamically shear 

the classical noise distribution of an initial N-particle spin coherent 

state, with all spins initially polarized along the equator of their indi-

vidual Bloch spheres, into a spin-squeezed state. Although all-to-all 

interactions have been achieved in atomic arrays via photon-mediated 

interactions in optical cavities57360 or through collisional interactions 

in Bose3Einstein condensates61, achieving them in ultracold-molecule 

arrays remains an outstanding challenge. Nevertheless, further devel-

opments in optical and microwave cavities (Fig. 4b) could open a path 

for the generation of photon-mediated interactions for spin 

squeezing.

A more direct route is to generate spin-squeezed states by harness-

ing the natural interactions between molecules (Fig. 4c), without the 

need of additional cavities. In recent years, it has been theoretically sug-

gested62,63 that dipolar interactions, such as those present in arrays of 

polar molecules64368, can indeed give rise to spin-squeezed states with 

similar metrological utility as the ones obtained by all-to-all interac-

tions. Several experiments have already started to provide validation 

of such claims69372, offering encouraging prospects.

Initial theoretical investigations of squeezing based on electric 

dipole3dipole interactions between molecules focused on unity-filled 

arrays of molecules trapped in either deep optical lattices or optical 

tweezer arrays, where motional degrees of freedom are frozen and 

on-site collisions suppressed73,74. While these conditions are ideal for 

entanglement generation, they can be hard to achieve experimentally. 

More recently, mobile molecules confined in stacks of two-dimensional 

pancakes63,75 were suggested as a promising alternative for entan-

glement generation at much simpler conditions and even in dilute 

samples. Furthermore, the possibility to tune molecular dipolar inter-

actions through the manipulation of nuclear and/or electron spin 

levels73,76378 can offer additional control knobs to enhance coherence 

times. This could facilitate entanglement generation and detection in 

a broad class of molecular systems.
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Fig. 4 | Quantum-enhanced sensing. a3c Spin-squeezed states are N-particle 

entangled states that can achieve quantum-enhanced sensitivity and bandwidth 

compared with what is possible with uncorrelated states. (a), A spin-squeezed 

state of N two-level (pseudo spin-1/2) systems can be prepared by starting with a 

coherent state of the collective pseudo-spin, |ψ
0

ï (represented as a blurry image 

to illustrate its limited sensitivity), then letting it evolve under targeted 

inter-particle interactions. After evolution under such entangling interactions, 

the coherent spin state can be transformed into a spin squeezed state, |
|

ψ

f

ï. In 

such a state, the variance of the collective spin projection along one specific 

direction perpendicular to the mean spin can be reduced to a value (ΔJ)2
min

 that is 

smaller than N/4, and as small as 1/4. As the individual pseudo-spins accumulate 

phase Ç, the collective spin vector traces an arc of length s)=)JÇ on the collective 

Bloch sphere. The uncertainty in this length, ·s)=)�Jmin, corresponds to a phase 

uncertainty ·Ç)=)�Jmin/J that is smaller than ·ÇSQL and as small as ·ÇH. The 

interactions required for squeezing can be provided in various ways, such as 

cavity-mediated interactions (b) or electric dipole3dipole (c) interactions. The 

latter are particularly appealing for use with molecular systems as they are 

naturally present between rotational states of polar molecules. The dipolar 

interactions between two particles, i, j, with dipole moments d
i,j

 respectively, 

can be described by the Hamiltonian H
dd

. As a function of the distance vector R 

between the particles, H
dd

 scales as R33; it also displays anisotropic interactions 

that depend on the orientation of d
i,j

 relative to each other, and to R. Both of 

these interactions enjoy electromagnetic control and can be enriched by 

controlling nuclear, spin, vibrational and electronic degrees of freedom in 

molecules.
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We note that the generation of spin squeezing is totally compatible 

with the Ramsey spectroscopic protocol described in Fig. 1b. The 

spin-squeezing generation is just an additional step that takes place 

between the 8prepare9 and 8subject to perturbation9 steps in Fig. 1b. It 

is desirable that the interactions relevant for the spin-squeezing gen-

eration are present during only the squeezing generation step. To 

accomplish this task, one can use an auxiliary molecular state that 

couples to the |↓ï state by absorbing a cavity photon, or via dipolar 

mediated interactions. After the spin-squeezing generation is achieved, 

one needs only to coherently transfer the atoms in this auxiliary state 

to the desired |↑ï state that is sensitive to the target signal. A scheme 

for applying such a protocol to a molecular electron-EDM measurement 

was proposed recently79.

Outlook
Although quantum sensing and metrology with molecules have 

already provided substantial contributions in searches for the elec-

tron EDM, the field is still in its infancy. However, rapid advances in 

methods to cool both centre-of-mass and internal motions are ena-

bling experiments with full quantum control over an increasing 

range of molecular species, opening the door to optimized sensitiv-

ity in new and different applications. One striking example is the 

emerging use of heavy, radioactive molecules80 containing 

octupole-deformed nuclei. Experiments under development using 

ultracold, trapped molecules containing such isotopes promise 

~1,000-fold improved statistical sensitivity to new CPV hadronic 

physics30, although a thorough analysis of possible systematic errors 

in such systems remains to be performed. These experiments appear 

especially amenable to the benefits of spin squeezing, which seems 

likely to be demonstrated in molecules in the next few years. Overall, 

the forthcoming advances in molecular experiments probing CPV 

in electrons, hadrons and e3ൂ䈲  interactions promise to serve as a 

powerful tool for discovery of new fundamental physics in the next 

couple of decades.

Although not exploiting quantum superpositions, cooling of 

molecular internal degrees of freedom is enabling various new sensing 

applications. The ability to cool fairly complex species81 has opened a 

new way to sense molecular chirality82. It also promises to enable new 

approaches to thermometry83 and dark matter detection84, by observ-

ing resonant excitations due to blackbody radiation or light quantum 

fields, respectively.

Moreover, cryogenic cooling has already made it possible to 

demonstrate quantum control over molecular chirality85. Further 

developments in this area, such as the possible laser cooling of 

chiral molecules86, promise to open a path to finally detecting the 

long-anticipated energy difference between different enantiomers of 

a chiral molecule due to the EWI87. As the field of ultracold molecules 

continues to advance, further ideas for harnessing the rich quantum 

resources associated with molecular degrees of freedom are likely to 

emerge, making this a most exciting time for the field.
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