
Nature  |  Vol 637  |  23 January 2025  |  821

Article

Entanglement and iSWAP gate between 
molecular qubits

Lewis R. B. Picard1,2,3,6, Annie J. Park1,2,3,6 ✉, Gabriel E. Patenotte1,2,3, Samuel Gebretsadkan1,2,3, 
David Wellnitz4,5, Ana Maria Rey4,5 & Kang-Kuen Ni1,2,3 ✉

Quantum computation and simulation rely on long-lived qubits with controllable 
interactions. Trapped polar molecules have been proposed as a promising quantum 
computing platform, offering scalability and single-particle addressability while still 
leveraging inherent complexity and strong couplings of molecules1–5. Recent progress 
in the single quantum state preparation and coherence of the hyperfine-rotational 
states of individually trapped molecules allows them to serve as promising qubits6–11, 
with intermolecular dipolar interactions creating entanglement12,13. However, 
universal two-qubit gates have not been demonstrated with molecules. Here we 
harness intrinsic molecular resources to implement a two-qubit iSWAP gate using 
individually trapped X1Σ+ NaCs molecules. By allowing the molecules to interact for 
664 μs at a distance of 1.9 μm, we create a maximally entangled Bell state with a fidelity 
of 94(3)% in trials in which both molecules are present. Using motion–rotation 
coupling, we measure residual excitation of the lowest few motional states along the 
axial trapping direction and find them to be the primary source of decoherence. 
Finally, we identify two non-interacting hyperfine states within the ground rotational 
level in which we encode a qubit. The interaction is toggled by transferring between 
interacting and non-interacting states to realize an iSWAP gate. We verify the gate 
performance by measuring its logical truth table.

Foundational work three decades ago used molecular systems with 
nuclear magnetic resonances for proof-of-concept quantum computa-
tion14,15, transforming theoretical ideas into early experiments16,17. These 
platforms used the accessible complexity of molecules, using intrinsic 
nuclear spins as qubits and natural spin–spin interactions to implement 
two-qubit gates. However, the platform was difficult to scale and lacked 
true entanglement18 because the molecules were dissolved in a solvent 
at room temperature and subjected to ensemble averaging. Subsequent 
developments in quantum computing have shifted towards individually 
controllable systems with simpler structures, such as trapped ions19, 
neutral atoms20, and superconducting circuits21. Meanwhile, ultracold 
trapped polar molecules, which have a complex internal structure span-
ning vibrational, rotational and hyperfine manifolds, were proposed as 
a new kind of qubit1. The properties of molecules have been leveraged 
in recent precision measurements to place improved bounds on the 
electron electric dipole moment for searches of physics beyond the 
standard model22,23. These same molecular resources are also expected 
to prove valuable in quantum science. In particular, the long-range, 
tunable dipolar interactions between molecules provide a way to per-
form quantum simulation of exotic quantum phases of matter24,25. For 
quantum information, the dipolar interaction can be used to implement 
entangling gates and the rich structure of the molecules enables dense 
encoding of information, which together may offer a new approach to 
scalability and fault tolerance4,26,27.

To achieve these goals, ultracold polar molecules have been prepared 
and isolated in optical traps28–30. In optical tweezer arrays, control and 
readout of single quantum states of molecules have been achieved31–34, 
and both hyperfine and rotational coherence have been extended well 
beyond the dipolar interaction timescale6–11. Most recently, entangle-
ment between two isolated polar molecules has been realized12,13.

In this work, we demonstrate an iSWAP gate, in the class of universal 
logic gates, to entangle hyperfine states of pairs of individually trapped 
NaCs molecules. The gate relies on the coherent electric dipole–dipole 
interaction between rotational states of molecules. We characterize 
this interaction by creating a two-qubit Bell state within 664 μs with a 
measured fidelity of 94(3)%, after post-selection to remove trials with 
empty traps. The fidelity is limited by the motion of molecules along 
the weakly confined axial dimension of the traps, which we probe using 
motion–rotation coupling to determine an axial ground state frac-
tion of 34(4)%. We toggle the dipole–dipole interaction on and off by 
transferring between rotational and nuclear spin degrees of freedom, 
allowing us to encode qubits in a non-interacting subspace. We measure 
the truth table of the iSWAP gate, with entanglement inferred from 
the Bell state fidelity. We identify hyperfine-changing pulses as the 
dominant source of gate infidelity and offer pathways for near-term 
improvements. Our results indicate multi-level molecules as viable 
resources for universal quantum computation and advanced quantum 
simulations.
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Molecular structure
Our experiment starts with a pair of individually trapped NaCs mol-
ecules assembled from ground-state-cooled Na and Cs atoms following 
a procedure detailed previously in ref. 35. These molecules are held in 
‘magic’ ellipticity optical tweezers36 in which the polarization ellipticity is 
chosen to cancel first-order differential light shifts between the N = 0 and 
one sublevel (|e⟩) of the N = 1 rotational states, yielding long rotational 
coherence times11. A schematic of the experimental setup is shown in 
Fig. 1a. Three distinct molecular energy levels, labelled |0⟩, |1⟩ and |e⟩, are 
important for this work and are shown in Fig. 1b. Molecules are initially 
assembled in |0⟩ and can be transferred to |e⟩ by resonant microwaves or 
dipolar exchange. Nuclear spin state |1⟩ in the ground rotational manifold 
is selected to encode a hyperfine qubit in the molecule, along with the 
state |0⟩ (see Methods for full state labelling). We sequentially read out 
|0⟩ and |e⟩ or |0⟩ and |1⟩ in each experimental sequence by converting mol-
ecules back to atoms for fluorescence imaging as described in ref. 37. This 
multi-state readout is essential as it verifies the presence of a molecule 
in each tweezer independent of its internal state, enabling us to identify 
cases in which exactly two molecules are detected. The probability of 
detecting a molecular pair throughout all experimental runs is about 
3%, which is primarily limited by the inefficiency of molecule creation37.

A key reason for the choice of NaCs molecules is their large 
molecule-frame dipole moment of d = 4.6 debye (ref. 38). In the absence 
of an external electric field, the lab-frame permanent dipole moment 
vanishes. Dipolar interactions then lead to coherent exchange of rota-
tional excitations between pairs of molecules10,12,13,39 in the same hyper-
fine manifold at rate J described by the Hamiltonian4,25
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where R is the molecular separation and θ is the angle between the 
array axis and the transition dipole moment d/√3 of the |0⟩ ↔ |e⟩ tran-
sition associated with the raising, ̂ ∣ ∣s e= ��0i i
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operators40.
The dipolar interaction can be tuned by changing R or θ. Uniquely 

to our system, the rotational eigenstates of molecules are dominantly 
quantized by the trapping light rather than static electric or magnetic 
fields. Therefore, the orientation of the tweezer polarization ellipse 
(Fig. 1c) determines the angle θ, providing a way to switch between 
attractive ( J < 0) and repulsive ( J > 0) interactions. Experimentally, 
we realize two different θs by choosing waveplates with retardances 
of η = 0.225λ and 0.304λ while maintaining the magic ellipticity polari-
zation (χm) condition (Fig. 1d). For the remainder of this work, we use 
the latter waveplate to achieve θ = 0, maximizing the magnitude of 
interaction strength.

Dipole–dipole interaction and entanglement
Coherent dipolar interaction is the essential ingredient required to 
entangle molecules with high fidelity. We characterize the coherent 
exchange of rotational excitation between a pair of molecules using a 
spin-echo Ramsey sequence41, shown in Fig. 2a (inset). Global microwave 
pulses are used to address the |0⟩ ↔ |e⟩ transition. The dipolar exchange 
interaction results in an output state with amplitudes determined by 
the interaction time: ∣ ∣ ∣ψ τ ee( )� = (1 − e ) 00� + (1 + e ) �1
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Figure 2a shows the evolution of the populations in each of the pos-
sible states, |00⟩, |0e⟩, |e0⟩ and |ee⟩, of a pair of molecules separated 
by 1.9 μm as a function of the total interaction time τ. The data are 
obtained by post-selection to include only cases in which molecules 
were detected in both tweezers. We analyse the data with the aid of a 
master equation simulation of the interaction with decoherence from 
which we extract an interaction rate of ∣ J/h∣ = 715(2) Hz (Methods). We 
observe that the decoherence is dominated by noise on the interaction 
strength, which can be seen in Fig. 2a by comparing the symmetric 
decay of the oscillations between |00⟩ and |ee⟩ with the slower rise 
of the |0e⟩ and |e0⟩ populations. We model this decoherence using a 
full quantum mechanical simulation of the motion of the molecules. 
The solid lines represent the decaying oscillations predicted by this 
model, with parameters extracted from independent single-molecule 
measurements shown in Fig. 3.

We performed the same experiment at separations of 2.2 μm and 
2.5 μm and extracted J for each distance from the master equation simu-
lation (Extended Data Fig. 1 and Extended Data Table 1). Figure 2b shows 
the interaction rate against the separation and performs a single- 
parameter fit to the function a/R3. We observe good agreement with the 
expected 1/R3 scaling of the dipole–dipole interaction and extract a 
distance-independent interaction rate of ∣ ∣

= 5.14(4) kHz µm
J

hR
−3

3 . The 
measured dipolar strength J is the fastest observed in work on ultracold 
molecules and magnetic atoms, even considering the closer spacings in 
optical lattice systems10,39,42.

The dipole–dipole interaction natively generates entanglement 
between the rotational states of the molecules4. Applying the spin-echo 
pulse sequence with an interaction time ∣h/2J∣ maps the input |00⟩ 
product state to the maximally entangled state ∣ ∣ee( 00� − i �)1

2
, which 

is equivalent up to a global rotation to the |Φ±⟩ Bell states. This was 
demonstrated experimentally with CaF molecules recently with a fidel-
ity of up to 0.89 (refs. 12,13). We expect our molecules with a large 
motional ground state fraction to do better. We prepare this maximally 
entangled state at a molecule separation of 1.9 μm, using an interaction 
time of 664 μs. To verify the entanglement of the generated state, we 
measure the off-diagonal coherences of the density matrix by applying 
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Fig. 1 | NaCs molecules in optical tweezers for dipolar interactions and 
quantum logic gates. a, Schematic of a pair of molecules trapped in neighbouring 
1,064 nm optical tweezers. A magnetic field of 863.9 G is applied parallel to the 
k-vector of the tweezer array, which is along z, and g indicates the direction of 
gravity. The tweezer polarization ε(χ, θ), defined in the x–y plane by the ellipticity 
χ and orientation θ, is tuned to a magic ellipticity condition ε(χm, θ) using a 
waveplate with a retardance of η in the path of the initially horizontally polarized 
light. b, Relevant internal states are labelled by their dominant hyperfine states 
in the rotational ground and first excited manifolds of NaCs. c, Illustration of 
the polarization ellipse in the x–y plane, perpendicular to the k-vector of the 
tweezer. d, Measured interaction strengths J between molecules separated by 
1.9 μm at the magic ellipticity condition for two different choices of waveplate 
retardance η. The black curve shows the expected form of the interaction strength 
scaled to the maximum value of ∣ J/h∣ observed at η = 0.304λ. NA, numerical 
aperture.
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an additional global analysis microwave pulse with a variable phase to 
the pair of molecules and measuring the parity of the resulting 
two-qubit state (Methods). The total entanglement fidelity is deter-
mined by the coherence and the diagonal populations. Figure 2d shows 
this measured parity oscillation signal, along with the populations of 
all the two-molecule states before the analysis pulse in Fig. 2c. We 
extract a coherence of C = 0.93(3) using a weighted least squares fit, 
and populations P00 = 0.47(1) and Pee = 0.48(1). The total entanglement 
fidelity, conditioned on the detection of both molecules at the end of 
the sequence, is thus F = 0.94(3). This is consistent to within 1σ with a 
maximum fidelity of 0.97 predicted given the currently observed deco-
herence of the dipole–dipole interaction.

Motion–rotation coupling
The noise on the interaction strength that limits the entanglement 
fidelity can be induced by the relative motion of the molecules, which 
leads to fluctuation of R and θ in equation (1). We first focus on the rota-
tional coherence between |0⟩ and |e⟩ of a single molecule in a tweezer.  
A common way to remove noise and extend single-particle coherence is 
to apply dynamical decoupling10–13. However, if we decouple this noise 
by choosing the pulse separation τXY-8 ≪ ∣h/2J∣ we empirically find that 

coherence is reduced. There is a prominent dip for τXY-8 close to π/ωax, 
changing with trap depth, caused by parametric heating (Fig. 3a).  
Taking into account finite pulse widths and a realistic trap model  
(Methods), we extract an axial trap frequency of 4.95(1) kHz for the trap 
used in the previous section from a fine scan of τXY-8.

Parametric heating occurs if rotational states are coupled to motion. 
We construct a minimal coupling model with a state-dependent  
displacement of the trapping potential as shown in Fig. 3b described by

̂ ̂ ̂ ∣ ∣ ̂ ̂H ħω a a
ħζω

e e a a= −
2

�� ( + ), (2)motion−rotation ax
† ax †

and attribute the origin of the coupling to optical aberrations, spe-
cifically astigmatism. Here, ζ is the displacement in units of harmonic 
oscillator length ħ mω/(2 ) = 80 nmax , with m = 156 atomic mass units 
the mass of NaCs and ωax the axial trapping frequency, and a ̂is the low-
ering operator of the axial trap in the harmonic approximation.

We now introduce a new method to measure both ζ and the tem-
perature of the molecules by using this coupling to transfer motional 
excitation to internal rotational states, motivated by similar techniques 
for ions43. In a spin-echo Ramsey experiment (Fig. 3c, inset), motion will 
lead to coherent dephasing and rephasing with half the trap frequency, 
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Fig. 2 | Characterization of dipole–dipole-mediated rotational exchange 
interaction and entanglement, using data obtained by post-selection to 
include only cases in which both molecules are detected. a, Populations of 
four possible two-molecule states of a pair of molecules undergoing dipolar 
interaction at a separation of R = 1.9 μm. We postselect an average of 61 trials 
per point in which both molecules are present at the end of the sequence. Each 
point represents a maximum likelihood estimate of the population of each 
state and the shaded regions are 1σ confidence intervals. The inset shows the 
spin-echo microwave pulse sequence used to probe the interaction, as well as 
the subsequent multi-state detection step. Here, we use the convention φi, 
where φ and i are the rotation angle and axis, respectively, to specify the 
microwave pulse. Solid lines are theory curves from a full quantum mechanical 

simulation of the dipolar interaction and molecule motion, with temperature 
and motion parameters determined from separate single-molecule 
measurements (Fig. 3), and tweezer separation and single-molecule dephasing 
chosen to match the data. b, Scaling of the interaction strength J as function  
of distance, with the black line representing a single-parameter fit with the 
function a/R3 with best-fit value a = 5.14(4) kHz μm−3. Error bars in general 
represent 1σ confidence intervals, unless stated otherwise. c, Populations  
of the components of the Bell state created at an interaction time of 664 μs, 
indicated by a dashed line in a. 1,282 trials are sampled. d, Parity oscillation 
signal Π = P00 + Pee − P0e − Pe0 after applying an additional global microwave 
π/2-pulse with a variable phase to the Bell state (103 trials per point on average).
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as the spatial wavepackets of the two internal states |0⟩ and |e⟩ separate 
and recombine. This measurement is sensitive to a combination of the 
trap frequency and temperature of the molecules44 (Methods).

We can couple motion and rotation more directly by applying a con-
tinuous resonant drive with a Rabi frequency Ω = ωax, which generates 
dressed rotational states ∣ ∣ ∣e± � = ( 0� ± i �)/ 2 with an energy separation 
ħΩ. In the dressed state picture, the motion–rotation coupling in equa-
tion (2) enables resonant excitation transfer between motion and rota-
tion driven by H ζω a a= /4( +��− + −��+ )eff ax

†̂ ∣ ∣ ̂ ∣ ∣ ̂ , where rotating terms 
at frequency ωax have been neglected. We prepare the initial state as 
the lower dressed state |−⟩ by applying a π/2-pulse with a phase +90° 
with respect to the drive. A final π/2-pulse with the same phase maps 
the dressed states back to the |0⟩, |e⟩ basis for readout. Because this 
transfer from the |−⟩ state occurs only if initial motional excitation is 
present, the oscillation amplitude is directly related to the motional 
ground state fraction. We perform this experiment using a Rabi fre-
quency of Ω/2π = 5.18(3) kHz, slightly detuned from ωax, resulting in 

oscillation at the generalized motion-dependent Rabi frequency 
a aζ ω Ω ω^ ^ /4 + ( − )x

† 2
a
2

ax
2  with decreased amplitude.

To fit the data, we use a discrete variable representation to model the 
trap generated by a tweezer with astigmatism, producing a displace-
ment ζ, from first principles. We find ħωax/(kBT) = 0.42(6) correspond-
ing to an axial ground state fraction of 34(4)% and ζ = 0.062(5) from 
an astigmatism of 0.13(1)λ, with errors estimated using parametric 
bootstrapping (Methods). This ground state fraction is consistent with 
a previously measured lower bound on the molecule temperature using 
thermometry of atoms after dissociation37 but is lower than expected 
given the measured Feshbach molecule production efficiency under 
the assumption of identical trapping frequencies for both atoms.

With these parameters, we can use the discrete variable represen-
tation to model the two-molecule contrast oscillations in Fig. 2a (see 
Methods for details). We include single-molecule decoherence with a 
decoherence time of 80 ms to match the rise of |e0⟩ and |0e⟩ popula-
tion and set the distance to 1.79 μm to match the observed oscilla-
tion frequency. We find good quantitative agreement between theory 
and data. We use our model to compute a Bell state infidelity of 3(1)%, 
consistent with the measurement, with a contribution of around 1% 
because of single-molecule dephasing, and the rest because of finite 
temperature and astigmatism (Extended Data Fig. 2).

Looking ahead, without single-molecule dephasing and assuming a 
ground state fraction of 80%, our model predicts a Bell state infidelity of 
0.4% limited by aberrations. Finally, by eliminating astigmatism, which 
could be achieved through in situ optimization of the tweezer wavefront 
using a spatial light modulator45, the infidelity could be decreased to  
2 × 10−4. This remaining infidelity contains approximately equal contri-
butions from residual thermal motion and interaction back action onto 
motion46. This back action comes from the mechanical force that the 
dipoles exert on each other, which even at zero temperature can lead 
to off-resonant population transfer to motionally excited states. This 
effect can ultimately be reduced by increasing tweezer separation or 
confinement, to either reduce the force, which goes as 1/R4, or make 
population transfer more off-resonant.

Quantum logic gates between hyperfine qubits
The dipolar exchange interaction can naturally realize an iSWAP gate, 
which is a universal two-qubit gate, when the duration of the interaction 
is precisely controlled4. The Bell state creation protocol demonstrated 
thus far limited the duration of the interaction using global pulses 
applied to a particular initial state. To realize an iSWAP gate for any 
arbitrary input within the computational basis that can be applied 
multiple times, we need to switch the dipolar interactions on and off 
and show the desired logic outcomes.

Here, we introduce a third state, |1⟩ (Fig. 1b), within the ground rota-
tional manifold, which we use to implement the iSWAP gate with a qubit 
that does not natively interact4. The qubit is encoded in a hyperfine 
degree of freedom, which is insensitive to external fields and can main-
tain long coherence times6–8. The state |1⟩ is weakly coupled to |e⟩ by the 
nuclear quadrupole moment47 and is chosen among all the accessible 
hyperfine states because it is the most detuned from |0⟩, allowing for 
easier individual manipulation. The interaction is toggled by transfer-
ring between |1⟩ and the rotationally excited state |e⟩.

We engineer the interaction between qubits using the pulse sequence 
shown in Fig. 4a. We initialize a pair of molecules in the computational 
basis at a 5 μm trap separation with site-selective |0⟩ to |e⟩ transfer37 
and a 310 μs π-pulse from |e⟩ to |1⟩ (Extended Data Fig. 3). At 1.9 μm 
trap separation, we toggle the interaction with the same hyperfine 
state changing π-pulse (|1⟩ ↔ |e⟩), and apply a spin-echo pulse on the 
|0⟩ ↔ |e⟩ transition in the middle of the interaction period.

For detection, we transfer |1⟩ to |e⟩ at a 5 μm trap separation and 
read out the |0⟩ and |e⟩ states. Figure 4b shows the dipolar interaction 
between two qubits initialized in the |01⟩ state. Here, the post-selection 
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Fig. 3 | Coherent motion–rotation coupling to characterize molecule 
temperature and trap displacement ζ. a, Measured Ramsey coherence as a 
function of pulse separation τXY-8 between XY-8 π-pulses. The left plot shows 
three different trap depths (inferred from theoretical polarizability of NaCs; 
refs. 11,59), at which we apply three XY-8 repetitions, totalling 24 π-pulses.  
By altering the tweezer depth during the measurement, we can modify the 
trapping frequency ωax, which shifts the τXY-8 that produces maximal decoherence. 
Dashed lines are a Gaussian fit serving as a guide to the eye. The right plot shows 
a detailed spectrum of the noise peak at the depth of 3.5 MHz, the depth used 
for dipolar interactions data in Fig. 2. From this spectrum, which is probed  
with six XY-8 repetitions, we extract an axial trap frequency of 4.95(1) kHz.  
b, Illustration of the motional wavefunction of a single molecule following 
excitation from |0⟩ to |e⟩ when the |e⟩ trapping potential is displaced. c, Observed 
oscillations in |0⟩ at the axial trapping frequency as a function of free evolution 
time τfree during a spin-echo sequence. We postselect an average of 617 trials 
per point in which at least one molecule is detected. d, Population in |0⟩ under 
continuous microwave drive along the −y direction, where the drive Rabi 
frequency of Ω/2π = 5.18(3) kHz is chosen to be close to the axial trapping 
frequency. An average of 153 trials are per point are sampled. The solid lines  
in a, c and d are generated by the same theoretical model with temperature,  
trap displacement and dephasing parameters chosen to match all of the data 
simultaneously.
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of the data is done for trials in which a pair of molecules are both 
detected within the qubit subspace. The exchange interaction leads 
to oscillation between the |01⟩ and |10⟩ states. The full exchange occurs 
330 μs after the end of the toggling pulse, shorter than if the pulses 
were infinitely fast because the interaction occurs already during the 
duration of the toggling pulse.

At the full exchange time, the sequence realizes the iSWAP gate up 
to a global rotation, originating from the spin-echo pulse. The total 
gate time, composed of the full exchange time and the duration of 
both toggling pulses, is 960 μs. The unitary corresponding to the ideal 
implementation in the (|0⟩, |1⟩) basis is



















U =

0 0 0 −1
0 −i 0 0
0 0 −i 0
−1 0 0 0

. (3)

Under the application of this gate, |01⟩ and |10⟩ obtain a non-trivial 
phase of −i from the dipolar exchange, which is the same phase we 
verified using the parity oscillation of the Bell state in Fig. 2c. We char-
acterize the logic outcomes of the iSWAP gate for each computational 
basis state and show the resulting population truth table in Fig. 4c (see 
Extended Data Fig. 4 for details). For trials in which two molecules are 
detected in the qubit subspace, an average of the probabilities for each 
input state to transform into the intended output state yields a truth 
table fidelity48 of 0.92−0.09

+0.05.
The ease of choosing three states |0⟩, |1⟩ and |e⟩ showcases the ver-

satile structure of molecules, but the dense structure also risks causing 
leakage outside the computational basis4. To take leakage into account, 
we instead normalize the detected outcomes to the population meas-
ured in the initial state |00⟩ before performing site-selective state 
preparation and the iSWAP gate. The corresponding truth table is shown 
in Fig. 4d and the resulting truth table fidelity is 0.39−0.09

+0.1 .
The current gate fidelity is primarily limited by leakage during 

four hyperfine-changing pulses, which are needed for state prepara-
tion, the iSWAP gate and readout. Rotational transitions that change 
nuclear spin are two orders of magnitude weaker than those that con-
serve nuclear spin at a magnetic field of 864 G. The strong microwave 
pulse required to drive the hyperfine-changing transition introduces 
off-resonant Stark shifts from nearby transitions making the transfer 
pulse sensitive to microwave amplitude noise. The Stark shifts spe-
cifically from non-magic rotational states fluctuate with trap intensity 
noise and further decohere the transition. Owing to these decoherence 
sources, the current one-way transfer efficiency is limited to 89%. The 
hyperfine-changing transfer could be made more coherent with active 
microwave amplitude stabilization and polarization control. The latter 
also mitigates depopulation of the |0⟩ state, allowing faster driving of 
the transition. Another source of leakage is because of interactions 
during the toggling pulses. We anticipate that 9% of population leaves 
the computational basis with perfect hyperfine-changing transfer at the 
current toggling duration. This leakage would decrease quadratically 
with increased pulse duration or could be mitigated using a different 
transfer scheme, such as detuned microwave or optical Raman transfer. 
Both leakage sources described here lead to populations remaining in 
|e⟩ and the state |e′⟩ with the same nuclear spin quantum numbers as 
|1⟩, the latter occurring because of the spin-echo pulse (Methods). In 
the future, these populations could be detected without disturbing the 
computational basis by state-selective transfer to the N = 2 rotational 
states for readout. These detectable errors may be correctable using 
erasure conversion schemes49,50.

Conclusions and outlook
We demonstrate a molecular iSWAP gate, a key requirement for univer-
sal quantum computation with polar molecules. The gate is based on 
the native coherent interaction between molecules, such that noise on 
the interaction is more because of imperfect state preparation than to 
variations in external fields. We characterize the interaction by meas-
uring a two-molecule Bell state entanglement fidelity of 94(3)% with 
error primarily due to imperfect motional state preparation (34(4)% 
axial ground state fraction). A modest improvement in the axial ground 
state fraction to 80% and elimination of tweezer astigmatism and 
single-particle dephasing would yield a fidelity exceeding 99.9%, at 
which point more fundamental decoherence mechanisms dominate. 
The iSWAP gate is mainly limited by imperfect transfer between hyper-
fine states because of the density of nearby molecular states with strong 
transitions that can induce a.c. Stark shifts and population leakage. 
This could be improved through finer microwave polarization and 
amplitude control, opening up the complex molecular structure for 
multi-level applications. Excitations to multiple rotational levels, paired 
with coherent dipolar interactions, will enable quantum simulation of 
complex many-body Hamiltonians51,52 and encoding of robust logical 
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Fig. 4 | Engineering dipolar interaction and the iSWAP gate between 
hyperfine-state-encoded qubits. a, Microwave pulse sequence for implementing 
an iSWAP gate between two hyperfine qubits. b, Time evolution of resonant 
dipolar exchange for a pair of molecules initially prepared in the two-qubit 
state |01⟩. We postselect an average of 78 trials per point in which both molecules 
are detected in the computational |0⟩, |1⟩ basis. Solid lines are theory curves 
from a master equation model, using parameters extracted from the data in 
Fig. 2. c, Measured truth tables for the full iSWAP gate sequence, showing the 
probabilities of measuring each two-qubit output state given each input state, 
conditioned on detection of two molecules in the (|0⟩, |1⟩) manifold (average of 
29 trials per point). This represents the truth table for the entangling interaction 
with leakage errors caused by the single-qubit gate removed. d, iSWAP truth 
table showing the probabilities relative to the probability of detecting the |00⟩ 
state with no pulses applied. Losses here are dominated by leakage to the |e⟩ 
state because of imperfect hyperfine state changing pulses both during state 
preparation and measurement and in the toggling pulses that start and end  
the gate.
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qubits26 and qudits27. In parallel, efforts to pursue efficient molecule 
production and detection remain important for the utility of the molec-
ular platform, for example, in a hybrid molecule Rydberg system with 
orders of magnitude faster gates and mid-circuit readout of molecular 
states53–55. The coherent control of motion–rotation coupling offers a 
new sensitive probe of molecular temperature and confinement, add-
ing another degree of freedom to the molecule toolbox. This promises 
new opportunities for quantum simulation and metrology based on 
spin-motion entanglement43,56–58.
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Methods

External fields and quantization
We define the quantization axis to be along the magnetic field of  
863.9 G, which is kept constant during the experiment and is parallel  
to the k-vector of the optical tweezer. The large magnetic field inde
pendently aligns the nuclear spins of the two atoms and decouples  
them from molecular rotation. At the trap depths we use, the rota
tional sublevels are split by hundreds of kHz by the a.c. electric field  
of the optical tweezer11, which is elliptically polarized in the plane  
perpendicular to the quantization axis. We label three states  
relevant to this work: the state in which assembled molecules are  
initially prepared, N m0� ≡ = 0, = 0,N∣ ∣  m m= 3/2, = 5/2�I INa Cs

 (ref. 32);  
the magic state in the first rotationally excited manifold with  
the same nuclear hyperfine quantum numbers, ∣ ∣e N m� ≡ = 1, = 3/2,INa

∣ ∣m m m= 5/2� ⊗ ( = 1� − = − 1�)I N N
1

2Cs
 (ref. 11); and an additional nuc

lear hyperfine state in the rotational ground manifold that we use as 
one of our qubit states, ∣ ∣N m1� ≡ = 0, = 0,N  m m= − 1/2, = 5/2�I INa Cs

.  
The particular decomposition of |e⟩ in terms of rotational sublevels is 
determined by the orientation of the tweezer polarization ellipse, which 
we choose to have its minor axis parallel to the intermolecular axis.

Molecule preparation and detection
The procedure for preparing single ultracold NaCs molecules in optical 
tweezers is detailed in our previous work32,35,60,61. Briefly, we begin by 
Raman sideband cooling Na and Cs atoms in separate optical tweezer 
arrays. We then merge the arrays, perform magnetoassociation of 
the atoms into molecules at a Feshbach resonance, and perform a 
two-photon detuned Raman transfer to the rovibrational ground state. 
Specifically, we prepare the molecules in the |0⟩ state, which has the 
largest coupling to the weakly bound Feshbach molecule given our 
choice of σ+ polarization for both the Pump and Stokes lasers used in 
two-photon transfer.

After preparing the molecules in an eight-site array, we detect and 
remove any remaining unassociated Cs atoms and rearrange the mol-
ecules to a higher density region at one end of the array. All dipole–
dipole interaction data reported in this work includes only the two sites 
with the highest molecule density at the end of the array. To detect the 
molecule population, we transfer from |0⟩ back to the weakly bound 
Feshbach molecule, perform magnetodissociation at the Feshbach 
resonance, and image the resultant Cs atoms. As the two-photon trans-
fer is far off-resonant for the |e⟩ state, we can perform this process 
sequentially: first measuring |0⟩ in one image and then transferring the 
remaining population from |e⟩ to |0⟩ before repeating the process. This 
allows us to read out both |0⟩ and |e⟩ in each shot of the experiment. To 
initially prepare a pair of molecules in different internal state combina-
tions starting from the |00⟩ state, we use site-selective excitation of 
molecules using dynamic ramping of tweezer depths combined with 
microwave shelving pulses, as detailed in ref. 37.

Microwave pulse sequences
To probe dipole–dipole interactions between |0⟩ and |e⟩, we begin with 
a pair of molecules in the |00⟩ state and apply a π/2-pulse to prepare  
the product state ∣ ∣ ∣ ∣e e( 0� − i �) ⊗ ( 0� − i �)1

2

1

2
. The phase of this first 

pulse defines rotation about the x-axis of the Bloch sphere. We then allow 
the system to evolve under HDD for time τ before applying another 
π/2-pulse. To cancel out any phase accumulation due to finite detuning 
of the microwave pulse from resonance or slow drifts in the resonance 
frequency, we apply a spin-echo π-pulse in the middle of the interaction 
period, with a phase of +90° relative to the initial pulse, realizing an 
effective y-rotation. This sequence is shown in Fig. 2 (inset). The π-pulses 
have a total duration of 12.83 μs, and for all pulses addressing this tran-
sition, we use a truncated Gaussian pulse shape with a width 0.3 times 
the pulse duration to reduce off-resonant coupling to other rotational 
states62.

To investigate the impact of molecule motion, we perform noise 
spectroscopy using dynamical decoupling. At a large molecule sepa-
ration, in which there is no substantial dipole–dipole interaction on 
relevant timescales, we perform a Ramsey sequence composed of a 
π/2-pulse on |0⟩ ↔ |e⟩, a series of dynamical decoupling pulses, and a 
final π/2-pulse for readout. We use the XY-8 decoupling pulse sequence, 
consisting of evenly spaced π-pulses along the x- and y-axes, shown in 
Fig. 3a, which cancels the effect of any pulse area imperfections41. To 
observe coherent effects of motional dephasing and rephasing, we 
use the same spin-echo pulse sequence as described above, as well as 
a continuous drive sequence, described in full in the main text.

We probe the strength of the motion–rotation coupling using a 
spin-echo Ramsey sequence, in which the population in |0⟩ oscillates 
at the axial trapping frequency, as shown in Fig. 3c. In the harmonic 
approximation, the functional form of the oscillation is given by 

1 − exp
ζ ω t

ħω k T
−2 sin ( /4)

tanh[ /(2 )]B

2 4
ax

ax
 (ref. 44). As a consequence, this measurement  

is sensitive to the joint parameter ζ ħω k T/tanh[ /( )]2
ax B , where T is the 

molecule temperature and kB is the Boltzmann constant.
To perform an iSWAP gate between hyperfine qubits, we toggle the 

interaction on and off using 310 μs square π-pulses on the |1⟩ ↔ |e⟩ 
transition. At the midpoint of the interaction period, we apply a single 
spin-echo π-pulse on |0⟩ ↔ |e⟩ with a duration of 12.83 μs and a truncated 
Gaussian shape, as before.

Hyperfine spectroscopy
To identify a suitable hyperfine state to act as the |1⟩ state of the 
hyperfine storage qubit, we spectroscopically investigate multiple 
nuclear-spin-changing transitions from |e⟩. Transitions that change 
nuclear spin are mediated by the electric quadrupole interaction47 
and are significantly weaker than those which do not. The state |1⟩ was 
chosen because it is the state furthest detuned from |0⟩, which still has 
significant coupling to |e⟩, such that off-resonant coupling to |e′⟩, an 
excited rotational state of the same hyperfine manifold as |1⟩, is sup-
pressed. The full hyperfine structure of NaCs is shown in Extended Data 
Fig. 5, along with a simulated spectrum of the couplings of the |1⟩ and 
|e⟩ states under a strong microwave drive.

Post-selection and error analysis
To study the interactions between molecules, we post-select on cases in 
which two molecules are detected at the readout stage, which is enabled 
by the fact that we measure both |0⟩ and |e⟩ during each experimental 
run. Post-selection enables us to eliminate background in the interac-
tion signal due to shots in which one or both traps are empty, at the 
expense of discarding shots in which both molecules were present 
but one or both were not detected because of measurement error. The 
only remaining background on the signal obtained by post-selection 
is because of the small 0.0038 false-positive rate of the imaging step, 
giving a negligible contribution of 10−5 to the two-body signal (assum-
ing uncorrelated false positives between sites)37. The outcomes of each 
trial following post-selection are described by a binomial distribution,

p S X N
N

S
X X( , ) = (1 − ) ,S N S

Trial
Trial −Trial











where the number of binomial trials, NTrial, is the total number of mol-
ecules detected and the number of binomial successes, S, is the number 
detected in a particular state combination with a corresponding pop-
ulation X. Given a measurement of S, the maximum likelihood estima-
tor of the population, ̂X , and associated 1σ confidence interval can be 
computed by inverting the distribution using the Clopper–Pearson 
method63.

Entanglement fidelity
To measure the fidelity with which we prepare a Bell state, we apply a 
π/2-pulse with a variable phase to the state and measure the 
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parity-signal Π = P00 + Pee − P0e − Pe0. We expect this signal to oscillate 
with the applied phase ϕ as Π = C sin(2ϕ), where the amplitude, C, of 
the parity oscillation is the coherence64. The total entanglement fidel-
ity is determined by the coherence and the diagonal populations of 
the components of the state, F C P P= ( + + )ee

1
2 00 .

Master equation model of decoherence
We perform the initial analysis of the strength and decoherence of the 
dipole–dipole interaction using a Lindblad master equation with three 
phenomenological decay channels corresponding to dephasing of 
the dipole–dipole interaction itself, relative detuning noise between 
the two molecules and global detuning noise on both molecules.  
These processes are represented, respectively, by the jump operators:

L γ e e e e= ( 0 �� 0 + 0��0 ), (4)J J ∣ ∣ ∣ ∣

∣ ∣ ∣ ∣L γ e e e e= ( 0�� 0 − 0 ��0 ), (5)δ δ

L γ ee ee= ( �� − 00��00 ). (6)∆ ∆ ∣ ∣ ∣ ∣

We fit the master equation model to the data by minimizing the 
weighted least squares residual of the model and experimental data, 
using the Nelder–Mead algorithm to optimize the rates of the deco-
herence processes along with the interaction strength, J, and a static 
relative detuning, δ, between the molecules. We implement the master 
equation model using the Julia Quantum Optics toolbox65.

Numerical simulations of motion
To simulate the dynamics with motion–rotation coupling, we use 
a combination of discrete variable representation (DVR) and exact 
diagonalization. We compute the local electromagnetic field of a single 
tweezer in the presence of astigmatism using vector Debye theory, 
specifically eq. (7) of ref. 66. The objective is modelled as a curved 
wavefront S from which plane waves with wavenumber κ are emitted 
in a direction orthogonal to the surface s and interfere to produce the 
focus of an optical tweezer. The electric field E at a point P is defined 
by the Debye–Wolf integral

�
s s

s
κ s s s s( ) ∝

( , )
exp{i [Φ( , ) + ⋅ ( )]}d d , (7)

S

x y

z
x y x yE P

a
s r P

where a is related to the laser polarization at each point on the wave-
front, Φ is a distortion to the wavefront phase caused by an aberration, 
and r is a vector between the objective and the point P.

Of the primary aberrations, astigmatism and coma produce dis-
placement of the |0⟩ and |e⟩ states in the axial and radial directions, 
respectively, by altering the ellipticity of the tweezer polarization at 
the focus. The distortion provided by astigmatism is defined to be

A ρ ϕΦ = cos ( ), (8)a a
2 2

where Aa is the amplitude of astigmatism in units of distance, and ρ and 
ϕ are polar coordinates in the objective plane that is orthogonal to the 
optical axis. We assume that the vertical axis of astigmatism (ϕ = 0) is 
oriented along the probable distortion of the laser in the horizontal 
plane, parallel to the minor axis of the polarization ellipse.

The local energy V0/e(x, y, z) of the two states was determined from 
their polarizabilities α0 and α α+

χ
0 2

1 − 3 cos(2 )
10 , where α0 and α2 are the 

theoretical scalar and tensor polarizabilities of NaCs in a 1,064-nm 
tweezer59. We identify the position of minimal energy by gradient 
descent, which corresponds to the point of maximum intensity for 0 .

We compute the potential energy V0/e(x, y, z) of both internal 
states on a grid centred around the |0⟩ minimum with grid spac-
ing agrid = 50 nm and dimensions 17 × 17 × 37, chosen to correspond 

to a constant energy cutoff. Following ref. 67, we construct the 
single-molecule DVR Hamiltonian in second quantization for each 
potential energy surface as
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Here, α = 0, e is the internal state and ̂bα x y z; , ,  is the annihilation oper-
ator for a molecule in state α at position (x, y, z) and d runs over all 
integers for which the annihilation and creation operators outside the 
basis grid are set to zero.

We numerically compute the n lowest motional eigenenergies and 
corresponding eigenstates of each rotational state. We choose the 
tweezer depth to match the numerically extracted level spacing to the 
experimentally measured value of h × 4.95 kHz.

To compute the two-body Hamiltonian of dimension 4n2, we project 
the dipolar interactions described by the Hamiltonian

∫H
θ

ϵ
ψ ψ ψ ψ=

1
2

d d ′
1 − 3cos ( )
4π − ′

[ ( ) ( ′) ( ′) ( ) + h.c.] (10)e edip
3 3

2

0
3

†

0

†

0r r
r r

r r r r̂ ̂ ̂ ̂ ̂

into the low-energy eigenstates, where we replace integrals with sums 
over discrete grid values. Here, θ is the angle between r − r′ and the elec-
tric field. Analogously, we also project the pulse or drive Hamiltonian

̂ ∣ ∣ ∣ ∣ ∣ ∣H
Ω

e
Ω

e Δ e e=
2

0�� +
*

2
��0 + �� (11)pulse

into the DVR basis, which couples different motional levels according 
to their state overlap. We choose Δ such that the microwave pulse  
is exactly in resonance Δ ψ H ψ ψ H ψ= − � � + � �e0 motion, 0 0 motion,0 0∣ ̂ ∣ ∣ ̂ ∣ , where 
|ψ0⟩ is the ground state of ̂Hmotion,0. We numerically verify that residual 
detuning less than approximately h × 1 kHz is removed by spin-echo. 
It is important to simulate the spin-motion-coupled dynamics during 
the pulse evolution as the finite pulse width leads to shifts of the naively 
estimated trap frequency by approximately τpulse/τXY-8, that is, several 
percent.

Finally, we include single-molecule dephasing at rate γdeph described 
by the Lindblad operators

L
γ

e e=
2

( �� − 0��0 ). (12)j j j
depĥ ∣ ∣ ∣ ∣

For the single-molecule simulations, we further include motional 
dephasing modelled by the diagonal matrix

L γ

n

= 2

1 0 0
0 2 0

0 0

. (13)jmotion, motion
̂
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We then propagate the resulting master equation in real time to repro-
duce the experimental data. We ignore any dephasing that occurs dur-
ing the pulses for simplicity, which is expected to be insignificant for 
pulse durations of about 10 μs, but keep dipolar interactions on during 
the pulses.

To make the two-particle simulations more efficient, we ignore 
off-diagonal elements between motional states whose energies differ 
by more than h × 200 Hz when computing the lines for Fig. 2. As the cou-
pling between these manifolds due to dipolar interactions is less than 
about h × 10 Hz close to the ground state, this affects only dynamics 



during pulses. It removes small oscillations with an amplitude of a few 
per cent, smaller than experimental error bars, from the theory curves.

In all simulations, we set Ω = h × 38 kHz, γdeph = 1/(80 ms) and 
R = 1.79 μm, slightly smaller than the experimentally measured value, 
to match the observed interaction rate for a molecule-frame dipole 
moment d = 4.6 debye. We choose a temperature-dependent cutoff  
for the number of motional eigenstates included in the simula-
tions. For the single-molecule simulations, we choose the cutoffs 
n = 30 [0.6 ≤ ħωax/(kBT)]; n = 40 [0.4 ≤ ħωax/(kBT) < 0.6]; n = 50 [ħωax/
(kBT) < 0.4]. For the two-molecule simulations for Fig. 2, we set n = 30. 
The DVR simulations were written in the Julia programming language68 
using the KrylovKit package69.

Parametric bootstrapping for fit parameter uncertainty
To determine the best-fit parameters to match the data, we first fix the 
trap frequency using the XY-8 scan in Fig. 3a by generating simulated 
curves for a range of trap frequency values, computing the weighted 
squared residuals between the curve and the data for each point, and 
fitting a parabola to determine the best-fit trap frequency. To fit the 
remaining parameters to the XY-8, spin-echo and continuous drive data 
in Fig. 3 simultaneously, we generate curves for a three-dimensional 
grid of the temperature T, astigmatism and motional dephasing γmotion 
parameters. We then approximate the best-fit value as the grid point 
that gives the lowest weighted squared residual for the combined data.

To estimate the uncertainties in the optimized parameters of the 
master equation and motion–rotation models, we apply the paramet-
ric bootstrap method70. For every dataset which we fit, we generate 
new bootstrap samples using the estimator X ̂ for each two-molecule 
state at each point, drawing from the distribution p S X N( , )Trial

̂ . We then 
repeat the fitting procedure for each bootstrapped sample, generating 
a distribution of optimal fit parameters. We generate 300 bootstrap 
samples for each experimental dataset for the master equation fit and 
500 for the motion–rotation model. The uncertainties in the fit param-
eters represent the standard deviation of their distribution. In the case 
of the motion–rotation model, we also approximate the maximum 
likelihood estimators of the parameters as the mean of the boot-
strapped samples.

Tweezer separation
We estimate the tweezer separation from the frequencies of the radi-
ofrequency tones applied to the acousto-optic deflector used to gener-
ate the tweezers and the expected propagation of beams through a 4f 
optical system35. This does not account for any systematic deviations 
of the tweezers from ideal Gaussian beams, such as could be caused 
by aberrations or by the overlap of the tweezers at small separations. 
The observed dipole–dipole interaction rate shown in Fig. 2 is faster 
by 17% than expected from the dipole moment of NaCs38, which could 
be explained by a systematic error of 4% in this distance calibration.

Data availability
All data presented in this paper are available in the Harvard Dataverse71. 
Other supporting data are available from the corresponding author 
upon reasonable request.

Code availability
The code used for modelling in this study is available in the Harvard 
Dataverse71.
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Extended Data Fig. 1 | Dipole-dipole interactions using the same sequence as illustrated in Fig. 2 for intermolecular distances of 2.2 and 2.5 μm. Solid lines 
are fits to a master equation model of interaction with phenomenological dephasing parameters.



Extended Data Fig. 2 | Bell state infidelity at the optimal time predicted as a 
function of inverse temperature. The solid purple curve illustrates the 
prediction of the full model including astigmatism of 0.13λ. The green curve 
illustrates the corresponding result without any astigmatism. The two dashed 
curves show simulations without single-molecule decoherence γdeph = 0, with 
(orange) and without (blue) astigmatism. Numbers quoted in the main text at 
80% ground state fraction correspond to ħωax/(kBT) = 1.6. Computed with 
motional level cutoffs n = 25 [ħωax/(kBT) = 0.4]; n = 20 [0.5 ≤ ħωax/(kBT) ≤ 1.2]; 
n = 15 [1.3 ≤ ħωax/(kBT) ≤ 2]; n = 10 [2 ≤ ħωax/(kBT)].
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Extended Data Fig. 3 | Hyperfine-changing microwave pulse from ∣e⟩ to 1⟩∣ . 
Fit is a cos2 function with symmetric exponential decay, giving a π-time of 
0.307(9) ms and 1/e decay time of 1.2(4) ms.



Extended Data Fig. 4 | Full outcomes of truth table measurements for 
hyperfine gate. (a) Populations measured in each two-qubit state following 
state-preparation in that state, relative to population in 00�∣ , representing the 
relative SPAM fidelity of each state. (b) Populations measured in each 
two-qubit state as a fraction of the total detected molecule population in the 

( 0�, 1�)∣ ∣  manifold for each of the input states to the iSWAP gate. This corrects 
for leakage to the e�∣  state during state-preparation and measurement, as well 
as during the hyperfine gate itself. (c) Populations measured in each two-qubit 
state following application of the iSWAP gate sequence, relative to the initial 
population in ∣00� in (a), illustrating the amount lost to leakage.
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Extended Data Fig. 5 | Rotational-hyperfine structure and relevant 
coupling strengths of NaCs in the experimental regime. (a) Hyperfine 
sublevels of N = 0 and N = 1 rotational manifolds. Color-shaded regions denote 
states of the same rotational sub-level. The x-axis represents the combined 
nuclear-spin contribution to the Zeeman shift, and is chosen to make the 
rotational structure apparent. (b) Estimated impurity of the states 1�∣  and ∣e� 

when dressed by the microwave field used for the e1� � �∣ ∣  transition, which 
depicts all available transitions from these states. The hyperfine-changing 
transition, labeled by 3, is red-detuned from e0� � �∣ ∣ , labelled 4, by 1.9 MHz and 
comparably narrow. Off-resonant coupling is primarily due to the transitions  
1, 2, and 4.



Extended Data Table 1 | Fit values and bootstrapped 
uncertainty estimates for master equation model of 
interactions, for the three distances shown in Fig. 2 and 
Extended Data Fig. 1

The bootstrapped distributions of fit values for the master equation dephasing rates and 
detuning ∣δ∣ are in some cases consistent with zero to within 1σ, and are truncated below zero 
due to the restriction that values must be positive. In these cases we report the value as 1σ 
above zero, but note that the distribution deviates from Normal due to the truncation.
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