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Coherence, the stability of the relative phase
between quantum states, lies at the heart of quan-
tum mechanics [I]. Applications such as precision
measurement [2], interferometry [3], and quan-
tum computation [4], 5] are enabled by physical
systems that have quantum states with robust
coherence. With the creation of molecular en-
sembles at sub-yK temperatures [6-10], diatomic
molecules have become a novel system under full
quantum control. Here, we report on the observa-
tion of stable coherence between a pair of nuclear
spin states of ultracold fermionic NaK molecules
in the singlet rovibrational ground state. Employ-
ing microwave fields, we perform Ramsey spec-
troscopy and observe coherence times on the scale
of one second. This work opens the door for
the exploration of single molecules as a versatile
quantum memory [11}, 12]. Switchable long-range
interactions between dipolar molecules can fur-
ther enable two-qubit gates [13], allowing quan-
tum storage and processing in the same physical
system. Within the observed coherence time, 10*
one- and two-qubit gate operations will be feasi-
ble.

Quantum systems with robust coherence have enabled
seminal advancements in science and technology [I].
These include the development of time and frequency
standards [2], precision tests of fundamental laws of na-
ture [14], and the construction of novel platforms for
quantum simulation and quantum information process-
ing 5l [15]. Molecules, as a quantum system, possess rich
internal degrees of freedom. The electronic, vibrational,
rotational, and hyperfine states of a single molecule pro-
vide a dense spectral ruler that encompasses the optical,
microwave, and radio-frequency domains [I6 [I7]. Pre-
cision measurements can potentially be performed in all
these spectral regimes and self-consistently compared to
reduce systematics [I8, [19]. A prerequisite for precision
science with cold and ultracold molecules is a set of in-
ternal states with robust coherence. Such states may
allow high-resolution spectroscopy of internal molecular
structure, which is sensitive to fundamental constants of
nature [20]. In particular, ultracold molecules with an
electric dipole moment open up new routes for quantum
many-body physics and quantum information process-
ing. The long-range and anisotropic character of dipolar
interactions is predicted to enable the realisation of ex-

otic spin-models [21] and the creation of novel states of
matter, such as topological superfluids [22] and quan-
tum crystals [23]. For spectroscopic studies of dipolar
many-body systems, internal molecular states with ro-
bust coherence will allow measurements of energy shifts
that arise from dipolar interactions [24, [25] to quantita-
tively characterise the many-body quantum state.

Molecular quantum states with robust coherence have
been proposed as qubits in novel quantum computing
platforms [TTHI3]. Ideal qubits should experience strong
interactions for gate operations, but no interactions dur-
ing storage. Indeed, with dipolar molecules, there are
prospects for long coherence times to store quantum in-
formation, whereas long-range interactions can enable
processing of quantum information in the same phys-
ical system [I1Il [13]. For example, in a dense gas of
NaK molecules with a dipole moment of 2.72 Debye [26],
long-range interaction energies can, in principle, reach
several hxkHz, corresponding to the rate at which two-
qubit gate operations are performed. The strength of
the interaction is fully controllable, allowing the switch-
ing between storage and processing of quantum infor-
mation. At ultracold temperatures, molecular ensembles
have been initialised to a single internal state, and coher-
ent control between internal states using microwave and
optical fields has been demonstrated [27, 28]. With a set
of molecular states that feature a favourable ratio of co-
herence time to one- and two-qubit gate operation times,
an array of dipolar molecules is proposed to fulfil the
criteria of a functional quantum computer [111, 13 [29].

Dense, ultracold gases of diatomic molecules [6HI10]
provide ideal conditions for the study of coherence be-
tween internal molecular states. So far, the coherence
times between rotational states of ultracold “°K®"Rb and
Z3Na“’K molecules in the singlet vibrational ground state
have been investigated, and were found to be on the or-
der of a few milliseconds [30]. Upon localising individual
40K8"Rb molecules to the sites of an optical lattice, the
rotational coherence time has been extended to tens of
milliseconds [25]. While such coherence times were suf-
ficiently long to spectroscopically resolve dipolar inter-
actions between molecules, these interactions themselves
then limit possible storage times. One requires a differ-
ent set of internal states, insensitive to interactions and
with longer coherence times, if ultracold molecules are
to be used for robust quantum computing with quantum
error correction [29]. As one candidate for robust “stor-
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FIG. 1.

Two-photon coupling between nuclear spin states of 2*Na*’K ground state molecules.

Two-photon coupling Q/(2m) (Hz)

a, The

dense, ultracold ensemble is held in an optical dipole trap, and microwave fields are applied to couple two hyperfine levels
[y=|miy,=3/2, mr,= — 4) and |1)=|3/2, —3) in the rotational ground state J=0. The two hyperfine levels ||) and |1) are
separated by about h x 21 kHz. b, Level scheme of the two-photon microwave coupling. £2;(2y and w2y correspond to the Rabi
coupling and microwave frequency, respectively, of the up-leg (down-leg) rotational transition. The ground and first excited
rotational states J=0 and J=1 are separated by h x 5.643 GHz. A denotes the single-photon detuning from the intermediate
state, typically about 27 x 12 kHz. ¢, Two-photon Rabi oscillations between |}) and |1). The fit (solid line) yields a two-photon
Rabi frequency ©Q = 27 x 400(30) Hz and 1/e-decay time 7 = 13(2) ms. The inset shows a two-photon resonance, coupling
the |J) to the |1) state. d, Microwave Stark shift of the two-photon resonance as a function of two-photon Rabi coupling .
Microwave powers are chosen such that the single-photon Rabi couplings are approximately equal, 1 ~ Q3. A linear fit of the

dressed resonance positions (blue solid line) extrapolates to the unperturbed resonance position wres (grey dashed line).

age” qubits, hyperfine levels of dipolar molecules have
been proposed [Tl 12], but their coherence properties in
trapped ultracold samples had so far not been investi-
gated.

Here, we report on the observation of second-scale co-
herence times between nuclear spin states of trapped ul-
tracold fermionic 2>Na“°K molecules, a thousand times
longer than the coherence times observed between ro-
tational states under similar experimental conditions.
The molecules are prepared in the singlet rovibrational
ground state, where hyperfine levels correspond to pure
nuclear spin degrees of freedom. We perform Ramsey
spectroscopy on a pair of hyperfine levels and reveal their
robust coherence, which arises from the insensitivity of
the singlet rovibrational ground state to external fields,
as well as the strong suppression of clock shifts between
identical fermions [2] [31].

The experiment starts with the creation of 23Nat’K
molecules in the singlet rovibrational ground state,
X1¥*|v=0,J=0) [9] (see Methods). Here, v denotes the
vibrational quantum state, and J is the total angular
momentum quantum number neglecting nuclear spins.
Weakly bound Feshbach molecules of 22Na%’K are cre-

ated and subsequently transferred to the singlet rovibra-
tional ground state by means of stimulated Raman adia-
batic passage (STIRAP) [9, B2]. By choosing the polar-
isation of the Raman beams appropriately, we create a
pure ensemble of 2 x 10® ground state molecules, all in
the lowest energy hyperfine level. The molecular ensem-
ble typically has an average density of n = 2 x 1019 cm ™3
and a temperature of 300 nK, trapped in a crossed op-
tical dipole trap operating at a wavelength of A=1064
nm. At the end of the experimental sequence, the ground
state molecules are detected by performing a reverse STI-
RAP transfer back to Feshbach molecules, where the
40K component is imaged using light resonant on the
atomic cycling transition. This procedure selectively de-
tects molecules in the lowest hyperfine level [9].
Following the creation of ground state molecules, a
two-photon microwave pulse is applied to prepare each
of them in a superposition of two hyperfine levels within
|v=0, J=0), as shown in Fig. [l At a magnetic field of
85.6 G, where the experiment operates, the 36 hyper-
fine levels in J=0 are split by the nuclear Zeeman ef-
fect [9, 28]. Hence, the nuclear spin projections mry,
and my, are good quantum numbers. The two levels
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FIG. 2. Coherent Ramsey precession of nuclear spin states in 2 Na'’K. An initial 7 /2-pulse, resonant on the dressed
two-photon transition, creates a superposition of the ||} and |1) states in the equatorial plane of the Bloch sphere (see inset).
It precesses at a frequency |(w1 — w2) — wres| for a variable precession time 7', until a second resonant 7/2-pulse completes the
Ramsey sequence. The solid line is a fit of the complete data set with a single oscillation frequency and phase (see Methods),
indicating the phase coherence of the Ramsey precession. The bottom row shows zoomed-in sections of the full data set above.
Data points correspond to the average of typically three experimental runs; the error bars denote the standard deviation of the

mean.

that form the superposition state are the lowest hyper-
fine level |mr,,,mn.) = [3/2,—4) and the first excited
hyperfine level |3/2, —3), denoted by ||) and |1}, respec-
tively, in the following. For the coherent transfer be-
tween |}) and |1), a hyperfine level with mixed mp,=—4
and —3 character in the rotationally excited |v=0, J=1)
state [28] (see Methods) is used as an intermediate state
to drive two-photon Rabi oscillations, as shown in Fig.[Tk.
Note that, in the presence of the microwave fields, we ob-
serve a resonance shift between ||) and |1) that is propor-
tional to the two-photon Rabi coupling Q (see Fig. [IH).
This microwave Stark shift arises from additional J=1
hyperfine levels that asymmetrically dress the ||} and |1)

states [28].

We initiate Ramsey precession by applying a 7 /2-pulse
on the microwave-dressed resonance. The subsequent
field-free time evolution of the superposition state oc-
curs with respect to the unperturbed resonance frequency
wres (see Fig. [Id). After a hold time 7', we apply a sec-
ond 7/2-pulse, and record the number of molecules in
|4}, as shown in Fig. [2] By fitting the observed Ramsey
precession with a model that incorporates the decay of
molecule number and coherence (see Methods), we ex-
tract the molecule lifetime 77 and the coherence time
T5. At a molecular lifetime of T7=1.9(5) s, we observe
a coherence time on the scale of a second, T5=0.7(3) s,
a thousand times longer than rotational coherence times
in the bulk. The oscillation frequency of the Ramsey
precession is given by the difference of the two-photon
microwave drive, wi; — ws, and the unperturbed reso-
nance frequency, wyes. From this, we extract the un-
perturbed energy difference between ||) and [f) to be
Wres = 2m X 20.514(10) kHz at a magnetic field of 85.6 G,

which allows us to precisely determine the weak nuclear
spin-spin coupling constant of 22Na*’K as ¢;= — 409(10)
Hz [28].

Utilising the long coherence time between ||) and |1),
we record a high-resolution Ramsey fringe, as shown in
Fig. The spectrum is measured by varying the mi-
crowave drive frequency, w; — we, while keeping the pre-
cession time T between the m/2-pulses constant. The
period of the Ramsey fringes is given by 2x/T. By
monitoring the phase variation of the spectra, we de-
tect differential energy shifts between ||) and [1) with
Hertz-precision. The afforded spectral resolution can be
compared to typical dipolar interaction energies Eg; =
nd?/(4meg), where d is the induced dipole moment, and
€0 is the vacuum permittivity. For molecular densities
achieved in this work, F,; can reach up to tens of Hz.
Ramsey spectroscopy on nuclear spin states may thus be
a highly sensitive probe for dipolar interactions.

The long coherence times result from the favourable
properties of the singlet rovibrational ground state and
may also benefit from the Fermi statistics of 23Na‘K.
As the molecules are in the J=0 state of X'+, the ro-
tational angular momentum, the electronic spin, and the
projection of the orbital angular momentum along the
internuclear axis all vanish. Therefore, the electronic
wavefunction is fully decoupled from the nuclear spins,
and the ac-polarisability is, to a high degree, identical
for all J=0 nuclear spin states. This leads to a sup-
pression of light-induced dephasing present in a non-
uniform optical potential. Also, dephasing induced by
magnetic field fluctuations is reduced, since the only in-
ternal degrees of freedom that couple to external mag-
netic fields are the nuclear spins, whose magnetic mo-
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FIG. 3. High-resolution Ramsey spectroscopy. Ramsey fringes are recorded as a function of two-photon drive frequency

w1 — wa, while the precession time 7' = 112 ms is fixed. The distance between adjacent Ramsey fringes is 1/7" =

8.9 Hgz,

resulting in Hertz-level precision. The solid line shows a fit with a Ramsey line shape function that includes as a free parameter
the two-photon Rabi coupling €2 (see Methods), which determines the overall envelope of the spectrum. For the data shown,

Q = 2 x 240(20) Hz

ments are me/my, ~ 1/2000 smaller compared to an
electronic spin. Finally, the absence of s-wave collisions
between identical fermionic 23Na*°K molecules and the
suppression of p-wave collisions at ultracold temperatures
reduce collisional dephasing [33].

In order to explore the limitations of coherence, we em-
ploy Hertz-precision Ramsey spectroscopy to accurately
measure the variation in the energy splitting between |J.)
and |1) for a range of experimental parameters. Specifi-
cally, changes in the resonance frequency will appear as
a phase shift of the Ramsey fringes, recorded for a fixed
precession time T. As a first step, we vary the dipole
trap laser intensity between 5 kW /cm? and 50 kW /cm?
during the Ramsey hold time and record the Ramsey
spectra, as shown in Fig. [lh,b. We observe a resonance
shift that monotonically increases with the laser inten-
sity, reaching up to 3 Hz within the investigated inten-
sity range. However, when the laser intensity is varied,
the average density and the temperature of the molecular
cloud vary as well. In particular, for the explored range
of laser intensities, the average density varies between 0.9
and 3.5 x10'° cm ™3, and the temperature varies between
300 and 750 nK. Ramsey spectroscopy for varying den-
sity, but constant light intensity, distinguishes between
a light-induced ac-Stark shift and a density-dependent
collisional shift. To this end, we perform spectroscopy
on molecular samples for a range of average densities be-
tween n = 1.0 x 101% em ™2 and 2.5 x 10'% cm ™3 at a fixed
laser intensity of 31 kW /cm?, as shown in Fig. ,d. The
temperature of the molecular samples is kept constant
at 600nK. For the highest density explored, the shift
can be constrained to 130(180) mHz, consistent with the
absence of a collisional shift, as shown in Fig. @d. From

this, we conclude that the resonance shift in Fig. [dp dom-
inantly originates from a light-induced ac-Stark shift,
which likely arises from the hyperfine structure of the
electronically excited states that contribute to the ac-
polarisability. In particular, spin-orbit coupling lets cer-
tain excited singlet states acquire a rich hyperfine struc-
ture from nearby triplet states [9], giving rise to small
differences in the ac-polarisability of hyperfine levels in
the singlet ground state.

The light-induced shift of wyes translates into a dephas-
ing of the superposition state, as the trap laser inten-
sity varies across the molecular cloud. Indeed, a direct
measurement of coherence times for higher trap depths
reveals a monotonic decrease of coherence (see extended
data figure), consistent with the measured differential ac-
Stark shift. At lower trap depths, when light-induced
dephasing becomes less significant, the coherence time
is likely limited by magnetic field fluctuations. In the
present setup, we measure fluctuations of +2 mG at a
magnetic field of 85.6 G, corresponding to fluctuations of
the differential Zeeman shift between ||) and |1) of £0.5
Hz, limiting the nuclear spin coherence time to about one
second, consistent with our observations. This assess-
ment implies that coherence times of molecular qubits
can be further improved by the use of uniform trapping
potentials [34], which can largely eliminate the impact
of ac-Stark shifts. Also, improvements of the magnetic
field stability by one or two orders of magnitude can be
achieved. For isolated molecules, coherent control se-
quences, such as spin-echo, may further prolong the co-
herence time.

Our observation of second-scale coherence times
in trapped 2*Na?’K molecules constitutes a proof-of-
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concept that nuclear spins of ultracold molecules can
serve as storage qubits. In combination with optical
lattices, optical microtraps [35], or electrostatic traps,
it will be possible to individually address, control, and
detect the nuclear spin state of single molecules [I3].
Furthermore, coherent manipulation of molecular rota-
tional states via microwave radiation allow full control
of long-range dipolar interactions, which should enable
gate operations between pairs of molecules [I1]. Ultra-
cold molecules offer the unique prospect that the same
physical system can serve as long-lived quantum memory
and a quantum processor. With realistic improvements
in coherence times, 10° two-qubit gate operations per co-
herence time are plausible, providing suitable conditions
for quantum error correction [4 29]. Additionally, molec-
ular qubits may be interfaced with existing quantum de-
vices, such as superconducting qubits [12], for the con-
struction of hybrid quantum processors. Furthermore,
the high degree of coherence reported here opens up new
routes for precision metrology with ultracold molecules.
Transitions between nuclear spins of different vibrational

states may exhibit similarly long coherence times, en-
abling Hz-level molecular spectroscopy in the optical do-
main and bringing optical molecular clocks into experi-
mental reach [36, [37].
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METHODS

Preparation of *Na*°K ground state molecules

The 23Na?’K molecules are assembled from ultracold
23Na and %°K atoms. Initially, a near-degenerate mix-
ture of 2Na and °K in the |F,mp) = |1,+1)na and



|9/2,—7/2)k hyperfine states is prepared in a crossed
optical dipole trap (A = 1064 nm) at a temperature of
about 300 nK[38]. Here, F is the total angular quantum
number, and mp is its projection along the quantisa-
tion axis set by the magnetic field. Subsequently, the
magnetic field is adjusted to 85.6 G in the vicinity of
a Feshbach resonance in the |1,1)n, and [9/2,—9/2)k
collision channel. A radio-frequency sweep is used to
transfer pairs of Na and K atoms into the correspond-
ing Feshbach molecular state, creating weakly bound
molecules with a binding energy of about 80 kHz, simi-
lar to the procedure described in Ref. [39]. These Fesh-
bach molecules are transferred to the singlet rovibrational
ground state using stimulated Raman adiabatic passage
(STIRAP) [9]. About h x 156 THz = kg x 7500 K of
binding energy is coherently removed from the molecules
using a pair of Raman lasers operating at 804.7 nm and
566.9 nm, respectively, with a relative line width on the
kilohertz level. Efficient coupling between the Fesh-
bach state (dominantly spin triplet S=1) and the rovi-
brational ground state (spin singlet S=0) is established
by utilising an electronically excited intermediate state
with mixed spin singlet-triplet character and favourable
Franck-Condon factors [32]. The detuning and the po-
larisations of the Raman lasers are chosen to selectively
populate the lowest hyperfine level in the singlet rovi-
brational ground state, denoted by ||} in the main text.
Typically, we create ensembles of 2 x 10% ground state
molecules, all in the lowest hyperfine level |]), at average
densities of n = 2 x 10% cm 3.

Two-photon transfer between J=0 hyperfine levels

Coupling between two hyperfine levels in the singlet
rovibrational ground state is established by a two-photon
microwave scheme, using a hyperfine level of the rotation-
ally excited state J=1 as an intermediate state. Nuclear
quadrupole interaction in the J=1 manifold mixes nu-
clear spins with rotation, giving hyperfine levels in J=1
a mixed nuclear spin character. These can couple with
significant strength to multiple hyperfine levels within
J=0 [27, 28]. In this work, we couple the two lowest hy-
perfine states of 2Na®K, |myy,, mn)=[3/2,—4) = ||)
and [3/2,—3) = [1).

Fitting the Ramsey spectra

The fit model for the Ramsey precession in Fig.[2|incor-
porates a two-body decay of molecular population and an
exponential decay of coherence, f(T) = m(/l +
Be~T/T5 sin(6T + ¢)). Here, A and B are the centre and
amplitude of the oscillation, 77 and 75 are the molecule
lifetime and coherence time, and § and ¢ are the oscil-
lation frequency and phase, respectively. 77 and T3 are

defined as 1/e-times. A fit with a function that explic-
itly incorporates light-induced decoherence in a Gaussian
optical dipole trap [40] yields indistinguishable results
within the experimental resolution. For the recorded
Ramsey spectrum in Fig. the line shape function is
analytically derived by time-evolving a two-level system
for an initial m/2-pulse, free precession during time T,
and a final 7/2-pulse [41]. From the derived expression,
the overall oscillation amplitude, frequency, and phase,
as well as Rabi coupling are taken as fit parameters.
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FIG. 5. (Extended data figure) Decay of coherence versus trap laser intensity. a, Decay of coherence during

Ramsey precession for various dipole trap laser intensities. At a given intensity, the Ramsey precession between ||) and [1) is
recorded for intervals of 10 ms, similar to Fig. [2 Each interval is fitted using a sine function with an offset, A + Bsin(67T + ¢).
The oscillation amplitude A divided by the offset B is plotted as a function of precession time 1. An exponential fit yields
the 1/e-coherence time T5. b, Coherence time T35 versus trap laser intensities. The coherence time decreases monotonically,
consistent with the observed ac-Stark shift in Fig. Eh,b. The blue solid line is a guide to eye. ¢, Decay of molecule number
during Ramsey precession for various dipole trap laser intensities. From the sine fits described in a, the offset B (proportional
to the total molecule number) is plotted as a function of T. A two-body decay model is employed to extract the 1/e-lifetime
Ti. d, Molecule lifetime 77 decreases monotonically as a function of trap laser intensity. The red solid line is a guide to eye.
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