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Enhancing a Many-Body Dipolar Rydberg Tweezer Array with Arbitrary Local Controls
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We implement and characterize a protocol that enables arbitrary local controls in a dipolar atom array,
where the degree of freedom is encoded in a pair of Rydberg states. Our approach relies on a combination
of local addressing beams and global microwave fields. Using this method, we directly prepare two
different types of three-atom entangled states, including a W state and a state exhibiting finite chirality. We
verify the nature of the underlying entanglement by performing quantum state tomography. Finally,
leveraging our ability to measure multibasis, multibody observables, we explore the adiabatic preparation
of low-energy states in a frustrated geometry consisting of a pair of triangular plaquettes. By using local
addressing to tune the symmetry of the initial state, we demonstrate the ability to prepare correlated states
distinguished only by correlations of their chirality (a fundamentally six-body observable). Our protocol is
generic, allowing for rotations on arbitrary sub-groups of atoms within the array at arbitrary times during
the experiment; this extends the scope of capabilities for quantum simulations of the dipolar XY model.
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The last decade has witnessed tremendous progress
toward controllable many-body quantum systems [1-7].
This progress lies along two axes. On the digital front,
programmable interactions in small and intermediate scale
systems can be compiled into arbitrary unitary evolution
[8-10]. On the analog front, a system’s native interactions
offer a scalable approach for realizing coherent many-body
dynamics. This latter approach has emerged as a fruitful
strategy for the quantum simulation of large-scale, strongly
correlated many-body systems [11-15]. Combining the
scalability of analog simulation with local controls inherent
to the digital approach promises the opportunity to explore
a broader landscape of quantum phenomena. In this quest
for full many-body quantum control, various platforms
ranging from neutral atoms [16-18] and trapped ions
[19,20] to polar molecules [21,22] and superconducting
circuits [23,24] have developed strategies to combine
their native interactions with high-fidelity local rotations.
This enhanced level of control has enabled the preparation
of broader classes of initial states [25,26], the measurement
of multibasis observables [27], and even mid-evolution
gates [28]. These advances enabled the integration of
novel quantum information protocols with quantum
simulators [29-32].
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Arrays of atoms coupled via Rydberg interactions have
recently emerged as both promising quantum simulators
[33,34] and information processors [35-38]. Combining
ground-state Raman manipulations [39,40] with the ability
to address individual atoms has already allowed for the
demonstration of local rotations in such systems [41-43].
This is appropriate when the qubit is encoded, for example,
in the hyperfine ground states of alkali atoms. However,
when the qubit is encoded in a pair of Rydberg states,
realizing an analogous procedure would require mapping
coherently two Rydberg states on two hyperfine states,
which is experimentally challenging [44]. This problem
naturally arises for quantum simulations of the dipolar XY
model [34,45,46], an important platform for the study of
both correlated phases [34] and quantum metrology [47].

Here, we address this challenge by demonstrating a
general protocol implementing nearly arbitrary local con-
trol in a dipolar Rydberg atom array. Our approach allows
for the rotation of arbitrary classes of atoms and can be
applied during any part of the experiment (i.e., initializa-
tion, evolution, and measurement). Our results are three-
fold. First, we benchmark our method by performing
tomography on a three-atom W-state, demonstrating that it
exhibits tripartite entanglement violating the Mermin-Bell

© 2024 American Physical Society
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inequality [48]. Second, by using local rotations to add
phases to this W state, we demonstrate the preparation of
states exhibiting finite chirality [49]. Both the measurement
of this chirality, as well as the tomography of the system’s
density matrix, require access to multibasis, multibody
observables. Finally, we extend our procedure to a frus-
trated six-atom system consisting of a pair of triangular
plaquettes. By choosing different initial states, we adia-
batically prepare states exhibiting both ferromagnetic and
antiferromagnetic (six-body) connected chiral-chiral corre-
lation functions.

Our setup [34,47,50] consists of two-dimensional
arrays of 3Rb atoms trapped in optical tweezers. The
atoms are arranged in groups of equilateral triangles
[Fig. 1(a)]. We encode a qubit using two Rydberg states
1) =608 /2.m;=1/2) and |{) = |60P /5, m; = —1/2).
The atoms are coupled via dipolar interactions, described
by the XY Hamiltonian:

J a’ ,
HXY:EZF(G;‘G;+O‘36;)7 (1)
i<j ' ij

with r;; being the distance between atom i and j, a =
12.3(1) pm the lattice spacing, J/h = —0.82(1) MHz the
interaction strength, and o7 the Pauli matrices acting on
spin i. A ~45 G magnetic field, perpendicular to the
atomic plane, defines the quantization axis and ensures
isotropic interactions. At the beginning of each experimen-
tal sequence, the atoms are excited from their ground state
to [1) using stimulated Raman adiabatic passage. Once in
the Rydberg manifold, subsequent microwave manipula-
tions and XY interactions lead to a many-body state of
interest. Finally, we read the state of the atoms by trans-
ferring the |1) population back to the ground state. The
ground state atoms are then imaged while the atoms in |1)
are lost (see more details in [51]).

Our protocol to perform multi-basis measurements relies
on the combination of microwave pulses and local light
shifts. The microwaves, tuned to the |1) — || ) transition (at
@/ (27) ~ 16.7 GHz), only allow for global rotations. To
perform local rotations, we apply light shifts on specific
atoms using addressing beams generated by reflecting a
1013 nm laser on a spatial-light modulator (SLM). This
laser is blue-detuned with respect to the 6P;/; —|[1)
transition by A/(2z) ~ 400 MHz, resulting in a light-shift
5~ Q3),3/(4A) for a Rabi frequency Q3 on an addressed
atom [51]. As illustrated in Fig. 1(a), the atoms are
addressed with different intensities to produce different
values of light shifts, realizing the Hamiltonian H, =
> hé;(1407)/2, with 6; =05 (atoms not addressed),
16 or 26 (with 6 ~ 2z x 23 MHz). This enables us to
spectroscopically isolate three different classes of atoms
(termed the 00, 16 and 26 atoms), while also suppressing
dipolar exchange across the atom classes. To perform local
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FIG. 1. Multibasis measurements protocol. (a) Experimental
setup. The microwaves at a frequency @, (@, -+ §) are on
resonance with the 06 (15) atom transitions and off-resonant
with the others. (b) Experimental sequence to measure the state of
three atoms in the y, z, and x basis. (c) Average magnetization of
each class during a Ramsey experiment. The experimental
sequence for ¢ = —x/2 corresponds to the one in (b). Solid
lines: simulations including experimental imperfections (see
text). The shaded areas represent the standard deviation.

rotations on these three classes, we apply the addressing
beams and send simultaneously two microwave pulses with
frequencies @, and wq + J, resonant with the 06 and 16
atoms [see Figs. 1(a),1(b)]. This allows for arbitrary qubit
rotations of the 06 and 16 atoms while the 25 atoms remain
unaffected. By applying a global rotation prior to the local
ones, as detailed below, we can now perform measurements
in arbitrary bases on three classes of atoms at the same time:
the choice of the measurement basis is set by the duration
and phase of each microwave pulse with respect to a local
oscillator at wy.

As an example, Fig. 1(b) shows the experimental
sequence used to measure the 06, 16, and 26 atoms along
the y, z, and x axis. The first microwave pulse applies a
global /2 rotation along the —y. We call R the
corresponding rotation operator. Then, combining two
microwave frequencies with the addressing, we apply
the following local rotations Rj; ® Rjs ® 1,5 with RY;
the operators corresponding to a /2 rotation of the nd
atoms around the u axis. This full sequence is thus
equivalent to the rotations (Rjs-R,3)® (R R3)®R5;.
As, Ri; - R|3 = Rj; - R}5. and as we measure in the z basis,
the z rotation has no effect on the measured probabilities.
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The sequence thus amounts to the rotation Rj; ® 1,5 ®
Ry; [56].

We illustrate and benchmark the protocol above by
performing a Ramsey experiment: starting from all atoms
in|1), we apply afirst global rotation R* €*#+Y sine_followed
by the local rotations Rjjs ® R}5 ® 1,5 and finally read out
the states for various ¢. Each experimental sequence is
repeated ~500 times to compute the average magnetizations.
We expect oscillations of the 05 and 15-atom magnetization
that are out of phase by z/2. The 2§-atom magnetization
should remain constant at 0. Figure 1(c) shows the exper-
imental results. We attribute the finite contrast of the
oscillations to experimental imperfections [51]. To confirm
this, we perform a Monte Carlo simulation including state
preparation and measurement errors, finite Rydberg lifetime,
interactions between atoms, and depumping and losses
induced by the addressing [S1]. Taking into account all
these experimentally calibrated mechanisms in the numerics
yields good agreement with the data.

We now demonstrate how the local control introduced in
our work enables the preparation and detection of complex,
correlated states. In particular, we investigate the entangled
states of three atoms placed in an equilateral triangle and
interaction via Hyy. In this configuration, the interaction lifts
the degeneracy between [11),]111),and || 1), leading to

three eigenstates |W) = (I114) + [111) + [111))/v3
and [77) = (|111) + =)t 1) 1 03] 1))/ V3
separated in frequency by 3J/#f, as shown in Fig. 2(a).
Despite all states exhibiting homogeneous magnetization
and two-point correlation functions, they can be distin-
guished through their chirality. The chirality y is a spin
rotationally symmetric observable that breaks time reversal
symmetry and is defined for three spins i, j, and k by
(Xijx) = ((6; x 6;) - 64), With 6; = o]x + oy + o3z [57).
For a classical, product state (y) is bounded by +1, but this
limit can be overcome for entangled states: (y*|y|y™)
reaches a maximal value of £2+/3 [51].

In order to prepare these states, we proceed as follows.
Starting from all atoms in |1), we apply a Gaussian
microwave pulse at frequency wg + 2J/A to drive a direct
transition from [111) to |W). The Rabi frequency is
collectively enhanced by a factor of /3, compared to
the one measured for single atom Rabi oscillation experi-
ment [see Fig. 2(b)]. These dynamics are well captured by
numerical simulations that include all identified imperfec-
tions (see [51]). Finally, we turn on the addressing light for
a duration 7y, to imprint a phase O¢, 1¢, and 2¢) on the
06, 16, and 26 atoms, with ¢ (fppase) = fé"“*‘” 5(t)dt, thus
preparing [y (¢)) = (1111) +e[1 1) +e??[111))/V/3.

To measure the chirality, we first note that it can
be written as the sum of six terms corresponding to
the different permutations of {x,y,z}: (rosi525) =
(0050150%5) T (0050150%5) + (005015025) — (0050150%5) —
(03505 5055) — (065015055)- For each value of ¢, we measure
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FIG. 2. |y(¢)) state preparation. (a) Spectrum of 3 atoms in an

equilateral triangle, interacting via the XY model. (b) Microwave
Rabi oscillations. Green: single-atom Rabi oscillations. Purple: 3-
atom Rabi oscillations with P4 is the probability to measure all
atoms in |71)). Solid curves: simulations including imperfections
(see text). (c) Chirality of [y(¢)) as a function of ¢ (purple
circles). Purple, blue, red, and black lines: Monte Carlo simu-
lations including imperfections. The shaded areas represent the
standard deviation.

each set of bases to compute the total chirality of |y(¢)),
similarly to previous work using superconducting qubits
[27]. Figure 2(c) shows the results (purple circles) as a
function of ¢, together with the theoretical expectations. The
amplitude is reduced due to experimental imperfections.
Simulating each step of the sequence while accounting for
these imperfections [51] leads to a better agreement between
theory and experiment. From a simulation of the measure-
ment sequence (including local rotations and the readout
step) assuming a perfect state preparation [blue curve in
Fig. 2(c)], we find that the main limitations of the chirality
measurement are the imperfections during the measurement
sequence.

We now exploit our ability to apply arbitrary local
rotations to perform quantum state tomography of |W)
and | y*) and reconstruct their density matrix. To do so, we
measure the state of each class of atoms in the x, y, and z
bases, corresponding to 3* = 27 different measurements
[51], from which we compute the relevant correlation
functions, as well as extract the density matrix (using a
maximum-likelihood reconstruction [51]). Figure 3 shows,
for one triangle, the real and imaginary parts of the density
matrices p of the three states |W), |y*) and |y~). From
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FIG. 3. State tomography. Real (a)—(c) and imaginary (d)—(f)
parts of the reconstructed density matrix for the |W), |y "), and
|x7) states. The transparent bars represent the expectation values
for perfect states.

them, we compute fidelities F = (y|p|y) of 0.74(1),
0.71(1) and 0.68(1) [0.80(1), 0.78(1), and 0.74(1) when
correcting for detection errors]. They are all above 2/3,
revealing genuine three-partite entanglement [58—60]. In
addition, the produced W state violates the Mermin-Bell
inequality: § = [(65,075035) — (605015035) = (005015035) —
(06507503s5)| <2 as we measure S, = 2.083(26) [48].
Much like in the more conventional Bell-state case, this
violation rules out a hidden-variable model for the mea-
sured correlations.

Having leveraged our local control to prepare and probe
entangled states, we now demonstrate the power of this
toolset in a quantum simulation experiment. Using a
frustrated geometry consisting of a pair of triangular
plaquettes [Fig. 4(al)], we attempt to adiabatically prepare
low-energy states of the antiferromagnetic dipolar XY
model [61]. Owing to time-reversal symmetry, all states
in the spectrum exhibit zero chirality, (y) = 0. However,
exact diagonalization demonstrates that the two lowest-
energy states exhibit large, but opposite, connected chiral-
chiral correlations. To illustrate this feature, we prepare
both the ground and first excited states by carefully
choosing an appropriate pattern of local light shifts.

Our protocol proceeds as follows [34]: after initializing
all the atoms in || ), we turn on a pattern of local light shifts
[Fig. 4(a)]; we then apply a microwave pulse to rotate the
nonaddressed atoms to |1). This prepares a product state
which is the lowest energy state of H,. Starting with
5> |J|, we then reduce the light shift as 8(¢) = e/
[with 7 = 0.55 ps and §,/2z = 23 MHz (46 MHz) for the

(al) Pattern 1 (a2) Pattern 2
? ?06 ? &20
‘/a'i ¢ i} ‘/a'i “ % 4
0 0
¥ ¥ ¥ 03
(b1) : (b2)
117 P=A=+1 = A=-1 4 —11.7p=A=+1 = A=-1 ]
@ G
B 19 f -==""  J —not —
+ T L= ) —
S ey 1 =" ‘ ]
—12.1 Mylgn) = Aalow) 1 —121 _ZI¢n) = Muldn)
0.0 02 04 0.6 0.0 0.2 04 0.6
(©) 5 )
T T T T T T
05 F
S 00 ¢ o8 00— m
3 ¢
=
U5 % Pal ¢ Pat2 ¢ PaINI ¢ Pat2NI ]
0 1 2 3 4 5
Time (us)
d1 . d2
(05) $ Pa1A, § Pal 1Ay ] (05)1 ' ' ]
= 0.0 it — — e = — 0=
S ¢ o *
0.5 F ¢ 1 0516 Pat2A4 ¢ Pat.2Ap T
il 1 1 i
0 2 4 0

2
t (ps) t (us)

FIG. 4. Adiabatic preparation of low energy states (a) Light
shift patterns (0, 15,25) and associated initial states. Pattern 1
respects mirror symmetry along the y direction M, whereas
pattern 2 respects inversion symmetry Z. (b) Energy spectrum
during the adiabatic ramp for pattern 1[2]. (c¢) Connected chiral-
chiral correlations (y,y )’ for pattern 1 (green), pattern 2 (purple)
and noninteracting triangles (blue). The early time (r < 1.5 ps)
observation of nonzero (y.yp)’ is due to a necessary waiting
period before measurement, during which the system undergoes
additional dynamics (see [51]). (d) Chirality for triangles A and B
under the two patterns.

15(28)-atoms], thus quasi-adiabatically connecting the
initial Hamiltonian (=H,) to the final one Hyy.

In general, such an adiabatic protocol is expected to
prepare the ground state of the final Hamiltonian, regard-
less of the details of the ramp. This expectation fails when
the system’s ground state exhibits a level crossing, which
requires either fine-tuning or some underlying symmetry.
Utilizing our ability to shape the addressing light, we thus
consider two different patterns exhibiting distinct sym-
metries: pattern 1 respects a mirror symmetry M, along the
y axis [Fig. 4(al)], while pattern 2 respects inversion
symmetry Z [Fig. 4(a2)]. For the first pattern, both initial
and ground states live in the same symmetry sector of M,
and thus are adiabatically connected [Fig. 4(b1)]. We thus
expect to prepare the ground state, leading to the obser-
vation of antiferromagnetic chiral-chiral correlations. By
contrast, for the second pattern, the initial and ground states
live in different symmetry sectors of Z and thus cannot be
adiabatically connected [Fig. 4(b2)]. We thus expect to
prepare the first excited state, which exhibits ferromagnetic
chiral-chiral correlations.

We experimentally explore this difference using the
multibasis measurement protocol described above. It not
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only allows measuring the chirality (y(7)) of a single
triangle, but it also enables the measurement of six-body
correlation functions, from which the two-triangle con-
nected chiral-chiral correlations, (y4yz), can be extracted.
In principle, the full reconstruction of (y,yp) requires the
measurement of 36 different terms. However, a smaller
subset of six terms is sufficient to faithfully capture the
system’s correlations [51]. We can, therefore, use the same
addressing pattern (and thus only a single SLM [51]) for
both the adiabatic ramp and the multibasis measurement.
More specifically, we measure

r_ (6650150556650 15055
<ZA){B> =1 Z a b ¢ ~a ~b ~c <2)
a,b,c € perm(x,y.z) —<6050'15625> <60661502§> ’

where o[5]| refers to spins in triangle A[B] and n = +1 is
set by the relative handedness of the two three-spin mea-
surement patterns: 7 = —1 for pattern 1 and # =1 for
pattern 2 [51].

We begin by studying the quasi-adiabatic ramp using the
pattern depicted in Fig. 4(al). Focusing on the connected
chiral-chiral correlation, we observe the development of
strong antiferromagnetic (y 4y )’ correlations that persist to
late times [Fig. 4(c), green]. This observation is consistent
with a preparation yielding more than 50% population in
the ground state [51]. By contrast, when considering the
second pattern [Fig. 4(a2)], the dynamics exhibit similar
features but with opposite sign. The presence of equally
strong ferromagnetic {y,y )’ correlations is consistent with
an equally large population in the first excited state of the
system. To demonstrate that our observations indeed arise
from the dipolar interactions between the two triangles, we
also measure (y,y )’ for noninteracting triangles separated
by ~72 pm. In this case, neither patterns lead to significant
correlations [Fig. 4(c), blue].

Finally, we discuss two important sources of imperfec-
tions in our protocol. First, although 7 was chosen to be
much longer than the timescale of the system (1/J),
residual diabatic errors manifest themselves in a small
chirality value (y(z)) [Fig. 4(d)]. Second, there are fluc-
tuations in the positions of the atoms owing to their initial
position and velocity uncertainty upon the release from the
tweezers. As a result, for each repetition of the experiment,
the atoms experience slightly different time-dependent
interactions, that ultimately lead to the damping of the
chirality oscillation and to the decay of the connected
chiral-chiral correlations [51].

In conclusion, we have demonstrated a new tool com-
bining global microwaves and local light shifts to enable
local control of qubits encoded in Rydberg levels. Our
protocol is generic and can be extended to an arbitrary
number of classes of atoms. The agreement between
experiments and simulations highlights our good under-
standing of error in our system—a crucial ingredient for
further improvements.

More broadly, this work opens the doors to a number of
intriguing directions. First, the measurement of multibody
correlation functions can capture the intricate correlations that
characterize complex phases of matter such as time reversal
symmetry breaking and topological order [49]. Second, the
ability to measure along arbitrary bases enables the imple-
mentation of novel certification protocols [62]. Finally, by
interspersing unitary rotations with analog quantum simu-
lation, one can study multitime correlation functions as well
as more varied dynamical protocols [27,63-67].
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