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Quantum states with long-lived coherence are essential for quantum computation, simulation
and metrology. The nuclear spin states of ultracold molecules prepared in the singlet rovibrational
ground state are an excellent candidate for encoding and storing quantum information. However, it
is important to understand all sources of decoherence for these qubits, and then eliminate them, in
order to reach the longest possible coherence times. Here, we fully characterise the dominant mech-
anisms for decoherence of a storage qubit in an optically trapped ultracold gas of RbCs molecules
using high-resolution Ramsey spectroscopy. Guided by a detailed understanding of the hyperfine
structure of the molecule, we tune the magnetic field to where a pair of hyperfine states have the
same magnetic moment. These states form a qubit, which is insensitive to variations in magnetic
field. Our experiments reveal an unexpected differential tensor light shift between the states, caused
by weak mixing of rotational states. We demonstrate how this light shift can be eliminated by set-
ting the angle between the linearly polarised trap light and the applied magnetic field to a magic
angle of arccos (1/

√
3) ≈ 55◦. This leads to a coherence time exceeding 6.9 s (90% confidence level).

Our results unlock the potential of ultracold molecules as a platform for quantum computation.

Quantum coherence is a key resource [1], underpin-
ning many prominent applications in quantum science
and technology. These range from precision tests of fun-
damental physics [2], quantum metrology [3] and state-of-
the-art atomic clocks [4] to quantum information process-
ing [5], quantum simulation [6] and quantum thermody-
namics [7]. Understanding the limits on quantum coher-
ence is therefore of fundamental interest and technologi-
cal importance. Cooling matter into the ultracold regime
leads to long interrogation times coupled with exquisite
experimental control, enabling quantum coherence to be
investigated with incomparable precision.

Ultracold polar molecules [8, 9] combine the rich in-
ternal structure associated with molecular vibration and
rotation with access to controllable long-range dipole-
dipole interactions. These properties have stimulated
a diverse range of proposed applications spanning the
fields of quantum computation [10–14], quantum simula-
tion [15–18], quantum-state controlled chemistry [19–21],
and precision tests of fundamental physics [22–24]. To re-
alise many of these applications, we need to understand
how to engineer long-lived quantum coherence in ultra-
cold polar molecules.

In this work, we use high-precision Ramsey spec-
troscopy to investigate the sources of decoherence in an
optically trapped ultracold gas of 87Rb133Cs molecules
(hereafter RbCs). We focus on superpositions of nuclear
spin states of the singlet rovibrational ground state. Such
superpositions are expected to be relatively insensitive
to magnetic dephasing, as the magnetic moments of the
nuclear spins are small in comparison to electronic mag-
netic moments. Furthermore, the nuclear spin states are
expected to experience near-identical AC Stark shifts in
an optical trap, so that dephasing associated with the

nonuniform optical potential is also suppressed. These
properties point to the possibility of long-lived coher-
ence and make the nuclear spin states of ultracold polar
molecules excellent candidates for robust storage qubits
in quantum computing architectures [11, 12, 25]. In
such proposals, gate operations may be performed us-
ing dipolar-exchange interactions [15, 17] following mi-
crowave excitation to an excited rotational state, while
single-qubit rotations can be performed using two-photon
microwave pulses [26–29]. Here, we demonstrate coher-
ence times exceeding 6.9 s (90% confidence level) for the
storage qubit, paving the way for the use of ultracold
molecules as a platform for quantum computation.

To begin, we seek to identify pairs of nuclear spin
states with identical magnetic moments that connect to
a common excited rotational state, by calculating the ro-
tational and hyperfine structure of the RbCs molecule
in externally applied magnetic and optical fields [28–31].
We construct the Hamiltonian (see Methods) in a fully
uncoupled basis set |N,MN 〉 |iRb,mRb〉 |iCs,mCs〉, where
N represents the angular momentum of the molecule
with its projection along the quantisation axis MN , and
iRb = 3/2, iCs = 7/2 denote the nuclear spins of Rb and
Cs respectively, with their projections mRb,mCs. How-
ever, typical magnetic fields in our experiments are not
high enough to decouple the rotational and nuclear an-
gular momenta. Even when the laser is polarised along
the magnetic field, the only good quantum number that
can be used to describe a given hyperfine sublevel is
MF = MN +mRb+mCs. As this is not sufficient to iden-
tify a given hyperfine state uniquely, we label the states
by (N,MF )k where k is an index counting up the states in
order of increasing energy, such that k = 0 is the lowest-
energy state for given values of N and MF . There are 32
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FIG. 1. Effect of magnetic fields on the coherence of the storage qubit. (a) Zeeman structure of the nuclear spin
states in the rotational ground state of RbCs. (b) Magnetic moments µ/µN of the states as a function of magnetic field B. We
construct the qubit from the states |0〉 ≡ (0, 4)1 and |1〉 ≡ (0, 3)0, which are chosen as they possess identical magnetic moments
when B = 154.524G (indicated by the vertical dashed line). (c) The differential magnetic moment µ01 = µ|1〉−µ|0〉 as a function
of magnetic field. (d) Configuration of states and microwave pulse sequence used to perform Ramsey spectroscopy. The energy
separation between the qubit states and the rotationally excited state |E〉 is 2Bv ≈ 980MHz. (e) Measured coherence time
T2 as a function of magnetic field. The line shows a model for the decoherence as described in the text. Fitting to the results
indicates a magnetic field variation of 34(5)mG over the course of the measurement contributes to the observed decoherence,
and a peak coherence time T ∗

2 = 1.3(4) s when µ01 ≈ 0. (f) Example Ramsey measurement performed at B = 154.50G, where
µ01 ≈ 0. The y-axis indicates the number of molecules remaining in state |0〉 measured as a function of the Ramsey time
T . The red shaded region indicates the maximum and minimum of the Ramsey fringes observed when B = 217.39G, where
µ01 ≈ 0.17µN and the coherence time is correspondingly much shorter. The trap light has polarisation β = 0◦ and intensity
I = 15.8 kWcm−2 for all measurements shown.

nuclear spin states in the N = 0 rotational ground state
of RbCs, with energies E shown in Fig. 1(a). The mag-
netic moments µ = dE/dB for a selection of the states
are plotted as a function of magnetic field B in Fig. 1(b).
There are a number of state combinations which display
crossings where the difference in magnetic moments is
zero. These crossings indicate turning points in the en-
ergy difference between states, where the energy differ-
ence becomes insensitive to magnetic field noise. Our ex-
periment produces an optically trapped ultracold gas of
RbCs molecules by association from a pre-cooled atomic
mixture [32, 33], using a procedure (see Methods) that
initialises the molecules in the state (0, 4)1; full state
compositions are given in the Supplementary Informa-
tion. For simplicity, we therefore select the qubit states
to be |0〉 ≡ (0, 4)1 and |1〉 ≡ (0, 3)0 which are predicted
to have the same magnetic moment when B = 154.524G,
as shown in Fig. 1(c), where we plot µ01 = µ|1〉 − µ|0〉.

We investigate the dependence of the coherence time
T2 on µ01 by performing a series of Ramsey measure-
ments to measure T2 as a function of B (see Fig. 1(d)
and Methods). The results are shown in Fig. 1(e). We
observe the longest coherence time when the difference
in magnetic moments between the two states is zero, as

expected. We fit the magnetic field variation of T2 with

T2 =

( |µ01| ∆B

h
+

1

T ∗
2

)−1

, (1)

where ∆B and T ∗
2 are fitting parameters (see the Sup-

plementary Information for a derivation of Eq. 1). µ01

is calculated from the molecular Hamiltonian as shown
in Fig. 1(c). ∆B describes the magnitude of varia-
tion in magnetic field over the duration of the mea-
surement which contributes to the decoherence. We
find ∆B = 34(5)mG, which is consistent with the ex-
pected stability of the magnetic fields in our experi-
ments. The term T ∗

2 accounts for other sources of de-
coherence, which we show below to be dominated by dif-
ferential tensor light shifts. For these measurements we
find T ∗

2 = 1.3(4) s, for trap light polarised with β = 0◦

and intensity I = 15.8 kWcm−2. Fig. 1(f) shows Ram-
sey fringes recorded close to the µ01 = 0 condition and
contrasts the behaviour with that seen at B = 217.39G
where, although the difference in magnetic moments is
still small, magnetic dephasing limits the coherence time.
We estimate that the limit on the coherence time at
B = 154.52G due to magnetic field noise of ∆B = 35mG
is ∼ 2.0× 103 s (see Supplementary Information).
To show that the remaining decoherence T ∗

2 is dom-
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FIG. 2. Differential tensor light shifts between nuclear spin states in the rotational ground state. We measure
the differential light shifts between |0〉 ≡ (0, 4)1 and |1〉 ≡ (0, 3)0 by Ramsey spectroscopy. We show the Hamiltonian matrix
elements for (a) the nuclear electric quadrupole interaction Hquad and (b) the AC Stark effect HAC graphically for the uncoupled
|N,MN ,mRb,mCs〉 basis. The states are split by dashed lines into groups according to N and by minor ticks into multiples of
32 basis states with the same MN . The block diagonal elements in N are labelled for N > 0. The color coding indicates the
value of the matrix element in units of frequency. Note the off-diagonal elements connecting states with ∆N = 2 shaded in
yellow, which lead to tensor light shifts proportional to the anisotropic polarisability. The mathematical expressions describing

the matrix elements are given in the Supplementary Information. H
(2)
AC is calculated for an intensity of 16 kW cm−2 and a

polarisation angle of β = 0◦. (c) Two-photon detuning δ as a function of the trap intensity I. The linear polarisation of each
beam is set to an angle β of (i) 0◦ (ii) 55◦ (iii) 90◦ with respect to a 154.50G magnetic field. The coloured lines indicate a fit

to the results, following the model given in Eq. 3. We find α(2)/(4πǫ0) = 545(4) a3
0, and δ0 = 983.0(2)Hz. (d) Differential

polarisability between the states as a function of magnetic field, measured for β = 0◦. The line is the expectation from the
molecular Hamiltonian (see Methods). (e) δ measured in a single beam of the dipole trap with fixed intensity I = 15.3 kWcm−2,
as a function of β. The dashed horizontal line indicates δ0. The solid line is calculated using Eq.3 with the parameters found
in (c).

inated by differential tensor light shifts, we perform a
series of Ramsey measurements using different optical
trap intensities. Each Ramsey measurement allows us
to precisely determine the difference in energy between
|0〉 and |1〉. For these experiments the two microwaves
fields differ in frequency by 76 kHz, and so by measur-
ing the frequency of the Ramsey fringes δ, we deter-
mine the difference in energy between the states equal
to h× (76 kHz+δ). The sign of δ is found by comparison
with additional Ramsey measurements with intentionally
different two-photon detunings. We measure δ for a range
of trap laser intensities, and find an intensity-dependent
energy shift between the two states as shown in Fig. 2.
The differential light shift arises from terms off-

diagonal in N which cause mixing between states with
the same parity. The largest contributions to the light
shift are second-order terms

〈N = 0,MN = 0|HAC |2, 0〉 〈2, 0|Hquad |0, 0〉 , (2)

where HAC and Hquad represent the the AC Stark and
nuclear electric quadrupole interactions, respectively (see

Methods). The matrix elements of HAC and Hquad are
shown graphically in Figs. 2(a) and (b). These second-
order terms lead to components with N > 0 in the state
composition of |0〉 and |1〉 with coefficients < 10−5. This
results in tensor light shifts in the rotational ground state
which scale with the anisotropic polarisability α(2) [30]
and depend on MF and the laser polarisation. This is
analogous to the tensor light shifts that arise in ground-
state alkali atoms due to hyperfine structure [34]. The
terms in Eq. 2 are all diagonal in MN and are propor-
tional to P2(cosβ) = 1

2 (3 cos
2 β − 1), where β is the

angle between the linearly polarised electric field of the
trap light and the applied magnetic field which forms the
quantisation axis. As a result, the light shift changes the
observed two-photon detuning according to

δ = (α01I)/2hǫ0c+ δ0, (3)

where

α01 = X(B)α(2)P2(cosβ), (4)

is the difference in the effective differential polarisability
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between the states. Here, I is the average intensity expe-
rienced by the molecules, δ0 is the two-photon detuning
in free space, and X(B) is a numerical factor which is
determined from the molecular Hamiltonian and depends
upon the magnetic field.

In addition to the tensor light shift, each state also
experiences a much larger scalar light shift. However,
as the scalar shift is identical for all states, this does
not contribute to decoherence. The largest differential
tensor light shift we measure is 1.01995(6)Hz kW−1 cm2,
for β = 0◦. This is caused by individual tensor
lights shifts for each of the states which we calculate to
be −1.45Hz kW−1 cm2 for |0〉, and −2.47Hz kW−1 cm2

for |1〉. In contrast the scalar light shift for both states is
−41.2 kHz kW−1 cm2; this is 4 orders of magnitude larger
than the tensor light shifts.

We compare our calculations with the behaviour ob-
served in experiments. For a magnetic field of B ≈
154.50G where magnetic decoherence is minimised, we
calculate the prefactor X(B) = 4.00(4) × 10−5. We
plot the differential light shift measured at this mag-
netic field in the optical trap for fixed laser polarisations
β = 0◦, 54◦, 90◦ in Fig. 2(c). The solid lines indicate a
fit to the results using Eq. 3, with α(2) and δ0 as free
parameters. We find excellent agreement between our
model and the experiment, with α(2)/4πǫ0 = 545(4) a30
and δ0 = 983.0(2)Hz. The uncertainties shown are the
statistical uncertainties found in the fitting. Additional
systematic uncertainties in α(2) are given in the Sup-
plementary Information. The value of δ0 indicates the
two-photon detuning in free space, and so we determine
the free-space energy difference between the states of
h × (76 kHz + δ0) = h × 76.983 0(2) kHz. This is in ex-
cellent agreement with a calculation from the molecular
Hamiltonian which predicts an energy difference between
the states of h × 77.0(7) kHz, where the uncertainty re-
sults from the current precision with which the strength
of the scalar nuclear spin-spin interaction (c4) and the
magnitude of the nuclear magnetic moments are known
for RbCs [28, 29].

To test our understanding of the origin of the differ-
ential light shift further, we explore different magnetic
fields as shown in Fig. 2(d). For higher magnetic fields,
the measurements are performed for β = 0◦ only. The
increased uncertainties arise from the magnetic dephas-
ing restricting the measurement time. The variation with
magnetic field arises from the numerical prefactor X(B)
in Eq. 4. We find good qualitative agreement between
theory and experiment, with α01 rising with magnetic
field. For calculations over a broader range of magnetic
fields see the Supplementary Information. Our theory ap-
pears to underestimate the increase in α01 slightly. We
attribute the discrepancy to uncertainties in the param-
eters of the molecular Hamiltonian which combine in a
non-trivial way in the calculation of X(B). Ramsey mea-
surements of the type presented here should permit fur-

ther refinement of these parameters. This will be the
focus of future work.
The tensor light shifts we observe are proportional to

P2(cosβ). This allows us to engineer a magic polarisa-
tion trap, as P2(cosβ) = 0 for the magic angle βmagic =

arccos
√

1/3 ≈ 55◦. We experimentally verify this angle
dependence in Fig. 2(e) using a single beam of the dipole
trap. We see that the polarisation dependence of the ex-
perimentally measured δ is well described by our model
and that δ ≈ δ0 when β ≈ 55◦, indicating that the tensor
light shift is zero. This is further confirmed using the
measurements in Fig. 2(c), where all δ measured in the
trap for β = 55◦ are consistent with the free-space value,
and the gradient of δ as a function of I is zero.
The optimal configuration to maximise coherence time

is where µ01 = 0 and α01 = 0, which is realised in our
experiments for B ≈ 154.5G and β ≈ 55◦. We perform
a Ramsey experiment using these optimal parameters as
shown in Fig. 3. The maximum Ramsey time available is
limited by collisional loss of the molecules [35, 36] with
T1 = 0.61(4) seconds, which reduces our signal at long
times. We measure Ramsey fringes out to T = 1.2 s with
no evidence of decoherence. These results are consistent
with T ∗

2 > 6.9 s (90% confidence level, see Supplemen-
tary Information), an order of magnitude longer than any
previous work [25]. Using this measurement we find the
energy difference between the states in the trap to be
h×76, 982.733(16)Hz; this is a precision of 1 part in 107.
Our measurements do not indicate any other de-

tectable mechanisms for decoherence. We see no evi-
dence for collisional energy shifts, which would be ob-
served by a change in the energies of the states when
the density reduces over the course of each Ramsey mea-
surement (see Supplementary Information). This is con-
sistent with previous observations [25], and the absence
of collisional energy shifts or decoherence may be ex-
pected as short-range collisions in the gas lead to loss of
molecules with high probability [35–38]. Measurements
of the coherence out to longer times will require confine-
ment of the molecules to a 3D optical lattice [39] , optical
tweezers [40–42], or the use of alternative trapping tech-
niques such as a blue-detuned optical trap [43] to avoid
losses from the optical excitation of two-molecule colli-
sion complexes [36, 44]. The creation of controlled ar-
rays of molecules is also a key component of the proposed
quantum computing protocols where storage qubits have
applications; our method of using a magic-polarisation
trap is compatible with the confinement of molecules to
arrays of optical tweezers or a 3D optical lattice [45].
In conclusion, we have demonstrated a robust storage

qubit constructed from the nuclear spin states of ultra-
cold RbCs molecules. We have shown how magnetic de-
phasing can be eliminated by tuning the magnetic field to
where the states have identical magnetic moments. This
revealed an unexpected differential tensor light shift due
to weak mixing of rotational states of the same parity,
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FIG. 3. Robust coherence of the storage qubit. Ramsey experiment with the qubit states |0〉 ≡ (0, 4)1 and |1〉 ≡ (0, 3)0,
using the optimal configuration B ≈ 154.50G, β ≈ 55◦. The y-axis indicates the number of molecules remaining in |0〉, following
the Ramsey sequence shown inset, as a function of the hold time T . The shaded region in the upper plot indicates the maximum
and minimum of the Ramsey fringes as a function of time; the spacing of the fringes is too small to plot at this scale. The
lower plots show the Ramsey fringes observed at 400ms intervals.

which caused decoherence due to the nonuniform opti-
cal potential. We have shown how to eliminate these
light shifts by setting the linear polarisation of the trap
light to a magic angle βmagic = arccos

√

1/3 ≈ 55◦ with
respect to the magnetic field. Our optimal configura-
tion leads to Ramsey fringes which persist for T ∗

2 > 6.9 s
(90% confidence level), at least an order of magnitude
improvement over the previous state of the art. Our
findings are broadly applicable to all 1Σ molecules in
their rovibrational ground state, including the range of
bialkali molecules currently under investigation. Our
work demonstrates the implementation of robust stor-
age qubits, which will be essential in future high-fidelity
quantum computing architectures using controllable ar-
rays of ultracold polar molecules.

METHODS

Hamiltonian used to calculate the rotational and
hyperfine structure

We calculate the energy level structure of RbCs in the
electronic and vibrational ground state by diagonalising
the relevant Hamiltonian. We extract the energy levels
and eigenstates of the Hamiltonian by numerical diago-
nalisation. The hyperfine constants for all of our calcula-
tions are given in the Supplementary Information. In the
presence of externally applied magnetic and off-resonant
optical fields, the Hamiltonian (HRbCs) can be decom-
posed into rotational (Hrot), hyperfine (Hhf), Zeeman
(HZeeman), and AC Stark (HAC) components [46, 47]:

HRbCs = Hrot +Hhf +HZeeman +HAC. (5)

The rotational contribution

Hrot = BvN
2 −DvN

2 ·N2, (6)

is defined by the rotational angular momentum opera-
tor N , and the rotational and centrifugal distortion con-
stants, Bv and Dv. The hyperfine contribution consists
of four terms

Hhf = Hquad +H
(0)
II +H

(2)
II +HNI , (7)

where

Hquad =
∑

j=Rb,Cs

eQj · qj , (8a)

H
(0)
II = c4IRb · ICs, (8b)

H
(2)
II = −c3

√
6T 2(C) · T 2 (ICs, IRb) (8c)

HNI =
∑

j=Rb,Cs

cjN · Ij . (8d)

Hquad represents the interaction between the nuclear
electric quadrupole of nucleus j (eQj) with the electric

field gradient at the nucleus (qj). H
(0)
II and H

(2)
II are

the scalar and tensor nuclear spin-spin interactions, with
strengths governed by the coefficients c4 and c3. The
second-rank tensors T 2 describe the angular dependence
and anisotropy of the interactions [48]. HNI is the inter-
action between the nuclear magnetic moments and the
magnetic field generated by the rotating molecule and
has a coupling constant cj for each of the two nuclei.
The Zeeman contribution to the Hamiltonian describes

interaction of the rotational and nuclear magnetic mo-
ments with the external magnetic field (B) and is

HZeeman =− grµNN ·B
−

∑

j=Rb,Cs

gj (1− σj)µNIj ·B. (9)
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The first term accounts for the magnetic moment gener-
ated by the rotation of the molecule, characterised by the
rotational g-factor gr. The second term accounts for the
nuclear spin contributions, characterised by the nuclear
g-factors gj shielded isotropically by the factor σj [47].
In both terms µN is the nuclear magneton. For our anal-
ysis we designate the axis of the magnetic field B as the
space-fixed z axis and its magnitude as B.

The AC Stark effect arises from the interaction
of an off-resonant oscillating electric field EAC with
the frequency-dependent molecular polarisability tensor
α [30], and has a contribution to the Hamiltonian

HAC = −1

2
EAC ·α ·EAC. (10)

The terms Hquad, H
(2)
II , and HAC all have components

which are off-diagonal in N , and therefore contribute to
the tensor light shifts which we observe. To be explicit,
the matrix elements for these terms are included in Sup-
plementary Information.

Production of ultracold RbCs molecules

We produce ground-state RbCs molecules from an
optically trapped ultracold mixture of 87Rb and 133Cs
atoms using a two-step process. First, we use mag-
netoassociation on an interspecies Feshbach resonance
at 197G [49]. Following this, the remaining atoms
are removed from the trap using the Stern-Gerlach ef-
fect. Second, the magnetic field is set to 181.6G, where
the molecules are transferred to a single hyperfine sub-
level of the X1Σ (v = 0, N = 0) rovibrational ground
state using stimulated Raman adiabatic passage (STI-
RAP) [32, 33, 50]. We set the STIRAP to initialise the
molecules in |0〉 ≡ (0, 4)1, and the transfer is performed
in free space to avoid spatially varying AC Stark shifts
which otherwise limit the efficiency [33]. Following STI-
RAP, the molecules are recaptured in a crossed optical
dipole trap at λ = 1550 nm; see the Supplementary In-
formation for details. Both beams are linearly polarised
at an angle β with respect to the applied magnetic field.
The molecules have a typical temperature of 0.7µK, and
a peak density of ∼ 1× 1011 cm−3. We detect molecules
by reversing the creation process and imaging the result-
ing atomic clouds. As such, we only image molecules
which occupy |0〉.

Ramsey measurement protocol

To measure the coherence time of the qubit, we per-
form Ramsey spectroscopy. To couple the qubit states,
we use two microwave fields to form a 3-level lambda sys-
tem, where both qubit states are coupled to a common
rotationally excited state |E〉, which is chosen to have

significant transition dipole moment to both |0〉 and |1〉.
The excited states used throughout this work are tabu-
lated in the Supplementary Information, along with tech-
nical details of the microwave apparatus we use.
For the measurements presented in Fig. 1, we pre-

pare an equal superposition of |0〉 and |1〉 by applying
a π/2 pulse on the |0〉 ↔ |E〉 transition followed by a π
pulse on the |E〉 ↔ |1〉 transition. The optical trap is
briefly switched off during any microwave pulses in or-
der to avoid varying AC Stark shifts of the transitions
across the thermal spatial distribution of molecules. The
typical duration for each pulse is ∼ 100µs. We project
the phase of the superposition onto the population of
the states by reversing this pulse sequence after a hold
time T as shown in Fig.1(d). During T the molecules
are confined to the crossed optical dipole trap, and a DC
magnetic field is applied in the vertical z direction. With
the two microwave frequencies fixed, we observe Ramsey
fringes in the form of an oscillating number of molecules
in the initial state |0〉 as a function of T .
For the measurements presented in Fig. 2 and Fig. 3,

we find that there is a strong transition from |0〉 to (1, 4)4
just 20 kHz detuned from the |E〉 ↔ |1〉 transition fre-
quency. We therefore use a modified Ramsey sequence as
shown in the inset to Fig. 3 to avoid off-resonantly driving
the population out of |0〉 during the Ramsey pulses.

The frequency of the Ramsey fringes is equal to the
two-photon detuning of the microwaves. We fit a model
to the fringes (derived in Suppplementary Information)
which accounts for both two-body collisional loss of
molecules and decoherence of the superposition,

N(T ) =

Ni

2

(

1

1 + T
T1

[e− 1]

)

×
[

e−T/T2 cos(2π(δT + φ)) + 1
]

.

(11)

Here, Ni is the initial total number of molecules, T1 is
the 1/e lifetime for molecules in the trap, T2 is the 1/e
coherence time, and δ and φ are the frequency and phase
of the Ramsey fringes.
To set the magnetic field for a given measurement, we

jump the magnetic field to its target value immediately
after the STIRAP and then hold 5ms before the start
of the Ramsey sequence. After the Ramsey sequence is
completed, the magnetic field is jumped back to 181.6G
and held for 5ms before the return STIRAP and imaging.
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model of ultracold molecular collisions, Phys. Rev. A
102, 033306 (2020).

[39] B. Zhu, B. Gadway, M. Foss-Feig, J. Schachenmayer,
M. L. Wall, K. R. A. Hazzard, B. Yan, S. A. Moses,
J. P. Covey, D. S. Jin, J. Ye, M. Holland, and A. M.
Rey, Suppressing the loss of ultracold molecules via the
continuous quantum zeno effect, Phys. Rev. Lett. 112,

070404 (2014).
[40] L. Anderegg, L. W. Cheuk, Y. Bao, S. Burchesky,

W. Ketterle, K.-K. Ni, and J. M. Doyle, An optical
tweezer array of ultracold molecules, Science 365, 1156
(2019).

[41] L. W. Cheuk, L. Anderegg, Y. Bao, S. Burchesky, S. S.
Yu, W. Ketterle, K.-K. Ni, and J. M. Doyle, Observa-
tion of collisions between two ultracold ground-state caf
molecules, Phys. Rev. Lett. 125, 043401 (2020).

[42] J. T. Zhang, Y. Yu, W. B. Cairncross, K. Wang, L. R. B.
Picard, J. D. Hood, Y.-W. Lin, J. M. Hutson, and K.-K.
Ni, Forming a single molecule by magnetoassociation in
an optical tweezer, Phys. Rev. Lett. 124, 253401 (2020).

[43] R. Bause, M. Li, A. Schindewolf, X.-Y. Chen, M. Duda,
S. Kotochigova, I. Bloch, and X.-Y. Luo, Tune-out and
magic wavelengths for ground-state 23Na40K molecules,
Phys. Rev. Lett. 125, 023201 (2020).

[44] Y. Liu, M.-G. Hu, M. A. Nichols, G. D. D., T. Kar-
man, H. Guo, and K.-K. Ni, Photo-excitation of long-
lived transient intermediates in ultracold reactions, Nat.

Phys. 16, 1132 (2020).
[45] S. Kotochigova and D. DeMille, Electric-field-dependent

dynamic polarizability and state-insensitive conditions
for optical trapping of diatomic polar molecules, Phys.
Rev. A 82, 063421 (2010).

[46] J. M. Brown and A. Carrington,
Rotational Spectroscopy of Diatomic Molecules (Cam-
bridge University Press, 2010).

[47] J. Aldegunde, B. A. Rivington, P. S. uchowski, and J. M.
Hutson, Hyperfine energy levels of alkali-metal dimers:
Ground-state polar molecules in electric and magnetic
fields, Phys. Rev. A 78, 033434 (2008).

[48] J. Aldegunde and J. M. Hutson, Hyperfine structure of
alkali-metal diatomic molecules, Phys. Rev. A 96, 042506
(2017).
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Figures

Figure 1

Effect of magnetic fields on the coherence of the storage qubit. (a) Zeeman structure of the nuclear spin
states in the rotational ground state of RbCs. (b) Magnetic moments µ/µN of the states as a function of
magnetic field B. We construct the qubit from the states |0>  (0, 4)1 and |1>  (0, 3)0, which are chosen
as they possess identical magnetic moments when B = 154.524 G (indicated by the vertical dashed line).
(c) The differential magnetic moment µ01 = µ|1>−µ|0> as a function of magnetic field. (d) Configuration
of states and microwave pulse sequence used to perform Ramsey spectroscopy. The energy separation
between the qubit states and the rotationally excited state |E> is 2Bv ≈ 980 MHz. (e) Measured coherence
time T2 as a function of magnetic field. The line shows a model for the decoherence as described in the
text. Fitting to the results indicates a magnetic field variation of 34(5) mG over the course of the
measurement contributes to the observed decoherence, and a peak coherence time T2 = 1.3(4) s when
µ01 ≈ 0. (f) Example Ramsey measurement performed at B = 154.50 G, where µ01 ≈ 0. The y-axis
indicates the number of molecules remaining in state |0> measured as a function of the Ramsey time T .
The red shaded region indicates the maximum and minimum of the Ramsey fringes observed when B =
217.39 G, where µ01 ≈ 0.17 µN and the coherence time is correspondingly much shorter. The trap light
has polarisation β = 0 and intensity I = 15.8 kW cm−2 for all measurements shown.



Figure 2

Differential tensor light shifts between nuclear spin states in the rotational ground state. We measure the
differential light shifts between |0>  (0, 4)1 and |1>  (0, 3)0 by Ramsey spectroscopy. We show the
Hamiltonian matrix elements for (a) the nuclear electric quadrupole interaction Hquad and (b) the AC
Stark effect HAC graphically for the uncoupled |N, MN , mRb, mCs> basis. The states are split by dashed
lines into groups according to N and by minor ticks into multiples of 32 basis states with the same MN .
The block diagonal elements in N are labelled for N > 0. The color coding indicates the value of the matrix
element in units of frequency. Note the off-diagonal elements connecting states with ∆N = 2 shaded in
yellow, which lead to tensor light shifts proportional to the anisotropic polarisability. The mathematical
expressions describing the matrix elements are given in the Supplementary Information. H(2) is
calculated for an intensity of 16 kW cm−2 and a polarisation angle of β = 0. (c) Two-photon detuning δ
as a function of the trap intensity I. The linear polarisation of each beam is set to an angle β of (i) 0 (ii)
55 (iii) 90 with respect to a 154.50 G magnetic field. The coloured lines indicate a fit to the results,
following the model given in Eq. 3. We find α(2)/(4πe0) = 545(4) a , and δ0 = 983.0(2) Hz. (d) Differential
polarisability between the states as a function of magnetic field, measured for β = 0. The line is the
expectation from the molecular Hamiltonian (see Methods). (e) δ measured in a single beam of the dipole
trap with fixed intensity I = 15.3 kW cm−2, as a function of β. The dashed horizontal line indicates δ0. The
solid line is calculated using Eq.3 with the parameters found in (c).



Figure 3

Robust coherence of the storage qubit. Ramsey experiment with the qubit states |0>  (0, 4)1 and |1>  (0,
3)0, using the optimal configuration B ≈ 154.50 G, β ≈ 55. The y-axis indicates the number of molecules
remaining in |0>, following the Ramsey sequence shown inset, as a function of the hold time T . The
shaded region in the upper plot indicates the maximum and minimum of the Ramsey fringes as a
function of time; the spacing of the fringes is too small to plot at this scale. The lower plots show the
Ramsey fringes observed at 400 ms intervals.
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