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Ultracold polar molecules (UPMs) are emerging as a novel and powerful platform for fundamental
applications in quantum science. Here, we report characterization of the coherence between nuclear spin
levels of ultracold ground-state sodium-rubidium molecules loaded into a 3D optical lattice with a nearly
photon scattering limited trapping lifetime of 9(1) seconds. After identifying and compensating the main
sources of decoherence, we achieve a maximum nuclear spin coherence time of T�

2 ¼ 3.3ð6Þ s with two-
photon Ramsey spectroscopy. Furthermore, based on the understanding of the main factor limiting the
coherence of the two-photon Rabi transition, we obtain a Rabi line shape with linewidth below 0.8 Hz. The
simultaneous realization of long lifetime and coherence time, and ultrahigh spectroscopic resolution in our
system unveils the great potentials of Ultracold polar molecules in quantum simulation, computation, and
metrology.
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Following the rapid progress in creating and controlling
ultracold polar molecules (UPMs) in recent years [1–14],
many of their potential applications are finally starting to be
explored. The strong and long-range dipole-dipole inter-
action (DDI) between UPMs placed in dc electric fields has
been exploited to modify the chemical reaction [15,16] and
complex formation rates [17]. The vibrational level has
been used as a switch to control the two-body chemical
reactivity [18]. Electric field induced Förster resonance
between UPMs in their first excited rotational level are used
to suppress chemical reactions for obtaining trapped
samples with long lifetimes [19] and for direct evaporative
cooling [20]. Effects of the resonant DDI naturally occurred
between UPMs in rotational levels with opposite parities
have been observed with [21] and without the microwave
coupling [22].
Quantum information processing is one of the first

proposed applications for UPMs. While the earlier pro-
posals rely on the DDI induced by external dc electric field
for quantum gate operation [23,24], currently the resonant
DDI has become the more popular choice [25–27]. In this
paradigm [23,24,26,27], two adjacent rotational levels,
which can be manipulated with high fidelity by microwave
signals readily available in ultracold systems, serve as the
spin up and spin down states of the molecular qubit.
Significant efforts have been made to understand and
improve the rotational coherence time for samples in
optical dipole traps [28–30], in 3D optical lattices [31],
and for single molecules trapped in optical tweezers [32].
The nuclear spin hyperfine structures of UPMs are

another valuable resource for quantum information
processing. Pairs of nuclear spin states in the same

rotational state, which are insensitive to external fields
and free from decoherence due to DDI, can be used as
storage qubits for protecting quantum information against
rotational decoherence [25–27]. In two recent experiments,
nuclear spin coherence times T�

2 of 0.7 s for 23Na40K
molecules [33] and greater than 5.6 s for 87Rb133Cs
molecules [34] have been reported. However, these experi-
ments were performed with bulk samples which are subject
to significant two-body losses due to two-molecule com-
plex formation [35–38] even though both of them are
chemically stable. For the next step forward, it is thus
necessary to shield the molecules from each other.
In this Letter, we suppress the two-body loss by directly

loading UPMs into deep 3D optical lattice potentials. For
the 23Na87Rb molecules used here, a trapping lifetime of 9 s
is observed in a very low filling lattice. With this long-lived
sample, long coherence time is measured using two-photon
microwave Ramsey spectroscopy for several pairs of
nuclear spin states. In the optimized case with minimized
differential Zeeman and ac Stark shifts, coherence time
over 3 s is observed. In this case, we also discover that the
damping of the two-photon Rabi oscillation is limited by
the differential one-photon detunings across the sample and
slows down for smaller Rabi frequencies. This has allowed
us to drive long Rabi pulses with Fourier transform limited
linewidths below 0.8 Hz which should be enough to resolve
few and many-body effects caused by DDI over distances
of several lattice sites.
The experiment starts from about 7000 ultracold ground-

state 23Na87Rb molecules prepared in a single nuclear spin
state of the J ¼ 0 rotational level by population transferring
of Feshbach molecules via the stimulated Raman adiabatic

PHYSICAL REVIEW LETTERS 128, 223201 (2022)

0031-9007=22=128(22)=223201(6) 223201-1 © 2022 American Physical Society

https://orcid.org/0000-0001-7122-8473
https://orcid.org/0000-0003-2137-7248
https://orcid.org/0000-0001-9470-0144
https://orcid.org/0000-0002-7538-1632
https://orcid.org/0000-0001-7396-6736
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.128.223201&domain=pdf&date_stamp=2022-06-01
https://doi.org/10.1103/PhysRevLett.128.223201
https://doi.org/10.1103/PhysRevLett.128.223201
https://doi.org/10.1103/PhysRevLett.128.223201
https://doi.org/10.1103/PhysRevLett.128.223201


passage (STIRAP) [6]. By adjusting the Raman laser
parameters, six different nuclear spin states labeled in
Fig. 1(b) with j0i to j5i [39] in order of increasing energy
at 100 G can be reached. The sample is held in an optical
dipole trap formed by two 1064.2 nm laser beams crossing
each other at 90° in the horizontal plane and has a typical
initial temperature of 210 nK and a mean density of
1010 cm−3. To load the molecules into the 3D lattice, the
retroreflections of the two horizontal beams, as well as the
vertical lattice [Fig. 1(a)] are ramped on within 30 ms after
the STIRAP. As shown in Fig. 1(c), due to two-body losses
during the loading process, only about 50% of the
7000 molecules are loaded into the optical lattice even
with this relatively short loading time. With the low initial
density and the loss, the lattice can only be filled
sparsely [39].
In the 50Er per beam lattice used in taking the data in

Fig. 1(c), the oscillation frequencies are about 23 kHz. Here
Er is the photon recoil energy of 23Na87Rb at 1064.2 nm.
For the typical initial sample temperature, most of the
molecules occupy the ground band of the lattice after the
loading. However, the molecules in the higher band, which
have faster tunneling rates, can tunnel into sites already
occupied and lead to two-body losses [43]. Because of the
tight lattice confinement, the effective density of two

molecules in the same site is on the order of 1013 cm−3.
With a typical loss rate constant of 10−10 cm3 s−1 [18], the
two-body loss rate is on the order of 103 s−1 which is much
faster than the tunneling rate, and the observed loss rate is
thus determined by the tunneling rate of the higher band
molecules. This picture is consistent with the observed fast
loss in the initial 1.5 s which reduces the number of
molecules by about 30% [Fig. 1(c)]. As shown by the band
occupation measured with the band mapping method [inset
of Fig. 1(c)], this initial fast loss serves as a purification
process after which nearly all remaining molecules are in
the ground band [43]. With a calculated tunneling rate of
0.05 Hz, the loss of the remaining molecules becomes
much slower and follows a one-body curve with a 1=e
lifetime of τ ¼ 8.7ð7Þ s.
To understand the limiting factors to the lifetime, we

further investigate its dependence on the lattice depth.
Figure 1(d) shows the lifetime of the slow decay part for
lattice depths from 18Er to 200Er per beam. From 18Er to
26Er, the lifetime increases rapidly with increasing lat-
tice depth which we attribute to the suppression of the
tunneling rate. For even larger lattice depths, the lifetime
starts to decrease. The blue solid curve is the lifetime
calculated with the theoretical imaginary polarizability
ImðαÞ ¼ 1.85 × 10−5 a:u: at 1064.2 nm [44]. We note that
different from atoms, here each photon scattering event will
lead to the loss of one molecule. The nice agreement
between theory and experiment supports that similar to
the case in 40K87Rb [43] off-resonance scattering from the
trapping light is also the main limiting factor of the
lifetime here.
With the long-lived sample at hand, now we investigate

the coherence between nuclear spin states in J ¼ 0 with
Ramsey spectroscopy. As shown in Fig. 2(a), these nuclear
spin states can be coupled together by two-photon micro-
wave transitions. Figure 2(b) is the Ramsey precession
between j0i and j2i at 335 G. For this measurement, the
intermediate state for the two-photon transition is a hyper-
fine level in J ¼ 1 with mixed nuclear spin characters
which allow it to couple to both j0i and j2i [45]. Starting
from a pure j0i sample after the STIRAP, a coherent
superposition state is created by a π=2 pulse with a small
two-photon detuning δ. After a variable free precession T, a
second π=2 pulse is applied and the number of molecules in
j0i (Nj0i) is measured. To extract the nuclear spin coher-
ence time T�

2, we fit the Ramsey precession to

Nj0i ¼
N0

2
e−T=τ½1þ A0e−T=T

�
2 cosðδtþ ϕ0Þ�; ð1Þ

with the initial molecule number N0, the oscillation
amplitude A0, the initial phase ϕ0, and T�

2 as the fitting
parameters. We emphasize that all the coherence measure-
ments are performed in the long-lived part of the molecule
number evolution. For the set of data in Fig. 2(b), the
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FIG. 1. Long-lived ground-state 23Na87Rb molecules in 3D
optical lattices. (a) The optical lattice is formed by three pairs of
linearly polarized laser beams with polarization angles θ defined
relative the direction of the magnetic field. (b) The J ¼ 0 level
has 16 nuclear spin Zeeman states. The six states labeled from j0i
to j5i can be populated individually by STIRAP. (c) Evolution of
the molecule number in a sparsely filled lattice with a trap depth
of 50Er per beam. The solid curve is the second-order exponential
fitting which shows a fast initial decay and a longer lived tail.
Inset: Evolution of the lattice band occupation measured with the
band mapping technique. The gray dashed line shows the
simulated width for molecules occupying the ground band.
The red solid curve is an exponential fitting for guiding the
eye. (d) Lifetime versus lattice trap depth. The gray dashed curve
is from the exponential fitting for lattice depth smaller than 26Er,
while the blue solid curve is the calculated off-resonant light
scattering limited lifetime. Error bars are one standard error.
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independently measured trap lifetime τ is 7(1) s. From the
fitting, a coherence time T�

2 ¼ 46ð9Þ ms is obtained.
One of the main limitations to T�

2 is the differential
Zeeman shift between the nuclear spin states. As shown in
Fig. 2(c), the magnetic dipole moment difference Δμ
between two nuclear spin states typically is not zero.
For states j0i and j2i at 335 G, Δμ is 1.4 Hz=mG.
Thus, magnetic field noise on the 10 mG level will limit
T�
2 to below 100 ms. To verify this understanding, we

measure the coherence time between j1i and j2i in exactly
the same magnetic field and optical lattice configurations.
The only difference is that Δμ between j1i and j2i has a
smaller value of 0.26 Hz=mG. Indeed, a much longer T�

2 of
309(120) ms is observed. With the two T�

2, a fitting to
1=T�

2 ¼ δBΔμ forced through the origin [Fig. 2(d)] gives a
magnetic field noise δB of 15(1) mG. This is consistent
with the combined contributions of the magnetic field noise
and gradient measured from other methods.
A special case is the pair of states j4i and j5i which at

20 G have the same μ and thus a zero Δμ, as illustrated in
Fig. 2(c) and the enlarged section. Near this point, the
differential Zeeman shift between j4i and j5i induced by
the magnetic field noise becomes negligible. Figure 3(a)
presents the Ramsey precession in this special situation
obtained by measuring the number of molecules in j5i
(Nj5i). In the magnified sections, clear coherent oscillations
can still be observed after T ¼ 4 s. The T�

2 is measured to

be 3.3(6) s, which is 70 times longer than that between j0i
and j2i at 335 G. However, to obtain this very long
coherence time, we have found that it is necessary to
use a specific lattice light polarization combination. As
shown in Fig. 3(c), with the polarization angle of the
vertical lattice beams fixed at 90°, the longest coherence
time only occurs when the polarization angles of the
horizontal lattice beams are tuned to 43°. This indicates
that there are differential ac Stark shifts between the nuclear
spin states and, contrary to our typical understanding [30],
the ac polarizabilities of J ¼ 0 nuclear spin states are also
anisotropic [33,34,39].
Figure 3(b) shows the light polarization dependence for

Δα, the difference between the anisotropic terms of two
nuclear spin states j4i and j5i at 20 G. This is calculated
using the polarizabilities and hyperfine coupling parameters
obtained previously [30]. Ideally,Δα can be tuned to zero by
setting the polarization angle to 54.7°. However, the polari-
zation angle of the vertical lattice beams in our experiment
can only be 90°, and their contributions toΔα is thus fixed at
−0.13 Hz=ðkW=cm2Þ [ΔαV in Fig. 3(b)]. To minimize the
differential ac Stark shifts, we are forced to set the polari-
zation angles of the two pairs of horizontal lattice beams to
θ ¼ 43° where their contributions to Δα [ΔαH in Fig. 3(b)]
can largely counterbalance those from the vertical beams.
The solid curve in Fig. 3(c) is from aMonteCarlo simulation
which agrees with the measured T�

2 for several θ very well.
The seconds-long coherence time observed here is

already enough to make the nuclear spin states of
23Na87Rb a possible candidate for long-time quantum
information storage [24,25], as well as for many other

FIG. 2. Measuring the nuclear spin coherence time T�
2 with

two-photon Ramsay spectroscopy. (a) Two nuclear spin states in
J ¼ 0 are coupled together by a two-photon microwave transition
with one-photon detuning Δ and two-photon detuning δ. Ω1 and
Ω2 are the one-photon Rabi frequencies. (b) The Ramsey
precession between j0i and j2i at 335 G observed by measuring
Nj0i. The solid curve is from the fitting to Eq. (1) for extracting
the T�

2. (c) The magnetic dipole moment μ of the six nuclear spin
states for magnetic field from 0 to 350 G. Zoomed in section: at
20 G, j4i and j5i have the same μ. (d) The decoherence rate 1=T�

2

has a clear dependence on Δμ. The slope of the linear fitting
forced through the zero point is determined by the magnetic
field noise.

FIG. 3. Seconds-long coherence time between nuclear spin
states j4i and j5i at 20 G. (a) Ramsey precession obtained by
measuring the number of molecules in j5i. The solid curve is
from fitting to Eq. (1) with an extracted T�

2 of 3.3(6) s. Bottom:
magnified sections of the data set above. (b) The difference
between the anisotropic polarizabilities of j4i and j5i as function
of θ. The two black circles labeled as αH and αV indicate θ for the
vertical and horizontal lattice beams used in (a) for compensating
the differential ac stark shifts between j4i and j5i. (c) T�

2

measured for several polarization angles θ of the horizontal
lattice beams. The solid curve shows the result of a Monte Carlo
simulation. All error bars represent standard error.
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applications. Here, we demonstrate their potential in
quantum metrology with the sub-Hz linewidth two-photon
Rabi spectroscopy. As illustrated in Fig. 4(a), due to the
spatially dependent differential ac Stark shift between J ¼
0 and J ¼ 1, the one-photon detuings Δ also have different
values across the sample. This is the primary factor limiting
the coherence time in the rotational transition driven by a
one-photon microwave [30]. For the transition between
nuclear spin states here, the two-photon Rabi frequency
Ω ¼ Ω1Ω2=2Δ also becomes spatially dependent which
results in obvious damping of the two-photon Rabi oscil-
lations [Figs. 4(b) and 4(c)]. However, as Ω is proportional
to the product of the one-photon Rabi frequencies, its
variation across the sample and thus the damping rate will
become smaller at reduced Ω1 and Ω2. Indeed, comparing
the Rabi oscillations in Figs. 4(b) and 4(c) (note the
different time scales in their horizontal axes), the damping
rate in Fig. 4(c), which is obtained with Ω ¼ 2π × 0.5 Hz,
is much slower than that in Fig. 4(b) taken with
Ω ¼ 2π × 115 Hz. As shown in Fig. 4(d), this allows us
to apply a one-second interrogation pulse which results in a
Rabi line shape with Fourier transform limited linewidth of
0.8 Hz and center frequency resolution of �0.01 Hz.
The 3.3(6) s coherence time is still far from the funda-

mental limit of the coherence between j4i and j5i at 20 G. In
the current polarization combination, the differential ac Stark
shift is minimized but is not eliminated. This indicates that
forming the optical lattices with retroreflected beams along
the quantization axis is not the best choice for achieving long
lifetime and long coherence time simultaneously. This issue
can be further mitigated by replacing the vertical lattice with

an optical accordion [46,47] or a tightly focused single beam.
In both methods, the laser beams propagate mainly in the
horizontal direction so that its polarization angle, as well as
those for the horizontal lattice beams, can be adjusted to 54.7°
to make Δα zero. The trapping lifetime could also be
increased by changing the lattice light to a longer wave-
length. We are now setting up an optical lattice with a
1550 nm laser which will improve the photon-scattering
limited trap lifetime to more than 30 s at the same trap depth.
With all these improvements, reaching T�

2 longer than 10 s
should be feasible while T2 limited only by the trap lifetime
can be revealed with spin echo by adding a two-photon π
pulse to the Ramsey sequence [29,31,32].
To conclude, we have created an ultracold sample of

ground-state 23Na87Rb molecules confined in a 3D optical
lattice with long lifetime and long nuclear spin coherence
time. Depending on the choice of nuclear spin state pairs
and magnetic fields, the coherence time can span from tens
of milliseconds to several seconds. Coupled with the strong
DDI for fast gate operation and the long trap lifetime, this
makes 23Na87Rb in optical lattice a nice choice for quantum
information processing.
In the current Letter, very low lattice filling factors are

used so that the DDI does not cause observable effects on
the nuclear spin coherence. However, this could be dra-
matically improved, for example, by creating a double Mott
insulator of 23Na and 87Rb first and then performing the
molecule association [48]. For 23Na87Rb in optical lattices
with modest filling factors of 20% to 30%, the two-photon
nuclear spin transition will become a very sensitive probe
for few- and many-body dipolar physics [49–51]. For
instance, in external dc electric fields, the DDI between
UPMs across several lattice sites can still bring observable
changes to the Rabi line shape [52–54]. This gives us a
spectroscopic method for studying the Ising model with
long-range interactions [55,56]. It is also possible to place
some amount of the population in a carefully chosen
nuclear spin state of J ¼ 1 which interact strongly only
with one of the nuclear spin states of J ¼ 0 via the resonant
DDI [57,58]. The two-photon nuclear spin transition can
then be used to probe the effect of the spin exchange in the
XY model without the limitation due to the short rotational
coherence time [31]. Varying the J ¼ 1 population, this
may also become an interesting impurity problem with
long-range interactions [59].
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FIG. 4. Two-photon microwave Rabi spectroscopy with sub-
hertz linewidth. (a) Schematic lattice potentials. While the
differential ac Stark shift between j4i and j5i are largely
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large. Consequently, the one-photon detunings (Δ and Δ0) are
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not uniform. (b) and (c) Damped two-photon Rabi oscillations
between j4i to j5i at 20 G obtained with two-photon Rabi
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(d) A two-photon Rabi line shape between j4i to j5iwith a 0.8 Hz
linewidth obtained with a one-second pulse.
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