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Ultracold atoms in optical lattices form a competitive candidate for quantum computation owing to the
excellent coherence properties, the highly parallel operations over spins, and the ultralow entropy achieved
in qubit arrays. For this, a massive number of parallel entangled atom pairs have been realized in
superlattices. However, the more formidable challenge is to scale up and detect multipartite entanglement,
the basic resource for quantum computation, due to the lack of manipulations over local atomic spins in
retroreflected bichromatic superlattices. In this Letter, we realize the functional building blocks in
quantum-gate-based architecture by developing a cross-angle spin-dependent optical superlattice for
implementing layers of quantum gates over moderately separated atoms incorporated with a quantum gas
microscope for single-atom manipulation and detection. Bell states with a fidelity of 95.6(5)% and a
lifetime of 2.20� 0.13 s are prepared in parallel, and then connected to multipartite entangled states of
one-dimensional ten-atom chains and two-dimensional plaquettes of 2 × 4 atoms. The multipartite
entanglement is further verified with full bipartite nonseparability criteria. This offers a new platform
toward scalable quantum computation and simulation.
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Introduction.—Entanglement is the key resource for
applications in quantum information science [1–4]. To
achieve the long-term pursuit to realize scalable multipar-
tite entanglement, remarkable advances have been made in
different quantum platforms including photons, supercon-
ducting circuits, trapped ions, and neutral atoms in tweezer
arrays [5–13]. An alternative system, ultracold atoms in
optical lattices, can promisingly enable a programmable
approach to generate scalable two-dimensional (2D) entan-
glement thanks to a large number of atomic qubits
generated through a quantum phase transition and highly
parallel spin operations [14–19]. Recently, progress has
been achieved in manipulating atomic qubits in optical
lattices [20–25]. These advances support a prospective
scheme to scale up multipartite entanglement with quantum
gates provided by controllable bichromatic superlattices
[4], where the landmarks include generating isolated
entangled Bell pairs in parallel, entangling Bell pairs into
one-dimensional (1D) chains, and further realizing 2D
entangled plaquettes. As a first step, the parallel preparation

of isolated Bell pairs has been demonstrated with quantum
gates in tunable superlattices [19,21].
The next critical step is to realize the cascade of

entangling gates applied on configurable qubit arrays along
the two spatial dimensions, leading to the programmable
generation of 2D multipartite spin entanglement. This
approach requires the combination of all the fundamental
operations, including local spin manipulation, parallel
controllable entangling gates, and single-site-resolved
detection of spin states. However, the small atom separation
in conventional retroreflected bichromatic superlattices
[26] is beyond the current imaging resolution in systems
of neutral alkali atoms [23,24]. In addition, the accumulat-
ing noise of the quantum gates and the decoherence of the
qubits can degrade the final multipartite entanglement,
limiting the effectiveness of quantum circuits in optical
lattices.
In this Letter, we demonstrate the functional building

blocks for generating and probing scalable multipartite
atomic entanglement in optical lattices. This is realized by
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developing a cross-angle spin-dependent optical super-
lattice for trapping moderately separated atoms incorpo-
rated with a quantum gas microscope for single-atom
manipulation. Parallel and local spin controllability is
developed by combining the spin-dependent superlattice
and versatile atom addressing techniques in the single-site
precision using digital micromirror devices (DMDs)
[27,28]. Actively reducing the noise of magnetic fields
and lasers, long-lived Bell pairs with a lifetime of 2.20�
0.13 s are prepared using parallel high-fidelity entangling
gates based on the superexchange effect in double wells.
We then demonstrate the programmable generation of 1D
and 2D multipartite entangled states by entangling a ten-
atom chain and a plaquette of 2 × 4 atoms. The full
bipartite nonseparability of these states is experimentally
verified with the site- and spin-resolved detection methods.
Preparing a defect-free 2D qubit array.—In the experi-

ment, ultracold 87Rb atoms are loaded into a 2D far-detuned
optical superlattice generated by equal-arm interferometers,
which are constructed by 532-nm=1064-nm lasers for
short/long lattices along both the x and y direction
[28,33]. The lattice spacing is 630 nm resulting from the
cross angle of 50 degrees between the short lattices, well
resolved with our imaging resolution. This equal-arm
configuration is resistant to external perturbations and
leads to the long-term stability of the absolute location

of the lattice sites. By tuning the spin dependency and
relative phases of the superlattice, the experimental setup is
further equipped with the parallel and local manipulation
over atomic spin states and the single-site-resolved detec-
tion, which enable parallel assembly of large-scale defect-
free qubits with the recently demonstrated cooling method
[21]. In addition, we apply a repulsive optical potential
projected by a DMD to compensate for the harmonic
confinement originating from the Gaussian envelope of
lattice beams.
Figure 1(b) shows an exemplary fluorescence image of

the atomic distribution after removing the superfluid
reservoirs and the marked region of interest (ROI) con-
taining 18 × 14 lattice sites. Considering the detection loss
during imaging, the overall fidelity for preparing a unity
filling state across 200 lattice sites is 99.2(2)% [the value in
parentheses represents standard error of the mean (s.e.m.)]
[28], obtained from around 400 experimental repetitions.
The hyperfine ground states j↓i ¼ jF ¼ 1; mF ¼ −1i and
j↑i ¼ jF ¼ 2; mF ¼ −2i are used to encode the qubit
states. The atoms possess excellent single-qubit coherence,
as verified by driven Rabi oscillations accompanied by an
exponential decay with a time constant of τRabi ¼ 42.9�
7.0 ms in Fig. 1(e).
Site- and spin-resolved state photography and entangled

pairs.—With the defect-free qubit array, the entangling
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

SWAP
p † gate based on the spin superexchange interaction

FIG. 1. Experimental setup and entanglement generation sketch. (a) Bar chart of the average occupation in the ROI as indicated in
(b) after cooling atoms in the superlattice. (b) An exemplary fluorescence image of the atom array after cooling, with the marked ROI
containing 18 × 14 lattice sites. (c) Simplified setups for cooling, entangling, and detecting the atoms in optical lattices (for details, refer
to the Supplemental Material [28]). (d) Cartoon schematic of generating multipartite entanglement in optical lattices by parallel
cascading the entangling gates to prepare isolated Bell pairs ① → ②=③ and further connecting them to realize 1D entangled chains
② → ④ and 2D entangled plaquettes ③ → ⑤ → ⑥. (e) Measured occupation of the j↓i state in the driven Rabi oscillation via the Stern-
Gerlach-type approach [28], indicating an exponential decay with a time constant of τRabi ¼ 42.9� 7.0 ms.
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is investigated in a site-resolved way within a smaller ROI
containing 14 × 14 lattice sites. The experiment starts by first
preparing the two 87Rb atoms in each isolated double-well in
a Néel-type antiferromagnetic order j↑;↓i (the comma
separating the left and right occupations). With the auxiliary
unoccupied lattice sites alternately arranged along the x
direction, we can apply a Stern-Gerlach-type single-spin-
resolved detection [28] to directly visualize the dynamic
evolution of these four spin states, fj↑;↓i; j↓;↑i; j↑↓; 0i;
j0;↑↓ig [34].
Figure 2(a) shows the measured time-resolved average

occupancy ρj↑;↓i of the j↑;↓i state over the 49 double
wells, which reveals the expected sinusoidal oscillation at a
frequency of Jex=h ¼ 20.5� 0.1 Hz. The residual inho-
mogeneity of trapping potential induces a slight deviation
in the synchronization in different double wells (as shown
in Fig. S8 in the Supplemental Material [28]) during the
evolution.
We then prepare two-atom entangled Bell states in

parallel using entangling gates
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

SWAP
p †. This is realized

by halting the superexchange dynamics at a fixed evolu-
tion time of t ¼ 5.6 ms, followed by a phase rotation [35].
From the measured two-atom spin correlations shown in
Fig. 2(c), we characterize the average fidelity of Bell states
in the ROI as F ¼ 0.956� 0.005 [28]. The coherence time
of the Bell states is obtained by the Ramsey interference
measurement, implemented with the singlet-triplet oscil-
lation after variable holding time. As shown in Fig. 2(d), the
extracted oscillation amplitudes exhibit the exponential
decay with a time constant of τ ¼ 2.20� 0.13 s [36–38].
Connecting entangled pairs to 1D and 2D multipartite

entanglement.—We next demonstrate the generation of 1D
entanglement by cascading two parallel layers of entangling
gates. The initial state is prepared as a chain of 10 qubitswith
the Néel-order magnetization, where all other atoms in the
array are removed by applying the site-resolved atom
addressing techniques. Shown in Fig. 3(a), after preparing
isolated two-atom entangled Bell states, we change the
relative phase θy of the superlattice to form new atom pairs
and then apply another parallel layer of

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

SWAP
p † gates.

Since verifying that the ten-atom state is genuine multipar-
tite entanglement requires a rather complicated measure-
ment procedure, we develop an efficient entanglement
criterion based on the scheme [39], which can verify that
the prepared state possesses full bipartite nonseparability,
i.e., the state is inseparable with respect to any fixed
partition [28,39].
According to the new criterion, we only need to measure

the final spin configuration under two settings of bases,
σ⊗10
x and σ⊗10

z , given by whether to apply a global π=2
rotation pulse before the projection measurement. The
measurement results of two-particle spin correlations are
shown in Figs. 3(c) and 3(d). All the observables
γi;j ¼ 2jhσixσjxij þ jh⊗10

k¼1 σ
k
zij, shown in Fig. 3(e), surpass

the threshold, verifying that the ten-atom chain cannot be
divided into any two separated partitions.
Next, we demonstrate the 2D gate-based quantum circuit

of generating and measuring entangled states of four atoms
in a 2 × 2 plaquette and eight atoms in a 2 × 4 plaquette,
respectively.

(a)

(b)

(c)

(d)

FIG. 2. Superexchange dynamics and Bell states. (a) The
averaged occupancy ρj↑;↓i (circles) of the j↑;↓i state, showing
the superexchange dynamics in isolated double wells within
the ROI. The fitted curve (solid line) with a damped sinu-
soidal function gives the averaged exchange strength
Jex ¼ 20.5� 0.1 Hz. (b) The averaged spin configurations were
measured in the 49 plaquettes during the spin superexchange
process in double wells. (c) Measured populations under j þ =−i,
j↺=↻i, and j↑=↓i basis for the prepared Bell states averaged
within the ROI gives Pþ;þ ¼ 0.484� 0.007, Pþ;− ¼ 0.021�
0.003, P−;þ ¼ 0.015� 0.002, P−;− ¼ 0.480� 0.007, P↺;↺ ¼
0.488� 0.010, P↺;↻ ¼ 0.018� 0.002, P↻;↺ ¼ 0.020� 0.003,
P↻;↻ ¼ 0.474� 0.008, P↑;↑ ¼ 0.010� 0.001, P↑;↓ ¼ 0.490�
0.009, P↓;↑ ¼ 0.496� 0.009, P↓;↓ ¼ 0.004� 0.001. (d) The
extracted parity oscillation contrast of the prepared Bell states
after different holding times with a spin-echo π pulse, fitted as an
exponential decay with a time constant τ ¼ 2.20� 0.13 s. Error
bars denote the s.e.m.
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Since the Stern-Gerlach techniques are no longer appli-
cable for measuring 2D entanglement, we develop a new
detection approach to resolve the atomic spins on each site
using state-dependent atom transport. As illustrated in
Fig. 4(a), we first shine a state-dependent addressing beam
shaped by a DMD to pin the j↑i atoms and then change the
phase of the long lattice to transport the j↓i atoms to the
originally unoccupied auxiliary sites before performing
fluorescence imaging. Atoms in the two spin states can be
distinguished simultaneously by their final positions. The
average fidelity of this detection technique is around 98.5%
(as shown in Table E.1 in the Supplemental Material [28]),
where the inefficiency is attributed to the influence of
crosstalking between different spin states and accidental
atom hopping during the detection.
Figure 4(b) shows the preparation of four-body entan-

glement in isolated 2 × 2 plaquettes. We begin with a 2D
Néel-order magnetization. After the first parallel layer of
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

SWAP
p † gates generate Bell pairs along the y direction,

we realize the four-body entangled state by applying a
second layer of

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

SWAP
p † gates along the x direction. The

target state is a stabilizer state [28]. The generators of its
stabilizer group are σ1zσ

2
z , σ3zσ4z , σ1zσ3xσ4x and −σ1xσ2xσ3z . To

characterize this state, the spin correlations extracted from
the two measurement settings, σ1xσ2xσ3zσ4z and σ1zσ

2
zσ

3
xσ

4
x, are

obtained by performing projective measurements after a
local π=2 pulse is applied to two bottom sites or the two top
sites [28]. The measured expectation values, as shown in
Fig. 4(b), satisfy the inequality Eq. (G.12) in the
Supplemental Material [28], thus verifying the four-body
state is genuine multipartite entanglement.
Furthermore, we realize the 2D eight-body entanglement

in the 2 × 4 plaquette by applying one more layer of
entangling gates to connect neighboring 2 × 2 plaquettes,
as shown in Fig. 4(c). After entangling atoms in an isolated
2 × 2 plaquette as above, we switch the relative phase θy of
the superlattice along the y direction and further apply
another layer of parallel

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

SWAP
p † gates to entangle these

adjacent plaquettes. With the following steps, we character-
ize this state by verifying the full bipartite nonseparability.
First, we perform the same measurements as above to
demonstrate a four-body entangled state in isolated pla-
quettes. Shown in Fig. 4(d), the yielded observables surpass
the threshold, certifying the full bipartite nonseparability
property inside the two separate chains along the y direction.
Then, we demonstrate full bipartite nonseparability prop-
erty between these two chains. To build propermeasurement
bases, we apply an additional layer of

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

SWAP
p † gates along

the y direction, which is a local operations and classical
communication inside each chain and cannot enhance
entanglement between the two chains. Thus, after these
auxiliary gates, we build an observable verifying the
interchain entanglement with three measurements. After
two measurements, the same as above, we further measure
the spin correlation σ1xσ3yσ5xσ7y by applying a π=2 pulse with
site-dependent phases [28]. Shown in Fig. 4(e), all necessary
observables surpass the relevant classical thresholds,
leading to the verification of 2D eight-body full bipartite
nonseparability.
In Fig. 3(c), we can see an approximate reflection

symmetry in the measured two-body spin correlations,
revealing the symmetry of the target states. The slight
spatial-dependent deviations, as in Figs. 3(c) and 3(d),
result from the remaining inhomogeneity of the overall
trapping potentials and the residual magnetic gradient,
which contribute to the infidelity of the generated multi-
partite entanglement, as observed in Figs. 3(e), 4(b), 4(d),
and 4(e). These imperfections can be overcome by opti-
mizing the projected compensation pattern from the DMD
and purifying the lattice laser polarization. Besides, the
efficiency of 2D spin-resolved detection can be enhanced
by a more reliable state-dependent atom transport through
upgrading the addressing technique. Such improvements

(d)

(a) (b)

(c) (e)

(b)

FIG. 3. Ten-body entangled state. (a) Quantum circuit repre-
sentation for preparing and measuring a ten-body entangled state.
(b) Exemplary fluorescence images of the initial atom arrays
(upper panel) and the prepared ten-atom entangled state (lower
panel), detected with the Stern-Gerlach type measurement [28].
(c) For the target entangled state, theoretical values of these two-
body correlations under the σx and σz basis are nonzero. (d) The
theoretical values of these two-body correlations under the σx and
σz basis are all zero for the target state. (e) The extracted results of
observables γi;j. The dashed-dot line represents the threshold for
verifying full bipartite nonseparability. Since γ1;2 ¼ 1.81� 0.09,
γ3;4 ¼ 1.37� 0.10, γ5;6 ¼ 1.43� 0.10, γ7;8 ¼ 1.39� 0.10, and
γ9;10 ¼ 1.76� 0.09, we conclude that atoms 1 and 2, 3 and 4, 5
and 6, 7 and 8, and 9 and 10 are nonseparable, respectively.
Moreover, since γ1;3 ¼ 1.62� 0.10, γ3;5 ¼ 1.51� 0.10, γ5;7 ¼
1.39� 0.10, and γ8;10 ¼ 1.57� 0.10, we deduce that the ten-
atom chain cannot be divided into any two separated partitions
[28]. Error bars denote the s.e.m.
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may allow deep quantum circuits to entangle over hundreds
of neutral atoms in a 2D configuration.
Discussion and conclusion.—Our experiments demon-

strate the essential ingredients in the roadmap for generat-
ing multipartite entangled states with 2-qubit gates, from
preparing isolated Bell pairs to realizing 1D entangled
chains and 2D entangled plaquettes. High-fidelity quantum
circuits are implemented by combining a quantum gas
microscope with a cross-angle spin-dependent optical
superlattice. For implementing the measurement-based
quantum computation (MBQC) [40], our 2-qubit entan-
gling gate can be employed to generate the cluster states
with additional single-qubit rotation gates [4,41]. Besides,
by integrating versatile, controllable tight-focused optical
traps [42,43], we can also perform local measurements and
single-qubit gates on individual atoms, satisfying the
essential request of MBQC. More generally, our platform
can offer new opportunities for exploration in quantum
metrology [44], and quantum simulation of intriguing
physics in lattice gauge theories [45–49] and exotic
quantum phases in the quantum magnetism realm [50].
The capability of realizing low-entropy atom arrays
together with the high-precision manipulation of single
atoms may open the avenue to demonstrating practical
quantum advantage [51].
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