RESEARCH

QUANTUM INFORMATION

On-demand entanglement of molecules in
a reconfigurable optical tweezer array

Connor M. Holland't, Yukai Lu*?t, Lawrence W. Cheuk'*

Entanglement is crucial to many quantum applications, including quantum information processing, quantum
simulation, and quantum-enhanced sensing. Because of their rich internal structure and interactions, molecules
have been proposed as a promising platform for quantum science. Deterministic entanglement of individually
controlled molecules has nevertheless been a long-standing experimental challenge. We demonstrate on-
demand entanglement of individually prepared molecules. Using the electric dipolar interaction between pairs
of molecules prepared by using a reconfigurable optical tweezer array, we deterministically created Bell pairs
of molecules. Our results demonstrate the key building blocks needed for quantum applications and may
advance quantum-enhanced fundamental physics tests that use trapped molecules.

ntanglement lies at the heart of quantum

mechanics. It is central to the practical

advantage provided by quantum devices

(1-3) and relevant to understanding the

behavior of many-body quantum systems
(4). The ability to create entanglement control-
lably has been a long-standing experimental
challenge. Molecules have been proposed as a
promising platform for quantum simulation
and quantum information processing because
of their rich internal structure and long-lived
interacting states (5-8). In the past two dec-
ades, much progress has been made in pro-
ducing and controlling molecules at ultracold
temperatures, both through coherent assem-
bly of ultracold alkali atoms (9) and direct
laser-cooling (10). Rapid advances have been
made in recent years, including the creation
of degenerate molecular gases (11, 12), the
creation of molecular magneto-optical traps
(10, 13-15), high-fidelity detection of single
molecules (16-18), and laser-cooling of com-
plex polyatomic molecules (19, 20). In addi-
tion, coherent dipolar interactions have been
observed in bialkali molecules trapped in op-
tical lattices (I8, 21).

A major outstanding challenge to fully real-
izing the potential of molecules has been
achieving deterministic entanglement with
microscopic control. In this work, we real-
ized on-demand entanglement between indi-
vidual laser-cooled molecules trapped in a
reconfigurable optical tweezer array (Fig. 1A).
The approach of molecular tweezer arrays
(16, 17, 22, 23) combines the microscopic
controllability offered by reconfigurable opti-
cal tweezer traps (24-28) with the ability to
generate entanglement through the electric
dipolar interaction between molecules. We
specifically made use of effective spin-exchange
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interactions that arise between rotational states
to entangle pairs of molecules into Bell states
(Fig. 1B) (29), which are prototypical maximally
entangled states of two particles. Our entangle-
ment protocol implements an iISWAP gate (8)
that, along with site-resolved single-qubit rota-
tions achievable in our platform through the
optical addressing of individual molecules, ful-
fills the requirement for universal quantum
computation.

Preparing and initializing arrays of
laser-cooled molecules

Our work starts with single laser-cooled cal-
cium monofluoride (CaF) molecules trapped
in a dynamically reconfigurable array of opti-
cal tweezer traps (17, 23). Through a series of
steps involving laser-cooling, optical trapping,
and transport, single molecules are transfer-
red from a magneto-optical trap into a one-
dimensional (1D) array of 37 identical optical
tweezer traps with a uniform spacing of
4.20(6) um (numbers in parentheses are the
standard deviation). Because our laser-cooling
scheme relies on a closed optical cycle present
only for the X*S(v = 0, N = 1) manifold in CaF
(30)—where v and N denote the molecular
vibrational and rotational state, respectively—
the molecules loaded into the tweezers occupy
a single rovibrational manifold.

To remove the randomness in tweezer oc-
cupation, we used a rearrangement approach
pioneered in neutral atom experiments (24, 25).
We nondestructively detected the tweezer oc-
cupations using a variant of A-imaging (31). The
empty tweezers were identified then switched
off, and the remaining occupied tweezers were
then rearranged into the desired 1D pattern. We
characterized the rearrangement procedure by
measuring the probability of successfully creat-
ing uniform arrays and found a single-particle
rearrangement fidelity of 97.4(1)%. As shown
in Fig. 2A, we were able to create uniform ar-
rays up to a size of 16, with a probability >0.6.
The rearrangement fidelity was limited by the
nondestructive detection fidelity, with mini-
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the tweezer traps.

After rearrangement, we initialized the in-
ternal state of the molecules, which were dis-
tributed among the 12 hyperfine states in the
X%3(v = 0, N = 1) rovibrational manifold. To
prepare molecules into a single hyperfine state,
we optically pumped molecules into |D) =
X2(v=0,N=1,J=3/2,F = 2,mp =2),
where J denotes the total angular momentum
excluding nuclear spin, F denotes the total
angular momentum, and my denotes its proj-
ection onto the quantization axis. Subsequent
microwave sweeps along with an optical clean-
out pulse transferred the molecules into the
target final state 1) = X*>Z(v =0,N =1,J =
1/2,F = 0,mr = 0) (Fig. 2C). The overall
fidelity of preparing molecules in |1) was
82.4(11)%. Our preparation sequence ensures
that the dominant preparation error is in the
form of unoccupied tweezers, with a small
contribution coming from molecules prepared
in the incorrect internal state |[+) = X2%(v = 0,
N =0,J =1/2,F =1, mp = 1). The state ini-
tialization errors come from imperfect micro-
wave transfer, polarization impurity of the
optical pumping light, and loss caused by heat-
ing in the tweezer traps. After state prepara-
tion, we measured a molecular temperature
of T = 151(10) uK.

Probing rotational coherence
of single molecules

To produce entanglement through the dipo-
lar interactions between molecules, we re-
quired long coherence times compared with
the typical interaction timescales of ~10 ms
at our tweezer separations. Achieving long
coherence times for optically trapped mole-
cules has been an ongoing experimental chal-
lenge, with steady advances being made. For
molecules, different internal states can expe-
rience different trapping potentials that, in
combination with motion caused by finite
temperature, can lead to decoherence. For
13 bialkali molecules, long coherence times
of different nuclear spin states have been
reported (32). Work using “magic” trapping
conditions has also demonstrated extended
coherence times between rotational states in
both ' and 2% molecules (18, 33-36).
Because the effective spin-exchange inter-
actions couple different rotational states, we
wanted long rotational coherence times be-
tween the two interacting states |1) and ||) =
X?3(v=0,N=0,J =1/2,F = 1,mg = 0).
Building on previous work in CaF (36), we iden-
tified a pseudo-magic trapping condition in
which both spin states experience approxi-
mately identical trapping potentials. Our pseudo-
magic condition takes into account vector
and tensor shifts and is achieved by applying
a magnetic field orthogonal to the tweezer
light polarization at a reduced tweezer depth
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compared with that used for initial loading

and imaging.

To measure the resulting coherence time,

one trap is empty and the other is occupied by
amolecule initialized in |1). We next applied a
Ramsey pulse sequence consisting of two n/2

we prepared pairs of tweezer traps in which | microwave pulses (first pulse along 2, second
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Fig. 1. Laser-cooled molecules in a reconfigurable optical tweezer array. (A) Single CaF molecules
trapped in an optical tweezer array are prepared into closely separated tweezer pairs. Molecules in each pair
held by separate tweezer traps interact through the long-range electric dipolar interaction Hse. (B) The
electric dipolar interaction leads to dipolar spin-exchange of rotational excitations. (C) Molecules are loaded
stochastically, detected nondestructively, and rearranged into the desired 1D configuration. The molecules
are then initialized into a single internal state, and the pair separations are reduced to switch on interactions.
After specific interaction times, the pairs are separated and detected state-selectively.
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Fig. 2. Tweezer rearrangement and internal state initialization. (A) Probability of creating defect-
free molecular arrays through rearrangement. A fit to p”, where n is the array size, gives a single-particle
rearrangement fidelity of p = 0.974(1). (B) Example images of defect-free arrays. (C) Optical pumping
(orange arrow) prepares molecules in |D). Microwave sweeps (dashed green arrows) transfer |D)
molecules to |1).
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pulse along 7 = cos 62 + sin 6y) separated by
a variable free evolution time (Fig. 3A). The
remaining fraction of 1) molecules, P;, oscil-
lates as a function of 6, with the oscillation
amplitude directly measuring the coherence.
Fitting to an exponential decay curve yields
a bare coherence time T3 of 2.5(3) ms. Add-
ing a spin-echo improves the coherence time
to T, = 29(2) ms. Following previous work
that explored dipolar interactions of KRb
molecules in an optical lattice (21, 37), we
implemented the XY8 dynamical decoupling
sequence depicted in Fig. 3B and found that
the 1/e coherence time was further extended
to 215(30) ms (Fig. 3C). This is consistent with
our understanding that the bare coherence
times are primarily limited by slow (millisec-
ond timescale) fluctuations of ambient mag-
netic fields.

Observing coherent intermolecular
interactions

Having achieved sufficiently long rotational
coherence times, we next set out to observe
coherent spin-exchange interactions. The long-
range electric dipolar interaction between the
molecules gives rise to resonant exchange of
rotational excitations between |1) and || ). The
resulting spin-exchange interaction is described
by the Hamiltonian

J (ata—  a—at
Hy =5 (88, +5,8;)
(37374 8787)

where S:, S‘; s Sf, Sz/ are spin-1/2 operators for
molecule ¢ and
d> 1
———(1— 3 cos®6
4mey 13 ( )

with d = <T|&’l> being the transition dipole
moment, 7 = |7| being the intermolecular sepa-
ration, 6’ being the angle between 7 and the
quantization axis, and £, being the free space
permittivity. Starting with two molecules in a
product state, time evolution under H SE can
lead to entanglement. For example, two mole-
cules initially prepared in the product state
[1) ® ||) become maximally entangled after
interacting for a time ¢ = nh/(2J), where 7 is
Planck’s constant £ divided by 2r. In our sys-
tem, the quantization axis is orthogonal to the
intermolecular separation—that is, 6’ = 90°.
To observe the effect of spin-exchange inter-
actions, we first created pairs of |1) molecules
at an initial separation of 4.20(6) um, over
which interactions were negligible. We next
reduced the pair separation to 1.93(3) um over
3 ms, at which the interaction strength J (J =
h x 43 Hz) becomes appreciable on the co-
herence timescale. Subsequently, we applied
the Ramsey pulse sequence used above with
0 = 0. To retain long coherence times, the XY8
decoupling pulses were kept on during the free
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Fig. 3. Single-particle coherence and spin-exchange oscillations. (A) Ramsey
pulse sequence used to measure rotational coherence. (Bottom) Bloch sphere
diagrams show the action of the various pulses for a molecule initialized in ||).
(B) The XY8 dynamical decoupling sequence. (C) Ramsey contrast of
noninteracting molecules versus free evolution time t. Green triangles, red
squares, and blue circles indicate the cases for which no spin-echo, one spin-
echo, and the XY8 sequence is applied, respectively. Exponential fits give
coherence times (1/e) of 2.5(3) ms, 29(2) ms, and 215(30) ms, respectively.
(Insets) Ramsey fringes with corresponding sinusoidal fits indicated with

the dashed lines. (D) Spin-exchange oscillations at a tweezer separation of
1.93(3) um. Shown are the |11) populations measured after the Ramsey pulse

evolution time. Because the n-pulses in the XY8
sequence leave H g unchanged, spin-exchange
interactions are preserved (38).

For a molecular pair initialized in |11), the re-
sulting state after the Ramsey sequence is given by

) = e sin (7 )11 + dcos (3 )10
u

and P;; oscillates at an angular frequency of J/(27).
As shown in Fig. 3D, we observed oscillations of
Py, directly revealing the presence of coherent
spin-exchange interactions. By varying the pair
separation between 1.26(2) and 2.35(3) um, we
verified that the interaction strength J, as ex-
tracted from the oscillation frequency, approx-
imately scales as 1/7%, as expected for dipolar
interactions (Fig. 3F). Experiments with bulk sam-
ples of bialkali molecules in optical lattices have
observed coherent spin-exchange both through
macroscopic measurements (21, 37) and with
single-molecule resolution (I8), whereas in this
work, we observed coherent interactions between
individually prepared, laser-cooled molecules.

Examining the Py, oscillations in detail, we
found that they damp more quickly when the
molecules are closer. This could arise from
increased molecular loss and reduced single-
particle coherence times at close separations.

Holland et al., Science 382, 1143-1147 (2023)
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Additionally, the thermal motion of molecules
gives rise to disorder in the spin-exchange cou-
pling constant J through variations in the in-
termolecular separations, leading to damping.
At a fixed molecular temperature, this ef-
fect increases at closer separations. To deter-
mine which damping mechanism is dominant,
we first measured single-particle loss rates and
found that they increase at close separations
(Fig. 3F, inset). We believe that the loss is caused
by parametric heating specific to our scheme
of generating tweezer traps using an acousto-
optical deflector (AOD) and can be circumvented
with other tweezer-generation techniques. Mo-
lecular loss, however, does not account for all of
the observed damping, especially at close sepa-
rations. Independently measured single-particle
decoherence rates are also insufficient to ex-
plain the damping. This leaves finite molecular
temperature as the dominant cause of damp-
ing at close distances. Simulations that used
experimentally measured temperatures revealed
damping rates comparable with the observa-
tions (supplementary text and fig. S2) (39).

Creating and verifying entanglement
of molecules

Having established the presence of coherent

spin-exchange interactions, we next used them
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sequence, Py, as a function of interaction time t, for molecular pairs initialized in
[11). The solid curve is a fit to a phenomenological model. (Insets) Fluorescence
images at the indicated times. (E) Spin-exchange oscillations at separations of
1.26(2) um (red pentagons), 1.43(2) um (orange hexagons), 1.60(2) um
(yellow diamonds), 1.68(2) um (green squares), 1.93(3) um (blue circles), and
2.35(3) um (purple triangles). Curves are offset vertically by 0.3 for clarity.

(F) The extracted spin-exchange strength J versus pair separation r. The light red
band indicates the theoretical prediction taking into account the finite temperature
of the molecules and the uncertainty in the electric dipole moment of CaF. The
dashed blue curve indicates the prediction without taking into account finite
temperature. (Inset) The single-particle loss rate yp versus pair separation r.

to entangle molecules. Specifically, as proposed
in (8), time evolution by H sg for a specific time
of T = nh/J implements an iSWAP gate, which
is maximally entangling. By applying two
additional nr/2 pulses along the & axis before
and after the iISWAP gate, one can convert a
molecular pair prepared in |11) into the Bell
state |yg) = %(HT) +1||])), which is max-
imally entangled. As a compromise between
maximizing J and minimizing heating loss,
we chose a pair separation of 1.93(3) um for
creating |yg).

To demonstrate entanglement of molecules,
we measured the Bell state creation fidelity
F = (yg|p|wg), where p is the experimentally
obtained density matrix. As pointed out in
(40), F acts as an entanglement witness, with
F > 1/2 indicating two-particle entanglement.
To extract F experimentally, we made use of
the relation (41)

F=5 (P +P,+C) (2)

N[ =

where P;; and P, are the probabilities of mea-
suring |11) and || |), respectively, and C is the
amplitude of the coherence between |11) and || | ).

To measure P4, we separated the two mo-
lecules after preparing |yg) and subsequently
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Fig. 4. Creating and probing Bell pairs. (A) (Top left) The two-tweezer detection
probabilities P for the Bell pairs. (Top right) Corresponding probabilities when

an additional = pulse is applied before measurement. (Bottom) The full probabilities
extracted from top left and top right. The SPAM-corrected populations for

the |1)- ||) subsystem are indicated with the green triangles. (B) Probing Bell
state coherence through parity oscillations. The coherence C between |11)

and |||) is obtained from the amplitude of the oscillations in IT as a function

measured the probability that both tweezers
in a pair appear bright. Because our imaging
scheme detects only |1) molecules, to measure
P, we applied an additional n-pulse before
detection (Fig. 4A) to convert molecules from
[|) to |1). To obtain the coherence envelope C,
we measured parity oscillations as follows. We
applied a /2 pulse about a variable axis 7 =
cos 62 + sin 6y after preparing |yg). From the
two-tweezer probabilities P;;, we constructed
the parity signal I1 = Py; + Poo - Pio - Poy,
where 1 and 0 denote a bright or dark tweezer
site, respectively.

For a general density matrix that includes
the possibility of empty tweezers (|e)) caused
by imperfect state preparation, IT can display
modulation periodic in 26 and 6. The 26 mod-
ulation is directly related to the coherence be-
tween |11) and || | ), whereas the 6 modulation
is related to single-molecule coherences, such
as that between |e1) and |e| ). The amplitude of
the 26 modulation directly gives C. As shown in
Fig. 4B, we found that IT displays modulation
periodic in 26. The lack of oscillations periodic
in 6 is consistent with the pulse sequence
used. Single molecules prepared in |ef) or | |e)
effectively experienced a n-pulse, and no single
particle coherence was created.

From the population and parity oscillation
measurements, we obtained a raw Bell state
fidelity of Fgraw = 0.524(6). Correcting for
detection errors, we obtained a Bell state fidel-
ity F = 0.540(7). The raw and measurement-
corrected fidelities were above 1/2, showing
that entanglement was indeed present and
created on demand.

Correcting additionally for state preparation
errors, we obtained a state-preparation and
measurement (SPAM)-corrected fidelity of
Fspam = 0.80(2). In the context of quantum

Holland et al., Science 382, 1143-1147 (2023)
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information processing, the SPAM-corrected
Bell state fidelity provides an indication of the
quality of the iSWAP gate implemented through
spin exchange. Nevertheless, full characteriza-
tion of our iSWAP gate and a measurement of
its fidelity will require full quantum process
tomography. With relevance to quantum simu-
lation, our measurements of spin-exchange
interactions demonstrate the fundamental
building block for simulating XY spin models.
In particular, the phase of the 26 oscillation
in parity measures the relative phase between
[t1) and [||) in the Bell state, which is sen-
sitive to the sign of J. The observed phase of
the oscillation shows that.J > 0, indicating anti-
ferromagnetic spin-exchange interactions. In
addition to quantum information processing
and quantum simulation, the ability to create
entanglement in our system also paves the way
toward quantum-enhanced metrology with
trapped molecules (42).

Having demonstrated deterministic creation
of Bell pairs, we next probed their lifetime. We
measured the Bell state fidelity Fgpay as a
function of hold time and found a lifetime of
85(5) ms, which is largely consistent with but
somewhat shorter than that expected from
uncorrelated single-particle decoherence. We
also examined whether the Bell pairs survive
when separated to larger distances after their
creation. Specifically, we separated the Bell
pairs to a distance of 4.20(6) um over 3 ms
after their creation and measured Fspay as a
function of hold time. Within experimental
uncertainty, we found a lifetime identical to
the case without separation (Fig. 4C). This abil-
ity to preserve entanglement while separating
molecules could allow one to bypass the lim-
ited range of dipolar interactions through
movement of molecules and obtain arbitrary

8 December 2023

of 0. (Insets) Example images at the maxima and minima of I1. (C) SPAM-
corrected Bell state fidelity Fspay versus hold time t at the initial pair creation
distance of 1.93(3) um are indicated with blue circles. Red squares indicate
the corresponding data for pairs separated to a larger distance of 4.20(6) um
after creation. (Inset) The contrast Cspay versus hold time t for the two separations.
The extracted 1/e lifetimes are (Fspaw, Cspam) = [85(5) ms, 61(3) ms] at the Bell
creation distance, and [70(16) ms, 57(8) ms] at the larger separation.

connectivity useful for quantum simulation
and information processing. Similar abilities
to preserve entanglement have recently been
demonstrated in atomic tweezer arrays (43).

Last, we examined how Bell state fidelities
can be improved. The measurement-corrected
fidelities were affected substantially by state
preparation infidelity, which is caused by a
variety of technical imperfections such as in-
complete microwave transfers. A detailed ac-
counting of errors shows that state preparation
fidelities exceeding 0.95 can be achieved (39).
Separately, the SPAM-corrected Bell state fi-
delity, which reflects the quality of the iSWAP
gate, is substantially affected by the finite mo-
lecular temperature. To reveal the importance
of state preparation fidelity and molecular
temperature, we implemented an alternate
state preparation procedure (39) that both
provides a higher state preparation fidelity
[0.85(1)] and a lower molecular temperature
[T =107(5) uK]. The resulting fidelities without
state preparation correction were improved to
Fraw = 0.608(14) and F = 0.629(14), re-
vealing the importance of state preparation
(two-tweezer probabilities and parity oscilla-
tion data are provided in fig. S4) (39). In addition,
Fspam improves to 0.863(25) (39), suggest-
ing that molecular temperature is a key factor
in achieving high-fidelity entanglement.

Discussion and Outlook

The observed dependence of SPAM-corrected
Bell state fidelities on temperature agrees
well with numerical simulations, which in-
dicate that lowering the molecular temper-
atures further by a factor of ~10 could allow
fidelities to reach the 0.99 level (39). Such fur-
ther cooling could be achieved with methods
such as Raman sideband cooling for molecules
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(44, 45). Further improvements are also pos-
sible through optimized entanglement schemes.
Recent theoretical work that used quantum
optimal control has proposed a robust two-qubit
entangling gate for CaF molecules in tweezer
traps that provides entanglement fidelities ex-
ceeding 0.999, under the assumption that they
are cooled near their motional ground state (46).

We have demonstrated on-demand entan-
glement of molecules in a reconfigurable opti-
cal tweezer array. Our work was enabled by
several advances we have made in controlling
laser-cooled molecules, including initialization
of defect-free molecular arrays, achievement
of long rotational coherence times in tightly
focused tweezer traps, and observation of
coherent dipolar interactions between indi-
vidual laser-cooled molecules. The ability to
entangle molecules on demand is a key build-
ing block toward simulating quantum spin
models, processing quantum information, and
performing quantum-enhanced measurements
in the emerging platform of molecular tweezer
arrays. Specifically for quantum simulation and
information processing, the interactions be-
tween long-lived molecular states could offer
long evolution times and deep circuit depths.
With further advances in lowering molecular
temperatures, molecular tweezer arrays could
potentially provide performance similar to that
of established platforms such as Rydberg atom
arrays, trapped ions, and superconducting
qubits. Our work on entangling molecules
on demand, combined with the recent rapid
progress in extending laser-cooling to molec-
ular species of increasing complexity (19, 20),
opens research avenues such as quantum-
enhanced precision measurement by using
trapped molecules (47) and explorations of
molecular collisions (48) and chemical reac-
tions with entangled matter.

After the initial submission of this work, we
became aware of related work reporting dipo-
lar spin-exchange and entanglement between
molecules in an optical tweezer array (49).

Holland et al., Science 382, 1143-1147 (2023)
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