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QUaNtUM siMUlatiON

Coherent evolution of 
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Scaling up the performance of atomic clocks requires 
understanding complex many- body Hamiltonians to ensure 
meaningful gains for metrological applications. Here we use a 
degenerate Fermi gas loaded into a three- dimensional optical 
lattice to study the effect of a tunable Fermi- Hubbard 
Hamiltonian. The clock laser introduces a spin- orbit coupling 
spiral phase and breaks the isotropy of superexchange 
interactions, leading to XXZ- type spin anisotropy. By tuning the 
lattice confinement and applying imaging spectroscopy, we 
map out favorable atomic coherence regimes. We transition 
through various interaction regimes and observe coherent 
superexchange, tunable through on- site interaction and 
site- to- site energy shift, affecting the Ramsey fringe contrast 
over timescales >1 second. This study lays the groundwork for 
using a three- dimensional optical lattice clock to probe 
quantum magnetism and spin entanglement.

Optical lattice clocks are advancing studies of fundamental physics, 
metrology, and quantum simulation (1–7). By controlling all external 
perturbations to the ground and metastable “clock” state, each one of 
the confined atoms becomes a pristine, two- level system. With clock 
precision limited fundamentally by quantum projection noise (8), a 
natural approach for improving clock performance is to probe the 
largest possible number of atoms combined with the longest possible 
coherence time. However, in a densely packed sample of atoms, out-
standing challenges remain, including maximizing the coherence time 
for clock precision and evaluating systematic effects for clock accuracy. 
Often it is desirable to minimize atomic interactions to enhance single- 
particle coherence and control systematic effects. At the same time, 
as the understanding of these interactions becomes more sophisti-
cated, we can engineer a large, coherent spin ensemble with interaction 
precisely controlled to introduce and optimize quantum coherence, 
correlation, and entanglement to advance the frontier of quantum 
metrology (9–12).

With the ease of geometry tunability, optical lattices provide a ver-
satile platform to confine large numbers of atoms and control their 
interactions and motion. Over the past two decades, progress in clock 
precision (13, 14) has been largely advanced by the study and control 
of interactions in one- dimensional (1D) optical lattice clocks. The cor-
responding interaction dynamics are well described by a collective 
spin model (15, 16) that includes both on- site p- wave interactions and 
off- site s- wave interactions. The latter are induced by the spin- orbit 
coupling (SOC), arising from a mismatch between clock wavelength 
and lattice spacing (17, 18), which lifts the indistinguishability between 

spin- polarized fermions on neighboring lattice layers. Systematic ex-
ploration of this 1D spin model identified a confinement depth at 
which the combination of s-  and p- wave interactions suppressed detri-
mental mean- field density shifts (1, 19). Introducing a three- dimensional 
(3D) lattice confinement for scaling up the density (20) allows further 
increase of strength of the elastic and inelastic collisions to the point 
of strongly suppressing all p- wave interactions and making s- wave 
interactions spectroscopically resolvable (21). Optimizing the atomic 
coherence times for best clock performance requires balancing lattice- 
induced Raman scattering and motional dephasing at deep and shal-
low lattice depths, respectively (22). This study explores different 
lattice confinement regimes to characterize the impact of higher- 
order interaction effects, arising from virtual tunneling, on the atomic 
coherence.

3D lattice spin model
In a 3D lattice filled with a degenerate Fermi gas of spin- polarized 87Sr 
atoms in the motional ground state (23), the system can be modeled 
with the Fermi- Hubbard Hamiltonian in which ground and excited 
state atoms on the same lattice site interact through the Hubbard 
interaction parameter U, and motion is captured by a tunneling pa-
rameter t. In the unity filled limit, a Mott- insulating regime emerges 
at U ≫ t, atomic motion is restricted, and atoms interact only through 
virtual second- order tunneling processes that induce spin- exchange 
couplings between nearest- neighbor atomic spins known as superex-
change (24–26). The physics of superexchange is central in describing 
magnetic phenomena such as antiferromagnetism (27, 28) and is be-
lieved to play a role in superconductivity (29). Several ultracold atom 
experiments have used optical lattices to explore low- temperature 
bosonic ferromagnetic and fermionic antiferromagnetic correlations 
induced by superexchange (30–37), as well as some nonequilibrium 
superexchange- driven quantum dynamics in local density probes 
(38–40). With the goal of achieving optimal and scalable clock perfor-
mance at a unity filled 3D lattice, understanding and controlling the 
effects of superexchange on collective spin dynamics become necessary 
(20, 21). The current work using seconds- long Ramsey spectroscopy 
on tens of thousands of atoms directly probes the coherent nature of 
superexchange interaction, thus strengthening our understanding of 
interaction regimes that are favorable for robust quantum coherence 
and entanglement.

Here we load a degenerate Fermi gas of 87Sr atoms into a 3D lattice 
with tunable confinement to explore the 3D lattice spin model. The 
interaction effects on spin coherence between the ground and meta-
stable clock state are directly recorded on Ramsey fringes, which are 
modulated by coherent superexchange interactions. These experimen-
tal observations are well captured by an anisotropic lattice spin model 
(XXZ plus antisymmetric exchange terms), which breaks the 
Heisenberg SU(2) symmetry of the Fermi- Hubbard physics because of 
the SOC induced by the clock laser (17, 18, 41, 42). Such interactions 
can also be directly used for the generation of large- scale quantum 
entanglement over the entire 3D lattice system (43–45).

The experimental schematic is depicted in Fig. 1A. After evapora-
tion, we confine the atoms in a retroreflected, cubic lattice operating 
at the magic wavelength of λmagic = 813 nm with lattice constant a ≈ 
407 nm (20). Beginning with a nuclear spin–polarized Fermi gas with 
a reduced temperature T/TF  ≈  0.2, where TF is the Fermi temperature, 
the atoms are adiabatically loaded into the ground band of the 3D 
lattice (20, 23). In the deep lattice, the initial state is nearly a band 
insulator with a peak filling of one atom per lattice site (4, 46). The 
lattice depth 

(
V⊥

)
 of the transverse (horizontal with respect to gravity) 

confinement is tuned independently from the depth of the vertical 
confinement 

(
Vz

)
 by adjusting the optical power in the corresponding 

lattice beams. Our two- level spin system is established between the 
ground 1S0 (�g⟩) and metastable electronic “clock” state 3P0 (�e⟩). We 
coherently drive the clock transition �g,mF = −9∕2⟩ ↔ �e,mF = −9∕2⟩ 
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at λclk ≈ 698 nm with a vertical laser beam using an optical local oscil-
lator locked to an ultrastable silicon cavity (47).

Ramsey spectroscopy
After loading the lattice, we put the atoms into a superposition of �g ⟩ 
and �e⟩ and perform Ramsey spectroscopy. For detection, in situ ab-
sorption imaging along the vertical direction is used and ~100 photons 
per atom are scattered over a 1- μs pulse duration with minimal blur-
ring compared to the diffraction- limited point- spread function of 
1.3 μm (4, 46). Two images of the ground and clock state atoms, their 
numbers denoted Ng and Ne, are taken to determine the excitation 
fraction pe = Ne ∕

(
Ne+Ng

)
. For a chosen region of interest PA of our 

imaged density distribution, we record the local excitation fraction 
pA
e
= NA

e
∕
(
NA

e
+NA

g

)
. This is shown in Fig. 1A, where the excitation 

fractions are evaluated in spatially separate regions P1 and P2 to de-
termine both the Ramsey fringe contrast C and relative atomic coher-
ence using imaging spectroscopy (48).

To evaluate atomic coherence that is related to clock performance 
at different lattice confinement, we measure the Ramsey fringe con-
trast for varying dark time T. An XY8 sequence consisting of eight π 
pulses along the two orthogonal rotation axes in the equatorial plane 
of the Bloch sphere is used to remove single- particle dephasing as 
depicted in Fig. 2A (49, 50). To decouple the atomic coherence mea-
surement from the finite atom–light coherence time (~3 s) (47), the 
phase of the final Ramsey π/2 pulse is randomized. Parametric plots 
of the excitation fractions from concentric regions P1 and P2 (P1 < 6 μm 
and 6 μm < P2 < 12 μm with respect to the trap center) are used to 
determine the contrast as shown in Fig. 2B . These parametric plots 
show ellipses, where a maximum likelihood estimator determines 
the ellipse contrast and jackknifing is used to extract 1σ (standard 

deviation) error bars for all Ramsey contrast measurements (48). The 
system is sufficiently homogeneous in the spatial regions P1 and P2 
that the contrast is approximately the same (51). No statistically 
significant phase shift between P1 and P2 is measured, indicating 
that the XY8 pulse sequence largely removes any spatially varying 
fre quen cy shift.

As a function of dark time T, a stretched exponential function 
C0e

−(T∕T2)
α is fit to the Ramsey contrast to extract a T2 coherence time 

for T > 1 s in order to reject fast transient oscillatory dynamics. For 
V⊥ = 0, we expect different timescales between inter- and intrasite 
interactions, leading to Gaussian decoherence. We extract a single 
value α = 1.38 by minimizing the combined χ2 for all measurements 
for V⊥ = 0. For all other measurements with V⊥ > 0, we set α = 1 when 
fitting T2. The extracted quality factor Q = πC0T2ν is plotted in Fig. 2C, 
where ν is the clock transition frequency ≈429 THz. We identify three 
principal regimes: (i) In the 1D lattice regime with no transverse con-
finement, the longest coherence times are observed; here, the growth of 
spin excitations caused by on- site and nearest- neighbor interactions is 
minimized (1, 15, 19). However, inelastic on- site p- wave collisions between 
excited state atoms during the Ramsey dark time lead to a strong loss 
in atom number with a 1/e lifetime of <5 s at the density used in this 
experiment [see fig. S6 in (51)]. In contrast, the atom lifetime in a 
strong transverse lattice is about 19 s. This renders the 1D limit less 
favorable for clock operation at high density. (ii) With deep transverse 
confinement, where the average superexchange coupling strength 
JSE ∕h ≳ 1 Hz, coherent superexchange dynamics are observed on the 
Ramsey fringe contrast over a timescale of seconds (Figs. 3 and 4). 
Here, the system consists of individual tubes, and each atom acts as 
a spin- ½ particle that interacts with its vertical neighbors. As previously 
reported (22), the deep 3D lattice regime (iii), where JSE ∕h ≪ 1 Hz, 

reveals a limit on the coherence time pri-
marily due to Raman scattering of lat-
tice photons on e atoms. This motivates 
us to investigate the spin dynamics in 
the intermediate 3D confinement re-
gime (ii) as potential operating condi-
tions for future 3D lattice clocks. The 
dark times in this study (T < 16 s) are 
short compared to both the 1S0 lattice 
lifetime and vacuum life time (51).

During the Ramsey interrogation time, 
the atoms interact via the Fermi- Hubbard 
model presented in Fig. 1B (52). For our 
fermionic atoms, Fermi statistics for-
bids two spin- aligned atoms from popu-
lating the same lattice site within the 
ground band. Thus, in the dense limit 
with one atom per site, only atoms in 
opposite electronic states can tunnel 
along the vertical direction z with rate 
tz ∕h and interact with on- site interac-
tion U =

4πℏ2

m
aeg− ∫ |W (r)|4d3

r. These in-
teractions are determined by the s- wave 
scattering length aeg− = 69.1(0.9)aB be-
tween antisymmetric electronic states 
(16, 21), and the 3D, single- particle Wannier 
function W (r) is determined by the lat-
tice confinement. Along the vertical di-
rection, the atoms also experience both 
the linear gravitational potential and 
the confinement from the Gaussian 
transverse lattice beams, leading to an 
energy offset ΔEj between adjacent ver-
tical lattice planes indexed by j (53). The 
clock laser is also launched along the 

Fig. 1. Experimental setup and interaction model. (A) Ultracold fermions are confined in the ground band of a 3D 
optical lattice with tunable confinement. Lattice depths can be independently varied by changing the optical power of 
retro- reflected beams in the transverse direction V⊥ or vertical direction Vz. In situ imaging allows spatially resolved 
interactions and dephasing by imaging spectroscopy (48). (B) Dynamics are described by the Fermi- Hubbard model with 
tunneling tz, interaction energy U, and a site- to- site energy shift ΔEj from the lattice Gaussian confinement. Atoms along 
the z axis on sites indexed j − 1, j are initialized in a superposition state of the ground state �g = 1S0 ⟩ and the metastable 
electronic state (“clock” state) �e = 3P0 ⟩, with spin- orbit coupling arising from the phase advancement φ of the clock 
laser between lattice sites. Dephasing of the coherence is proportional to an effective superex-
change rate: 4t2

z
U∕

(
U2−ΔE2

j

)
.
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vertical direction, setting a spin rotation axis that advances by a 
phase of φ = 2πa∕λclk ≈ 7π∕6 between neighboring vertical lattice 
planes, thus inducing SOC (17, 22) as depicted in Fig. 1B. This SOC 
phase is crucial in facilitating the generation of distinguishable spin 
states that enable tunneling and with it a path for on- site interaction 
U and superexchange.

Superexchange interactions
The superexchange oscillations, observed in the 3D confinement re-
gime of our experiment with Vz < V⊥ [regime (ii) in Fig. 2C], can be 
understood from a simple double- well model describing two atoms (spin 
s = 1∕2) on two adjacent lattice sites j = 0,1 along the z lattice direction. The 
Ramsey spectroscopy protocol initializes the atoms in a superposition 
state �ψinit ⟩ = 

�
�g0⟩+ �e0⟩

�
∕
√
2 ⊗ 

�
e−iφ∕2�g1⟩+e+iφ∕2�e1⟩

�
∕
√
2. Crucially, 

owing to the differential laser phase φ, aside from a global phase this 
initial state is an admixture of the spin triplet and singlet states, with 
�ψinit⟩∼ e−iφ∕2�g, g⟩+eiφ∕2�e, e⟩+cos(φ∕2)(�g, e⟩+ �e, g⟩)+ isin(φ∕2)(�g, e⟩− �e, g⟩) . 
At half-filling and in the strongly interacting limit U ≫ tz, superex-
change interactions arising between neighboring spins, JSỄs0 ⋅ ̂̃s1, in-
troduce an energy shift for the singlet state, which translates to a phase 
difference JSET compared to the triplet states during the coherent evolu-
tion time T. Here ̂s̃j =

(
̂̃s
X

j
, ̂̃s

Y

j
, ̂̃s

Z

j

)
, with ̂s̃ �

j
 referring to spin-1/2 matrices 

describing atoms on sites j in the lab frame.
More formally, we rotate into a “spiral” frame where the initial state 

is uniform (all atoms in the same superposition state ) and the 
site- dependent laser phase φ is absorbed into the spin operators across 

the lattice, ̂s±
j
= ̂̃s

±

j
e±ijφ, ̂sZ

j
= ̂̃s

Z

j
. Thus, we obtain a superexchange spin 

Hamiltonian in the spiral frame

The superexchange interaction strength is JSE(j) = 4t2
z
U ∕

(
U2−ΔE2

j

)
, 

which is inhomogeneous owing to the local potential difference be-
tween adjacent sites ΔEj, including gravity and the lattice Gaussian 
confinement. Furthermore, the spiral phase makes this spin Hamiltonian 
go beyond conventional superexchange interactions in optical lattices, 
as it exhibits exchange- symmetric XXZ- style anisotropy and an anti-
symmetric spin exchange term (51). Observables such as atomic coher-
ence reveal collective quantum dynamics on timescales of the averaged 
JSE over the ensemble, which is tuned by controlling the inhomogene-
ity and the lattice depth.

In Fig. 3, A and B, we show the contrast decay as a function of dark 
time for V⊥ > Vz, finding a clear oscillatory feature on timescales of 
the superexchange rate JSE. For these measurements, Vz is fixed to 
17.4ER at which tz ≈ h × 14.2 Hz, where ER = h2 ∕8ma2 ≈ h × 3.5 kHz 
is the lattice photon recoil energy. JSE is tuned by varying V⊥ between 
19.7 and 67.4ER, thus varying U ∕h from 1.2 to 2.3 kHz. In the V⊥ ≫ Vz 
regime, the system is composed of isolated vertical tubes along z as 
shown in Fig. 2C . We assume that all atoms within each tube are 
pinned in place even for non- unity filling, because the local potential 
difference is much stronger than tunneling (ΔEj ≫ tz). We further 

ĤSE =
∑

j

JSE(j)
[
1

2

(
eiφŝ

+

j
ŝ
−

j+1
+H. c.

)
+ ŝ

Z

j
ŝ
Z

j+1

]
 (1)

Fig. 2. Coherence time measurement. (A) Ramsey spectroscopy is used to study the coherence time. An XY8 pulse sequence is used to mitigate single- particle dephasing. The 
dephasing and rephasing of individual spins are depicted on the Bloch sphere during the echo sequence. For the final π/2 pulse, two choices of the randomized phase φ1,2 are 
shown (light and dark purple) to illustrate the spread of resulting excitation fractions in individual realizations. (B) To determine the coherence time T2, the contrast decay is fit 
to a stretched exponential C

(
T
)
= C0e

−(T∕T2)
α

 as a function of dark time T. Insets: The contrast is determined by parametric plots of excitation fractions in regions P1 and P2 of 
the ensemble as depicted in Fig. 1. Error bars are 1σ (standard deviation) obtained from jackknifing. (C) The quality factor Q = πC0T2ν, where ν ≈ 429 THz, is plotted over a wide 
range of transverse and vertical confinement, where ER = h2 ∕8ma2 ≈ h × 3.5 kHz is the lattice photon recoil energy. Two candidate regimes are identified to investigate further: 
the weak or zero transverse confinement regime (i), where the longest optical lattice clock T2 times have been reported (1); and regime (ii), where fast initial contrast decay is 
observed owing to superexchange interactions. The deep 3D lattice regime (iii) was studied on this platform in (22), where the coherence time is limited by Raman scattering of 
lattice photons.
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assume that every uninterrupted chain of neighboring atoms within a 
given tube undergoes evolution under the superexchange Hamiltonian 
ĤSE. Their evolution is independent of other chains, and the contrast 
is an average over all chains. The curves in Fig. 3, A and B, show nu-
merical predictions averaging over the full 3D system using calibrated 
experimental parameters and an optimized temperature, and include 
the overall slow decay in contrast reported in Fig. 2C, which find good 
agreement with the measurements. The extracted temperatures in the 
lattice indicate that our experiments operate at a central filling frac-
tion of ≈0.5 ground-band atoms per lattice site.

To extract the superexchange rates, we vary V⊥ and fit the experi-
mentally measured contrast decay to the function CSE(T ) = Ae−T∕T2 + 
Bcos(2πfT )e−T∕Tosc + D. In Fig. 3C, the measured oscillation frequen-
cies f are first compared to results derived from the same full many- 
body Hamiltonian used to generate the theory curves in Fig. 3, A and 
B (empty red squares). Here, the oscillation frequencies are extracted 
in the same way as for the measurement data. Additionally, we are 

also using a simplified theoretical model that averages over contribu-
tions of two- site pairs (blue line), which is ex pected to be valid for 
low- to- intermediate filling fractions, where long chains are unlikely. 
This calculation includes higher- order interaction effects such as 
bond- charge corrections to the tunneling rate tz (51). The agreement 
with both theoretical models is excellent for intermediate V⊥ between 
22.5 and 45 ER. For the deepest V⊥, the experimentally measured rate 
appears to be higher frequency. Numerical calculations suggest this 
could arise from additional interaction inhomogeneity or light- 
scattering effects (54) that favor higher- frequency contributions. At shal-
low V⊥ < 20ER, where V⊥ ≈ Vz, our theoretical approximation of isolated 
vertical tubes breaks down and in- plane interactions become relevant. 
In Fig. 3D, the dark times of the contrast decay data are rescaled by the 
calculated superexchange rate from the two- site model (blue line in 
Fig. 3C). The rescaled data collapse to a single curve, reflecting the 
underlying superexchange dynamics in all measurements. This is also 
in agreement with a more general theoretical model that attempts to 

capture the effects of finite temperature 
and trap inhomogeneity without explic-
itly invoking experimental details. 
Instead, the superexchange couplings 
and chain lengths are randomly sampled 
from probability distributions that aim 
to capture the experimental parameters 
and inhomogeneity (51). We do not ex-
pect perfect rescaling owing to varying 
JSE(j) inhomogeneity caused by a change 
in lattice curvature as a function of V⊥.

Controlling 
superexchange interactions
To study the properties of the interac-
tions further, we vary the lattice filling 
and the energy offsets ΔEj of the local 
lattice tilt in Fig. 4. First, the fraction of 
atoms participating in superexchange is 
reduced by imprinting holes in the lat-
tice. Beginning with maximum filling, 
before Ramsey spectroscopy, a variable 
clock laser pulse area is used to shelve 
atoms in e with spatially uniform prob-
ability, and subsequently the remaining 
g atoms are removed with resonant light 
at 461 nm (Fig. 4A). The ensuing contrast 
decay as a function of the total atom 
number N is plotted in Fig. 4B . The os-
cillation amplitude, reflecting the fraction 
of atoms participating in superexchange, 
is strongly decreased as N is reduced 
owing to the increasing number of holes. 
Because of the reduced filling fraction 
at the wings of the atom cloud, this ef-
fect is also observed when choosing the 
region of interest to be an annulus and 
increasing its radius compared to P2 [fig. 
S4 in (51)].

As the position of the atoms in the 
combined potential of gravity and the 
lattice confinement is shifted vertically, 
the site- to- site energy shift ΔEj, and con-
sequently the superexchange interac-
tion strength, is strongly modified. We 
precisely move the cloud position at the 
micrometer scale (51). Figure 4D displays 
the resulting oscillations for several values 

BA

C D

Fig. 3. Observing superexchange interactions. Ramsey contrast decay is studied in a 3D lattice at fixed Vz = 17.4 ER and 
thus tz, while V⊥ is varied between ∼70 and 20 ER primarily modifying U. Decay curves at (A) V⊥ = 28.1 ER, and (B) 44.9 ER, 
are plotted. Error bars are 1σ (standard deviation). Red lines are calculated averaging contrast decay in 1D chains 
initialized from a thermal distribution of the 3D cloud with fitted temperatures of 350(14) nK for V⊥ = 28.1 ER and 322(17) 
nK for V⊥ = 44.9 ER (51). The error bands stem from the uncertainty on the temperature and T2. (C) Fitted contrast 
oscillation frequencies (black points) are compared to the fit results obtained from the full simulations as shown in (A) 
and (B) (red empty squares) and calculated superexchange frequency (blue line) including bond- charge corrections to tz, 
which averages the expected oscillations with local ΔEj and U along the imaging direction. Error bars are 1σ (standard 
deviation) uncertainty of the fitted frequency. (D) Contrast curves approximately collapse when dark times are rescaled by 
the calculated oscillation frequency (blue line in Fig. 3C). A simple simulation sampling spin chains with different lengths 
and coupling strengths (gray dashed line) is overlaid.
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of the cloud position z. We compare the oscillation frequency with 
the simplified simulation averaging over two- site pairs in Fig. 4E (red 
line), similar to the blue line shown in Fig. 3C. Averaging the Ramsey 
signal along the z- direction during imaging strongly suppresses 
the effect of locally enhanced JSE(j), where U = ΔEj. The asymmetry 
of the background trap gradient around z = 0 leads to a reduction 
in the oscillation frequency at large z where ΔEj > U . The frequency 
of the simulation shows qualitative agreement with the measured 
oscillation.

Discussion and outlook
Superexchange interactions are identified as an important systematic 
effect that degrades the precision of optical lattice clocks operating 
with high filling at timescales h∕JSE. For clock metrology, we can ei-
ther reduce the magnitude or control the form of the superexchange 
interactions to enhance clock performance. For example, we can in-
crease the lattice constant a sufficiently to reduce the tunneling rate 
to a negligible value (22). Alternatively, a variable lattice spacing can 
be used to make a commensurate with λclk to achieve φ mod 2π = 0. 
Without SOC (φ mod 2π = 0), the isotropic Heisenberg Hamiltonian ∑

j

JSE(j)ŝj ⋅ ŝj+1
 
is recovered, and any coherent spin state becomes an 

eigenstate accumulating only a trivial global phase.
Collective superexchange interactions can also be used to produce 

spin entanglement for quantum enhanced sensing (45). A promising 

parameter regime for implementing this strategy is around region (i) 
identified in Fig. 2C . Although in the 1D limit with V⊥ = 0 we obtain 
the maximal value of the coherence time T2, the amount of usable 
entanglement in this regime is limited (15) owing to the presence of 
strong p- wave loss. However, we observe that the transition from pan-
cakes to “waffles” by introducing a weak transverse corrugation of 
V⊥ ≳ 5ER strongly reduces the atom loss by increasingly localizing the 
atoms in the transverse directions (51). Thanks to the lack of clock- 
induced SOC within each waffle, the in- plane superexchange leads to 
isotropic Heisenberg interactions, which feature energy gaps between 
sectors with different total spin length. Thus, by reducing single- 
particle inhomogeneities via potential shaping or layer selection (55), 
the superexchange interactions investigated in this work can not only 
energetically lock the atoms in collective spins across all horizontal 
planes but also subsequently couple and entangle them through the 
SOC- induced XXZ interaction along the vertical direction.
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Fig. 4. Controlling superexchange interactions. All measurements presented here are performed at trap depths Vz = 17.4 ER and V⊥ = 44.9 ER. (A) The fraction of atoms 
participating in superexchange is modified by reducing the filling fraction by uniformly adding holes. In (i), the initial state is a highly filled sample of ground state atoms. Next, 
atoms are placed in a superposition state with tunable pulse area. Light resonant with |1S0 ⟩ is turned on to imprint holes, with the remaining atoms in | 3P0 ⟩ as shown in (ii).  
(B) The contrast decay as the clock pulse area and thus total atom number N is reduced compared to the initial atom number N0. The solid lines shown in (B) and (D) are fits 
using the model CSE

(
T
)
 provided in the main text. Error bars are 1σ (standard deviation). (C) The superexchange coupling is modified by changing the position of the atoms in 

the lattice potential, which varies the site- to- site energy shift ΔEj. Representative density distributions for the cloud at different positions are given by black solid lines. At the 
positions indicated by vertical red lines, tunneling becomes resonant and strongly enhances the local JSE(j). However, averaged over the whole cloud, this only slightly modifies 
the oscillation frequencies. (D) Oscillations in contrast at different vertical positions z; curves are shifted vertically according to z position. (E) These measured oscillation 
frequencies are compared with a heuristic superexchange simulation (red line) of the Ramsey contrast (51).
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