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Engineering a Hamiltonian system with tunable interactions pro-
vides opportunities to optimize performance for quantum sensing
and explore emerging phenomena of many-body systems. An opti-
cal lattice clock based on partially delocalized Wannier-Stark states
in a gravity-tilted shallow lattice supports superior quantum coher-
ence and adjustable interactions via spin-orbit coupling, thus pre-
senting a powerful spin model realization. The relative strength of
the on-site and off-site interactions can be tuned to achieve a zero
density shift at a ‘magic’ lattice depth. This mechanism, together
with a large number of atoms, enables the demonstration of the most
stable atomic clock while minimizing a key systematic uncertainty
related to atomic density. Interactions can also be maximized by
driving off-site Wannier-Stark transitions, realizing a ferromagnetic
to paramagnetic dynamical phase transition.

The joint advance of quantum metrology and quantum simulation provides exciting
new opportunities to explore the frontiers of measurement science and the emergence of
many-body complexity. An outstanding example has been the development of optical
lattice clocks (OLCs) where excellent quantum coherence and exquisite quantum control
of many atoms have enabled rapid advances in metrological capabilities (1-6), culminat-
ing in the recent demonstration of clock measurement precision at 7 x 107! and near
minute-long atomic coherence (7). To achieve this level of performance, we use a shallow,
vertically aligned optical lattice. The acceleration due to local gravity lifts the degener-
acy of neighboring sites, supporting partially delocalized Wannier-Stark eigenstates. This
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trapping scheme, first suggested in 2005 (8), allows us to operate the clock at substan-
tially smaller lattice depths, greatly suppressing detrimental motional, light scattering,
and atomic density induced decoherence.

The use of tilted optical lattices to manipulate motional degrees of freedom in ultra-
cold gases has been widely reported. They have been used to suppress direct tunneling
but not spin transport and realize new types of spin Hamiltonians (9-11), generate spin-
orbit coupling via laser-assisted tunneling (12-15), emulate magnetic models in spinless
bosons (16, 17), probe non-ergodicity due to kinetic constraints (18) and subdiffusive
transport (19) in Fermi-Hubbard chains and many-body localization in trapped ions ( 20),
as well as measure gravity in Raman interferometers (21, 22). In this work, we demon-
strate how a tilted optical lattice combined with pristine quantum coherence and exquisite
spectral resolution offer new capabilities to engineer, drive, and understand many-body
systems.

As we continue to push the OLC to new levels of precision, a key remaining issue for
clock accuracy is related to frequency shifts associated with atomic interactions. Quantum
statistics dictates that identical fermions experience only odd partial wave interactions
that are suppressed at ultralow temperatures (23-28). Yet, even the weak elastic and
inelastic p-wave collisions were found to significantly affect clock operation and limit the
number of interrogated atoms at deep lattice depths. As atoms delocalize along neigh-
boring sites in the shallow lattice, p-wave collisions are reduced but s-wave interactions
can emerge from the spin-orbit coupling (SOC) generated by the differential clock laser
phase (29-31). The superior quantum coherence obtained in our gravity-tilted optical lat-
tice clock stems from better control over motional and internal degrees of freedom (7), al-
lowing the engineering of s- and p-wave interactions in driven spin-orbit coupled fermionic
atoms. By operating at the ‘magic’ lattice depth where s-wave interactions precisely can-
cel residual p-wave interactions, we reduce atomic-interaction induced shifts in our 1D
lattice clock to a fractional frequency shift of 5.0(1.7) x 1072! per atom at a single site.

We further explore the tunability of atomic interactions by driving a site-changing
Wannier-Stark transition. This leads to an atomic superposition that not only carries
a distinct internal label but also features different motional orbitals. As a consequence,
s-wave interactions are significantly enhanced. This gives rise to a many-body dynamical
phase transition between dynamical ferromagnetic and paramagnetic states controlled by
the interplay between the clock drive and atomic interactions. Although similar dynamical
phase transitions have been observed in trapped ions (32), superconducting qubits (33),
and atoms in cavities (34) and optical traps (35), here we use in situ imaging to locally
resolve the emergence of a non-linear excitation lineshape as a function of atom number.

System in Consideration Several hundred thousand nuclear-spin-polarized fermionic
87Sr atoms are cooled via standard techniques and loaded into a vertical one-dimensional
optical lattice that defines the Z axis (7). We load the lattice at a depth of 300 lattice
photon recoil energies (E.) at 800 nK. We employ sideband cooling to prepare the
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Figure 1: The Wannier-Stark Clock. (A) We trap 3"Sr atoms in a 1D optical lat-
tice along the Z direction aligned with local gravitational acceleration g. This type of
external confinement realizes Wannier-Stark states, eigenstates of the joint lattice plus
gravitational potential. The n'™ Wannier state W,(Z) is centered at lattice site n and
has energy Mgazn, where M is the mass of 3'Sr and a;, = A7 /2 is the lattice spacing
with lattice wavelength A\;. The Wannier-Stark ladder creates a set of transitions from
the ground (|g) = |'Sy, mp = £5/2)) to clock (|e) = [Py, mpr = £3/2)) state at differ-
ent lattice sites accessible by the differential clock laser phase between them. The black
line indicates a carrier |g; W,,) — |e; W,,) transition. At shallow lattice depths, a set of
off-site transitions |g; W,,) — |e; W,4) for integer [ are indicated by blue and red lines.
(B) At shallow lattice depths, the atomic wavefunction becomes delocalized, allowing
lg; W) — |e; W,4) transition for a range of [ to be addressed. Here we show Rabi scans
of these transitions at four different lattice depths, given in lattice photon recoil energy
(Erec). For each lattice depth, the pulse area was adjusted for a 7 pulse on the carrier
transition. (C) The wavefunction Wy(Z) for the four corresponding lattice depths, illus-
trating the tunable delocalization due to the interplay between lattice and gravitational
potential.



sample in the lowest motional band along the Z axis. Perpendicular to the lattice axis,
the atoms are weakly confined and thermally populate the resultant radial modes. We
then adiabatically reduce the lattice depth to a much lower operational depth with a
correspondingly reduced radial temperature measured with Doppler spectroscopy (see
SOM).

The gravitational potential with local acceleration g adds a linear energy gradient
across the lattice, with the combined single-particle Hamiltonian supporting Wannier-
Stark (WS) eigenstates. The WS state W, (Z) is centered at lattice site n and has
eigenenergy Mgayn, where M is the mass of 8"Sr and aj, = \;,/2 is the lattice site spac-
ing (Fig. 1A). Here, we use the strontium ‘magic’ wavelength A\, = 813 nm, guaranteeing
identical confinement for both clock states.

The clock laser A\, = 698 nm, aligned along the lattice, drives the ultranarrow |*Sy, mp =
+5/2) — [Py, mpr = +3/2) (|g) — |e)) clock transition, where mp is the nuclear Zeeman
level. This o-polarized transition is the least magnetically sensitive clock transition in
87Sr. Because the clock laser wavelength differs from the lattice spacing, adjacent lattice
sites see a different clock phase ¢ = wA/A. &~ 7w /6. This phase difference generates
SOC when the lattice depth is sufficiently low for atoms to tunnel during the course of
the experiment. Thus, when tuned to appropriate frequencies, the clock laser effectively
couples Wannier-Stark states between different lattice sites, i.e. |g; W,) — |e; W),
for a range of integer [. The corresponding Rabi frequency §2; set by the wavefunction
overlap is ,

A 4
) o exp (_W\L/vo) Ji (ﬁ sin(gp/Q)) . (1)
Here, J; is a Bessel function, Jy is the nearest neighbor tunneling energy of the ground
band, and V; is the lattice depth in E,...

We utilize Rabi spectroscopy in a dilute ensemble to demonstrate the partially delocal-
ized nature of the single-particle wavefunctions in shallow, tilted lattices of four different
values of Vj, shown in Fig. 1B. The corresponding WS wavefunctions Wy(Z) are shown
in Fig. 1C. For each Vj, we optimize the transition probability on the carrier transition,
lg; Wo) — |e; W,). For Vo = 12 E,.., the atoms are still well localized, and thus the
lg; Wo) — |e; Wyaq) transition amplitudes are significantly suppressed in comparison
to the carrier. As V4 is reduced, we resolve a set of Rabi lines spectrally separated by
Mgay,/h = 867 Hz, where h is Planck’s constant. At 4 F,.., the Rabi frequency for the
carrier and |g; W,) — |e; W,41) transitions are roughly equivalent. At 3 E,.., the carrier
and |g; W,) — |e; W,4o) have similar Rabi frequencies, while the |g; W,) — |e; Wyt1)
transition has the greatest Rabi frequency and is thus overdriven. At low atomic density,
we observe coherence times well past 10 s on |g; W,,) — |e; Wy41) (see SOM).

Theoretical Model Under our operating conditions, where the collisional rate for mo-
tional relaxation is smaller than the internal spin dynamics and trap frequencies, atoms
remain effectively frozen in single-particle eigenstates during clock interrogation. Since

4



all atoms are initially prepared in a single internal state, Fermi statistics forbids double
occupancy of motional states. Under these conditions, the quantum dynamics can be
described with a spin Hamiltonian in energy space spanned by the appropriate single-
particle trap eigenmodes (27, 28, 35-37). We identify a two level system for an atom in
mode n as | Tn) = |e;nx,ny, W,,) and | |,) = |g; nx, ny, W,,). Here, nx and ny label the
radial harmonic oscillator modes.

Two dominant types of interatomic interactions determine the coupling constants in
the spin model: local interactions between atoms within a single lattice site and nearest-
neighbour interactions between atoms in adjacent sites. Next to nearest-neighbour in-
teractions are typically small for the operating conditions in our system and are ne-
glected. The couplings between radial harmonic oscillator modes are highly collective
as shown in prior experiments (27, 28, 36). Therefore, to an excellent approximation,
we define collective spin operators at each lattice site after summing over occupied har-

monic oscillator modes, S¥¥* = 3" Sy¥#. The dynamics of the collective spin vector
nx,ny —n

(S,) = {(57),(SY), (S2)} is described by the following mean-field equation of motion
written in a gauge frame where the laser drive is homogeneous (see SOM):

d Lo
S(80) = B x (S,). 2)

The synthetic magnetic field B+ contains contributions of the laser drive with detuning
0 from the bare transition and the self-generated interactions terms:

Bt = {Q,0, -5 + 2(x0 + x1)(S*) + CoNioc }- (3)

Here (S%) = ST S (S2,,.) is the average magnetization over a region of 2L + 1 ~
15 lattice sites (corresponding to 1 camera pixel or 6 pum in our imaging spectroscopy)
centered around n. Ny, is the number of atoms per lattice site averaged over the same
region. The couplings, xo = 7o(Vee + Vgg — 2Vey)/2,Co = no(Vee — Vgy)/2, and x1 =
—1Uey(1—cos ), respectively describe thermally averaged p-wave and s-wave interaction
parameters between internal clock states, as well as on the on-site (79) and nearest-
neighbour (71) overlap matrix elements along the lattice. In the absence of SOC, ¢ = 0,
the s-wave interactions vanish.

Without interactions, the collective spin features a characteristic Rabi lineshape profile
when driven during a pulse area QT = 7 with excitation fraction n4(t) = (S*(t))/Noe +
1/2, symmetric and centered around 6 = 0. With interactions the time evolution takes
place in the presence of an additional self-generated axial magnetic field-like term that
induces a non-linear response, resulting in an asymmetric lineshape. A simple estimation
of the density shift can be obtained by setting it to be the value of § at which B = 0:

Ayaﬁﬁ = AVS—)& + Ayfy—w? (4)

2 AVE 5 & 2X0Sa-5 + Co, 2mAV, 5 R 2X150 5 (5)



Here, Av?, 5 are the s-wave and p-wave contributions to the density shift, o and j indicate
initial and final states, |g) or |e). ¢z 4 is a fitting parameter that accounts for the time
evolution of ($7)/N. during the Rabi dynamics, which depends on the details of the
Rabi drive such as the pulse area, excitation fraction, and initial conditions used in the
experiment (see SOM).
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Figure 2: Engineering Interactions. (A) By varying the lattice depth during clock
spectroscopy, we modify the ratio of off-site s-wave to on-site p-wave collisional shifts,
Av; 4 JAVP _,5» where a and f indicate clock states. Atoms are trapped in an optical
lattice with wavelength A\;, and probed by clock light with wavelength A\¢. Each antinode
of the lattice light traps a number of atoms which interact via p-wave collisions. The 698
nm clock wavelength is incommensurate with the lattice spacing, so atoms in neighboring
lattice sites see different clock phases, ¢ = wA;/A\¢ = 77 /6, allowing s-wave interactions
at low lattice depths. (B) The fractional frequency density shift Av,_,./v over a range of
lattice depths. Red points and error bars indicate experimental data and corresponding
uncertainty in density shift and lattice depth. The theoretical density shift is shown as
a solid blue line with the shaded blue region accounting for uncertainties in the s-wave
scattering length and p-wave scattering volumes (36, 38), as well as 10 nK temperature
uncertainty (details in SOM). (C) The density shift Av._,,/v over a range of lattice
depths.
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Figure 3: Density Shift Cancellation. (A) At roughly 12 E,.., the contributions from
p-wave and s-wave interactions balance, allowing clock operation with a density shift
many orders lower than previous regimes. The heat map and contours show the calculated
the fractional frequency shift coefficient Av,_,./v for a range of radial temperatures T,
and lattice depths in our system. (B) Over a 10 hour measurement, we report a mean
coefficient Av, /v = 5.0(1.7) x 1072, For each set of four lock points, we extract a
density shift coefficient, shown with corresponding uncertainty in blue. The weighted
mean over the duration of the run is in gold. (C) Allan deviation of the density shift
coefficient (purple dots) with corresponding uncertainty reported in error bars. The green
line is an instability fit with slope 1.3 x 107 /\/7 for averaging time 7.



Density shifts in the carrier transition To measure the effect of collisional shifts on
the clock transition, we perform extended measurements using a ‘clock lock’ to track the
drift of the laser. Each clock lock consists of a set of four lock points, a standard interleaved
sequence probing opposite sign mp states to reject first order Zeeman shifts. As reported
in (7), we employ in situ imaging to construct a microscopic frequency map throughout
the extended sample, fitting a linear slope to the relationship between frequency and
number of atoms per site at each lock point. We define a linear density shift coefficient
Av,_,p/v such that the total fractional frequency shift is the product of this coefficient
and Ny, calibrated using quantum projection noise techniques. The reported values of
Av,_,p/v are the weighted mean of Av,_,3/v at every lock point during an extended clock
lock measurement campaign. The statistical uncertainty is given by the Allan deviation
fit at 1/6 total measuring time.

In Fig. 2 we plot the measured coefficients over a range of V; for both the |g) — |e)
and |e) — |g) transition. We typically utilize a 3.2 s m pulse duration. To account for
increased delocalization and reduced Rabi frequencies at the shallowest depths we utilize
longer pulses. The effect of s-wave collisions at low lattice depths is readily apparent, with
a dramatic increase in density shift over many orders in magnitude between 12 E,... and
5 F,e., consistent with the growth of the off-site matrix element 7, as V{ is reduced. For
the |g) — |e) transition presented in Fig. 2B, the s-wave frequency shift has an opposite
sign compared to that of the p-wave. At the magic lattice depth, the s-wave and p-wave
shifts have the same magnitude, resulting in a nearly perfect cancellation for a vanishingly
small collisional frequency shift. In the |e) — |g) case presented in Fig. 2C, the s-wave
frequency shift has the same sign as that of the p-wave, and thus the density shift remains
negative over all lattice depths. This behavior is well described by the mean-field solution
from Eq. (2), represented by the solid blue lines in Fig. 2B and Fig. 2C. The disagreement
at a large Vj of 32 F.., as shown in Fig. 2C, likely arises from increased light scattering
not included in our theoretical model.

In Fig. 3A, we model the fractional frequency shift over a range of experimentally
relevant lattice depths and radial temperatures near this magic point. The density shift is
sensitive to ensemble temperature, lattice depth, and excitation fraction. Experimentally,
the lattice depth is maintained through a precise and large bandwidth lattice intensity
servo, and our clock lock tracks the laser drift to ensure a similar excitation fraction
throughout the measurement duration. The atomic temperature is less precisely con-
trolled, with small drifts in the cooling laser frequency and stray magnetic fields con-
tributing to reduced cooling reproducibility and observed 10 nK variation. To evaluate
the robustness of operating at the magic lattice depth, we demonstrate a 10 hour clock
lock using a 3.2 s Rabi probe near the magic depth and report a 5.0(1.7) x 1072! fractional
frequency shift per atom, as shown in Fig. 3B. There is no apparent long term trend in
the density shift, and the coefficient seems to reach a flicker beyond ~1000 s, as shown
by the Allan deviation in Fig. 3C.

The data presented in Fig. 3 was collected in a relatively high atom number configu-



ration. For comparison, the synchronous measurement presented in (7) with single clock
instability of 3.1 x 10~ at 1 s utilized 0.5 mm length samples with an average of 38 atoms
per site. Operating in the density shift regime near the magic lattice depth presented here,
the average density shift magnitude would be approximately 1.9(0.6) x 1077,
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Figure 4: Dynamical Phase Transition. (A) An image of lattice trapped atoms,
indicating a spatial extent over a millimeter in length. Within a single image we can
study lattice site density regimes ranging over two orders of magnitude, shown here as
camera counts. (B) Addressing the |g; W,,) — |e; W,41) transition, s-wave interactions
effectively become on-site, leading to a strong collisional shift. (C) The excitation fraction
as a function of detuning and atom number on the |g; W,,) — |e; W,,41) transition at
22 FE,e.. Above ~ 63 atoms per site, denoted by the dashed black line, the system
features a dynamical phase transition between ferromagnetic and paramagnetic phases
when varying the laser detuning and atomic density. The phase boundary is denoted by
a solid black line from theoretical calculations and green points from the experimental
data. The normalized asymmetry of the lineshape Apg is indicated by the shade of
these points. Arrows on the right and top axis indicate data plotted in D and E at
constant atom number and detuning. (D) Excitation fraction as a function of detuning
at different atom numbers demonstrates the significant distortion and asymmetry that
arises in the strongly interacting regime. (E) Excitation fraction as a function of atom
number in the ferromagnetic phase (—0.72 Hz), across the phase transition (0 Hz), and
in the paramagnetic phase (0.72 Hz).



Dynamical Phase Transition By addressing a transition to a different WS state, we
further modify the atomic interactions. We can still define an interaction spin model by
identifying the states | 1,) = |e;nx, ny, Wyy) and | |n) = |g;nx,ny, W,,) as the spin-
1/2 internal levels. In particular, we interrogate the [ = 1 transition. The many-body
dynamics are then described by the same mean field equation of motion, Eq. 2, but with
a different effective magnetic field (see SOM):

Bf_:l ~ {Qh 07 _51 + 2X11:1<SZ>}7 (6)

where x{=! = —noU,,/2 and 4, is the detuning of the laser to the [ = 1 transition. Note
that because the wavefunction of the excited state is displaced by one lattice site (see Fig.
4B), the overlap matrix element that characterizes the s-wave interactions is proportional
to ng. Therefore atomic interactions are significantly enhanced in this case and increase
with higher trap depth. Although the SOC phase does not enter directly in y}=*, SOC
still plays a key role by allowing the transition to be driven, see Eq. (1). The stronger
interactions modify the spin dynamics more dramatically and give rise to a dynamical
phase transition (DPT) between dynamical ferromagnetic and paramagnetic phases (see
SOM). The DPT appears as a sharp change in behavior of the long-time average excitation
fraction for an initial state prepared with all atoms in |g), 75 = limy_o0 7 fOT n4(t)dt.
In the dynamical ferromagnetic phase, interactions dominate and the system features
small oscillations near a single pole of the Bloch sphere, with 7y ~ 0. In the dynamical
paramagnetic phase, the system exhibits large excursions around the Bloch sphere and ny
dynamically adjusts itself as d; is varied. In the interaction dominant regime, the DPT
generates a second order critical line that distinguishes the two dynamical phases. The
transition evolves into a smooth crossover region in the weakly interacting regime, where
the dynamics are dominated by single-particle Rabi flopping.

Similar to other DPT experiments, instead of direct measurements of 74, the order
parameter is estimated by measuring the excitation fraction at a fixed probe time. We use
a 2.3 s Rabi m pulse with lattice depth Vj = 22 E,.. and radial temperature 7,. = 190 nK.
Within a single image we observe a density range spanning over two orders of magnitude
(Fig. 4A). We spatially resolve the excitation fraction within the sample and construct
the dynamical phase diagram shown in Fig. 4C.

For a given N, we extract the lineshape asymmetry Ay g defined as (ng—ny)/(nr+nr)
from experimental data, and normalize by the maximum value of Ayr. Here, ngp =
fg:iﬁf n(6)dd, ny = f(si"aff ;11(6)dd, where 4, is the detuning for the peak value
of the Rabi lineshape, and f/27 = 1 Hz covers almost the entire frequency range of
the Rabi lineshape. The lineshape asymmetry allows us to characterize the dynamical
phases. For Nj,. < 63, bellow the dashed black line in Fig. 4C, the system is in a
crossover regime featuring a linear density shift and asymmetry Apr that becomes more
pronounced as the atom number increases. Over 63 atoms per site, the lineshape is near
maximally asymmetric, and distinct ferromagnetic and paramagnetic dynamical phases
are identified. The phase boundary is experimentally determined by finding the maximum
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derivative of the lineshape as a function of detuning, plotted as green points in Fig. 4C,
with Ay g indicated by the shade. The points lie very close to the theoretically calculated
phase boundary shown as a solid black line.

The asymmetry in the lineshape becomes apparent by viewing the excitation at a
constant atom number, as in Fig. 4D. At densities well below the crossover boundary,
the lineshape is only slightly distorted from that of an ideal Rabi response. Above the
crossover density, the excitation displays very different behaviors for the two opposite
signs of detuning, and the excitation becomes highly insensitive to changes of detuning
deep in the ferromagnetic phase. The constant detuning profiles presented in Fig. 4E
further illustrate this dynamical phase transition. At 0,/27 = 0 Hz, the laser drive is on
resonance with the non-interacting transition. Above the crossover regime, the ensemble
features both dynamical phases, evolving from a dynamical paramagnet to a dynamical
ferromagnet for Nj,. > 82. At d;/2m = —0.72 Hz the system is in the dynamical ferro-
magnetic phase above the crossover region. However, with §;/27 = 0.72 Hz detuning,
the excitation fraction initially rises with atom number when the system is in the para-
magnetic phase and saturates close to the phase boundary. In both panels D and E the
solid lines are theoretical predictions from the mean field spin model with an additional
dephasing term accounting for mode-changing collisions (see SOM).

Conclusions and Outlook Operating in the Wannier-Stark regime has realized a new
and optimized platform for optical lattice clocks, with record coherence time and clock
precision (7). The work here highlights the use of Hamiltonian engineering and control of
atomic interactions to remove the compromise between increased precision and reduced
systematic uncertainties. Operating with hundreds of thousands of atoms we still limit
the density-related frequency shift well below the current state of the art, and further
reduction in density shift is readily attainable. Importantly, this work utilizes precise
tuning of interactions to explore rich many-body behavior. With selective Wannier-Stark
interrogation and in situ imaging, we efficiently map out a dynamical phase transition
over a range of density of more than two orders of magnitude.

So far we operate in a regime where a mean-field model is sufficient to describe the
many-body dynamics. Driving the system with more sophisticated pulse sequences will
allow us to further explore quantum correlation and beyond mean-field effects. This will
open a path for the generation of spin squeezed states with a net quantum metrological
advantage for state-of-the-art quantum sensors.
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S1 Theoretical Model

S1.1 SU(N) interactions in the Sr optical lattice clock

Fermionic 87Sr atoms have two long-lived electronic orbitals, the 1Sy and 2P, clock states,
as well as a nuclear spin degree of freedom with I = 9/2. We denote the electronic
states as |g) and |e) respectively and the N = 21 + 1 nuclear spin levels as m = —1, —1 +
1,--+, 1. Due to the lack of hyperfine coupling between the nuclear and electronic degrees
of freedom, the scattering parameters that describe two-body interactions are independent
of the nuclear spin states. This property gives rise to an interaction Hamiltonian invariant
under SU(N) rotations (36, 39).

S-wave interactions occur under spatially symmetric collisions. Due to the requirement
for fermionic atoms to feature a fully antisymmetric total wave function, to collide under
the s-wave channel symmetric nuclear spin states require their electronic orbitals to be
antisymmetric. Therefore, the state (|ge) — |eg))/+/2 is the only one that can feature s-
wave interactions, characterized by the s-wave scattering length a, . Similarly, to collide
via s-wave interactions, antisymmetric nuclear spin states require their electronic orbitals
to be symmetric. So there are three possible combination of electronic states |gg), |ee),
(|ge) + |eg))/v/2 that can collide via s-wave. Their interactions are characterized by the
s-wave scattering lengths ay,, a.. and a, , respectively.

Defining the permutationally symmetrlc ( P+) and permutationally antisymmetric
( P-) projector operators, P+ = (T £ Pi)/2 with Py = > |m)(m'| @ [m')2(m],
where m,m’ label nuclear spin levels, the resulting s-wave pseudopotential for SU(N)
interaction takes the following form: V99(R2) o agyP—, VE(R12) o aeeP—, VI(Ry2)
(agy +al,)T/2+ (ag, — af,)P12/2. Thus the s-wave interaction Hamiltonian in the second
quantlzed form,

= 2 2. / R} (R)} (R) U (R) iy (R)
(ms«ém
2”;}““ / R L (R) L (R) e (R) e (R)
(7%%’) (S1)
27rh2a s T ad,) Z/d3R¢ ,(R)¢€m,(R)¢gm(R)
+2ﬂh2 Z / PR}, (R)EL (R) e (R) g (R),

where M is the mass of a Sr atom, 1, (R) and 9., (R) are fermionic annihilation field
operators of nuclear spin m in ground manifold and nuclear spin m’ in excited manifold
respectively.
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For spatially antisymmetric p-wave interactions, antisymmetric nuclear spin states
require their electronic orbitals to be antisymmetric for an antisymmetric total wavefunc-
tion, so the only possible electronic state is (|ge) —|eg))/v/2, which interacts via the p-wave
scattering volume (bgg)?’. Symmetric nuclear spin states require their electronic orbitals
to be symmetric, so the three possible electronic states are |gg), |ee), (lge) + |eg))/V/2,
which interact via the p-wave scattering volumes bgg, b3, and (b*) respectively. The p-
wave pseudopotential for SU(N) interaction takes the following form: V¢9(Rys) o< b3 Py,
Vee(Rag) o b2 Py, ViE9(Rao) o [(03,)° + (b,)°1Z/2 + [(b4,)° — (bz,)?|Pi2/2. This leads to

the p-wave interaction Hamiltonian in the second quantized form,

3 h2b3
Ty / R (V) g = Vb (V)] [ (Vibgm) = (Vg g

2713
37Th b Z/d3R vq/} 77Z)Zm’ - wl <v¢em’)] ' W)em’(vwem> - (V¢em/)¢em]
3mh?( (b,
- [( ) 2 Z / RV )l = Gl (V)] - e (Viigm) = (Ve )ty
37rh2[(b+) -

eg Z/ng V'(ﬁ wlm’ - w;m(vwzm/)] : [wem<vwgm’) - (V¢em)¢gm’]-
(52)

We focus on the least magnetically sensitive clock transition in ®'Sr, |*Sy,mpr =
+5/2) — 2Py, mp = £3/2), denoted by |g) and |€) respectively. In a large magnetic
field, the flip-flop process of nuclear spin states in Eq. (S1) and Eq. (S2) can be ig-
nored, so the interaction Hamiltonian including s-wave and p-wave contributions can be
restricted to these two states, so

2mh(ag, + aly) / ERULR)YI(R)v;(R)ve(R)

int — Vi
37;7:;\;99 PRV = oL (VD] - [Ws(Vi) — (Vig) )
3rh2b3 (S3)
e [ BRIVl — gl (Vel)] - [0V i) — (Tge)yd
Th? bJr b= )3
3mh?[( 2)]\/[ (be ) ] /d3R [(VW)W wg(v¢g)] [We(Vahg) — (Vabe)ibg).

S1.2 Spin model for the carrier transition

As described in the main text, our experimental system is a vertical 1D lattice with magic
wavelength (A; = 813 nm), so the external trapping potential Vo (R) is the same for |g)
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and |é) states. To the leading order, we have
1
Vet (R) &~ Vysin®(kp Z) + MgZ + 5]\/[(,L)12_3()('2 +Y?). (S4)

Here, k;, = 2w /)y is the wavenumber of the lattice that sets the atomic recoil energy
E,cc = R’k%/2M, g is the gravitational acceleration, and wg is the radial trapping fre-
quency. In addition, the clock laser (A, = 698 nm), aligned with the lattice direction,
drives the transitions between |g) and |é) states with bare Rabi frequency €2 and detuning
0. In the rotating frame of the clock laser, the second quantized Hamiltonian take the
following form,

H = HO + Hint + Hlasera (85)
where
Z /dBR QWL [ - —V2 + V;ext( )} ¢a(R)7 (86)
a={g,é}
H,y is given by Eq. (S3), and
Hia ="y R[S0 RIGR) e 5 [ SRR - oy (R)|

(S7)
Here, k. = 2w /). is the wavenumber of the clock laser, and 1, (R) is the annihilation field
operator for a fermionic atom of internal state a.

Our experiment operates in the regime where the collisional rate of relaxation for
motional degrees of freedom is slower than internal spin dynamics and trapping frequencies
(27, 28, 35-37). This condition ensures only internal levels evolve while atoms remain
frozen in their single-particle eigenstates during the dynamics. We first focus on the case
of the carrier transition, where the clock laser couples the following two single particle
states: n, | Tn) = [&nx,ny, Wy) and | ln) = [g;nx,ny, Wy), where n = {nx,ny,n},
with nx,ny denoting the radial harmonic oscillator modes and n the lattice site index of
the center of the Wannier-Stark state |IV,,). We expand the field operator ¢, (R) in terms
of single-particle eigenstates as follows,

Z ¢nx ¢ny ) (Z)CIIT7 Z gbnx ¢TLY ) (Z)CILL? (88)

where ¢pt and ¢, are fermionic annihilation operators for | T,,) and | |,) states respec-
tively. Here, the harmonic oscillator wave function is

1 Mwp\'* _ wn X2 /2 Mw,
e (X) = e () gy, ((JBEx), gs)

where H, (X)) are Hermite polynomials. The wave function for the Wannier-Stark state

’ 2)= % s (7 u(z = man), (510)
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where J,(z) are Bessel functions, Jy ~ (4/\/%)E36/21V03/4 exp|—24/Vo/ Erec| is the ground
band nearest-neighbor tunneling energy, a;, = Ar/2 is the lattice spacing, and w(Z) is the
ground band Wannier function centering at Z = 0.

Under the frozen mode approximation, we treat each atom as a spin-1/2 system
spanned by | 1,) and | |,,) states. Therefore, we define the spin operators,

o1 i
Sp = _(CLTCni + C:ruch)a Sp = __(CLTCM - C:ruch)v
2 2
. (S11)

Sﬁ = é(cLTCnT — CLJ,CIW% N, = CTnTCnT + CINCnJ,,

and rewrite the interaction Hamiltonian,

Cnm
Hi/h= > [ijsn S+ Xom S35 + =5 (SaNm + NuS3) | (512)

(nrm)
where

JIJI_D’I = 77|n*m|(vner%1 - Uref(r]n)/Qa Xnm = mn*m\(vrffn + Vr?gl - 2Vrfr€1)/27

S13
C(nm - n\n—m‘(vrfren - Vrggl)/Q ( )

Here, 7},—m| is a dimensionless overlap integral of Wannier-Stark states defined as

—1/4
- %(El) [azwa @@ (S14)

U8 and V28 are s-wave and p-wave interaction parameters respectively (o, 8 = {g,e}),

fes _ 8mhaas ks ( Vo )1/4
M T or \Bree ) (S15)
6mhb? 5 ko (Vi

af _
nm ~

1/4
M (pnlmx Snymy + Snmmxpnymy) \/ﬂ (Erec> )

where ac, = (af, + ag,)/2, bey = [(03,)° + (05)°1/2, $pm = [ dX [¢n(X)*[6(X)]?, and
Pam = [ AX [(0xPn(X))Pm(X) — 60 (X)(0xPm(X))]?. Note that in V.28 we ignore the p-
wave contributions in the Z direction, because its leading order terms are overlap matrix
elements of gradients of Wannier functions in nearest-neighbor lattice sites based on the
expansion in Eq. (S10). These matrix elements are small for parameters used in the
experiment.

On the carrier transition, Hi,er becomes

1 .
Higser /11 = 5 > (WSg +he) =4 ; Sz, (S16)

n
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where

Qn =0 / dZ e*Z[W,,(Z)]? = Qpe™?. (S17)

Here, ¢ = k.ar, = mAp/A. is the clock laser phase difference between nearest-neighbor
Wannier-Stark states, generating spin-orbit coupling. The Rabi frequency for carrier

transition is ]
Q0 =Q-CT ( ;i 0

sin(gp/2)> : (S18)

where C = [dZe*?[w(Z)]* ~ exp [ — A} /4\2\/Vo/Erec]. The dependence of € on
lattice depth Vj is shown in Fig. S1(A). In the following discussions, it is convenient to
remove the phase dependence on lattice sites in the Hj,s, term by a gauge transformation
Cnt = €™y, Cny = ¢y Under the gauge transformation the spin operators become:

gar,

St = cos(ng) Sy — sin(np)SY,  SY = sin(ng)Ss + cos(ng)SY, (S19)
gfl =57 ]\7n = N,.

Combining the discussions above, the effective Hamiltonian in the gauged frame be-
comes

S - P Com  ~. ~ -
Hih= Y {Jimsn *Sm + XomS9m + Dam(SpSh = SySin) + =5~ (55 Nm + NaS5)
(n¥m)
— 6y Si+he > Sk
- ~ (S20)
where Jo, = cos[(n—m)@] o, Xnm = Xom+ Jam — Jam, a0d Dy, = —sin[(n—m) @] Jo,.
Now we discuss the dependence of interaction parameters Jrfm, Xnm and Dy, on

radial harmonic oscillator modes (nx, ny, my, my) and the distance along lattice direction
(In —ml|). As reported in (27, 35, 36), the overlap integrals are not overly sensitive to the
radial modes in consideration, allowing us to simplify the Hamiltonian dynamics in terms
of collective spin operators at each lattice site, Sp¥* = > = Szyz N, = D nxny Na.
Due to the partial delocalization of the Wannier-Stark states along the lattice direction,
the dominant terms are on-site and nearest-neighbor interactions. Since the characteristic
s-wave interaction strength is much larger than p-wave interaction strength at ultracold

temperatures (~ 100 nK in our case), we include p-wave interaction only for on-site terms.
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All these approximations simplify Eq. (S20) into a large-spin Hamiltonian in a 1D lattice,

H = Hon—sitc + Hoff—sitc + Hlascra
Honsiie/ = "> | J3Su - Su+ X035 + CoNuS5 .

Hot—sio/li =3 [J¢Su - Sust + 1838501 + Di(SiSh - SuSt)), B2

m

Higser/ = 3 [ = 087+ 083,

The interaction parameters for these collective spin operators are calculated by performing
a thermal average over radial harmonic oscillator modes,

JOL = 770(Veg - Ueg)/za Xo = Mo(Vee + Vg — 2‘/39)/2, Co = 10(Vee — ng)/Qa

L o B L ) (S22)
Ji = nerg Cos@, X1 = T]erg(l COS 90)7 Dl - nerg S .

Here, n9 and 7; are dimensionless overlap integrals for on-site and nearest-neighbor inter-
action respectively [defined in Eq. (S14)], and the thermal average for s-wave (U,s) and
p-wave (V,3) interaction strengths are

i _ Smhaas Muwh Ky (Vo 1/4 _6mhbly 1 Mwg\? k(W \M
T M amkgT ox \Bree) T M 7\ h ) Voar\Eree)
23)

The dependence of interaction parameters xo, x1,Co on lattice depth Vj is shown in
Fig. S1B.

S1.3 Density shift of the carrier transition

As described in the main text, we measure the density shift of the carrier transition in
Rabi spectroscopy. Note that the clock transition frequency is obtained by the average
of two frequencies with the same excitation fraction on the positive and negative detuned
side of the m-pulse Rabi spectrum, typically with an excitation fraction near 0.45 (the
maximum excitation fraction is near 0.9). The density shift per atom

o 5left + 5right

A
. 477-]\[100

(S24)
where i, and dyign are the laser detuning from clock transition resonance for the excita-
tion fraction we set on the positive and negative detuned side of the Rabi spectrum, and
Nie = ﬁ qu@:_ 1 Nntm is the averaged atom number per site in a local region centered
around site n. The local region is 2L 4+ 1 ~ 15 lattice sites, corresponding to our 6 pum
imaging resolution.
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To calculate the density shift, we apply a mean-field approximation to Eq. (S21),

Hyp/h=>_S, By, (S25)

where

By = Qo+ J1L<<Sﬁfl> +(Spy1)) + D1<<Sg+1> —(Sy_1)),
BY = Ji((SY_1) + (Sh,1)) — Di({Seq) — (SE_1)), (526)
B; = =0+ 2x0(S;) + CoNn + Ji-((S5_1) + (Si1)) + xa((Si 1) + (Sip))-

Note that we drop the Ji term in Eq. (S21) because this term is a constant for any
collective state at each lattice site.

We further simplify Eq. (S25) by assuming all lattice sites share the same atom number
Nioc in a local region (15 lattice sites). We calculate the spin dynamics in this local region
by assuming translationally invariant conditions (SH¥?) = (S*¥#) to Eq. (S26), where
(S%Y%) = 7 SE_(SP¥2) In this way, we have a homogeneous field on each site,
B,, = B. The mean-field Hamiltonian becomes

Hyp/h=>_S, B*, (S27)

where B+ L (S) is the perpendicular component of B, with
B+ = {Q0,0, -0 4+ 2(x0 + x1){(S?) + CoNigc }- (S28)

Dropping the parallel component of B because it does not contribute to the mean-field
dynamics,
d
dt
Using the mean-field equations above, we simulate the experimental protocol and obtain
theoretical predictions for the density shift. In Rabi spectroscopy, we initialize all the
atoms in the ground state ((S?) = —Ny/2) for g — e case, and all the atoms in the
excited state ((S7Z) = Ni/2) for e — g case.
From Eq. (S28), we obtain a simple expression for the density shift by setting it to be
the value of § at which B} = 0:

(S,) = B+ x (S,). (S29)

AVoop = A 5+ A’/g%ﬂ’ (S30)
2mAV] 5~ 2X0Sans T Co,  2TAV, 5~ 2X164 5

Here, Av.”, ; are the s-wave and p-wave contributions to the density shift, ¢7_, ; is a fitting
parameter that accounts for the time evolution of (S*)/Ny. during the Rabi dynamics,

which depends on the details of the Rabi drive such as the pulse area, excitation fraction,
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and initial conditions used in the experiment, g — e or ¢ — g. Based on our experimental
condition in the carrier transition, we find ¢7 ,, = —0.12 and ¢7 , , = 0.095 [see Fig. S1(C)].
Note that Av? 5 are generated by on-site p-wave interactions, while Av;_, ; are generated
by nearest-neighbor s-wave interaction. This dependence allows us to control the density
shift by adjusting the spatial extension of the Wannier-Stark states, which is tunable by
varying the lattice depth, the key idea to eliminating the density shift presented in the

main text.
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0.8 s ]
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Figure S1: Spin Model Parameters. (A) Rabi frequency for the carrier transition ()
and [ = 1,2,3 Wannier-Stark sidebands (£, 2, 23) as a function of lattice depth. (B)
Spin model parameters for the carrier transition as a function of lattice depth. The radial
temperature at each lattice depth used is the reported experimental value (See Fig. S4.
(C) Theoretical predictions of the fractional frequency shift per atom (orange points for
g — e case, blue points for e — ¢ case) and numerical fits based on Eq. (S30) shown
as black lines. The fitting parameter used are ¢, = —0.12 and ¢, = 0.095. (D)
Wannier-Stark sideband interaction parameter (y}=') compared to the carrier transition
parameter (xo + X1), with the former significantly enhanced compared to the latter. In
this case as well the radial temperature at each lattice depth is the reported experimental
value S2.1.
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S1.4 Spin model for off-site Wannier-Stark transitions

Apart from the carrier transition, we can also drive transitions to other Wannier-Stark
states by using the clock laser to couple two different internal and motional states of
an atom, | Tn) = |&;nx,ny, Wyy) and | ln) = |§;nx,ny, Wy), with | = £1,£2,---
Compared to the carrier transition, the subscript n labels different motional states for
| Tn) and | |n) states in off-site Wannier-Stark transitions. In this case, we expand the
field operator 1, (r) in terms of single-particle eigenstates,

Z (bnx any ) n+l (Z)CDT7 g Z ¢nx (bny ) (Z>Cn¢

(S31)

Similar to the frozen-mode approximation used for the carrier transition, we treat each

atom as a spin-1/2 system spanned by the | T,,) and | |,,) states defined for the specific

Wannier-Stark states coupled by the laser, and rewrite the interaction Hamiltonian in
terms of the corresponding spin operators,

l

2 (53 Nim — NaSia) |

Cnm
Hi /B = Z [J,frflsn S+ x4, 5797 + 5 (SiNm+ NnSZ) +

(n¥m)
(S32)
where
Tah =it (Ve — U,)/2,
Xam = Mn-m| (Vi + Vi) /2 — nﬁi”m\(Vrfﬁl +Unta)/2 =m0 lm|(Veg Unsa)/2, ($33)

Us,)
Com = Mn— m\(vneﬁn - Vri]rgn)/l
Ko = T (Vs + Usia) /2.

Here, njp—m|, U o V"‘ﬂ have the same definition as the ones used for the carrier transition

nm’

[see Eq. (S14) and Eq. (S15)], and the definitions for the extra dimensionless overlap
intergrals are

1, 1
77\(1 lm\ = 2(77\n—m+l\ + 77\n—m—l|>7
; 1
nfwgl 9 (n\n—m+l| - 77|n—m—l|)7 (834)
! o Vo NV
n‘an‘ = \/—2—7T (m) /dZ Wn<Z)Wm(Z)Wn+l(Z)Wm+l(Z)

Note that the Rabi frequency for the Wannier-Stark sidebands experiences the same
spin-orbit coupling phase as the carrier transition. We use the gauge transformation as
in the carrier transition to redefine the spin operators [see Eq. (S19)], and the effective
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Hamiltonian in the gauged frame becomes

Hih= 2 {J;isn S RS 55 + D (5158 — S55) + 255N+ N5
(n¥m)
KL o N i
(SN — anm)} — hdy zn: Sz 4+ hQY zn: S
_ ) (S35)
where JL = cos[(n — m)¢]Jam, Xam = Xam + Jomm — Jamh, Dhm = —sinf(n — m)e]JJok,
0 =9 —IMgar/h, and
4.,
=0 i 2) |.
l Ca ( Vga, sin(ip/ )) (S36)

The dependence of €, (I = 1,2,3) on lattice depth V4 is shown in Fig. S1(A).

In the following discussions, we focus on the [ = 1 Wannier-Stark transition. Following
the same procedure we used for the carrier transition, we can express the Hamiltonian
dynamics in terms of collective spin operators, S*¥%* = SrY¥* N, = Ny.
Recall that for the carrier transition we discusseg in pregf:igﬁlsy s;ctions, on—s%énzs%vave
interactions only gave rise to a constant term (.J3- term) which does not play any role in the
mean-field dynamics. The dominant interaction comes from on-site p-wave interactions
and nearest-neighbor s-wave interactions. However, in the case of the [ = 1 site-changing
Wannier-Stark transition, a ground state atom in |W,,) acquires a non-zero admixture of
the excited state in |W,1). This component can interact with a ground state atom in
|W,11) via s-wave interactions. Since the on-site s-wave interactions play a significant role
in this case, we drop all the interaction terms smaller than such on-site s-wave interactions.
We can also drop the K, term due to the uniform atom population for lattice sites in a
local regime. These approximations lead to the following large-spin Hamiltonian in a 1D
lattice,

Hih=Y [Xl;lsg =615+ 87 (S37)

where
Xllzl = —1noUcq/2. (S38)

In Fig. S1(D), we compare x'=! with its counterpart o + X1 in the carrier transition. It
is clear that the interaction is significantly enhanced due to site-changing Wannier-Stark
transitions.

S1.5 Dynamical phase transition

In the main text we presented theoretical and experimental results on the ferromagnetic
to paramagentic dynamical phase transition (DPT) when we address the [ = 1 Wannier-
Stark transition. Given that Eq. (S37) is a large-spin Hamiltonian, its dynamical phase
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diagram is well captured by a mean-field approximation. Similar to the carrier transition,
we apply the translationally invariant condition (S¥#) = (S*™¥*) in a local regime (15
lattice sites), where (S*¥?) = Lo SE L (S%42). This leads to the following mean-field
Hamiltonian,

Hyp/h=>)_S,-B, (S39)
where
B = {Q,0, =8 + 2x/7'(5%)}. (540)

Writing mean-field equations can be written in terms of normalized expectation value of
collective spin operators on a single site s%%* = 2(S%%*) /Ny,

d _
&SI = —NigoX|~'8%sY + 818,
d _
&Sy = NlochflSZSx — 015" — 5%, (S41)
d
ESZ = ley.

Note that Eq. (S41) takes the same form as the mean-field equations obtained in (34, 35),
which predicted a DPT between ferromagnetic and paramagnetic phases.

In general terms, a DPT is characterized by the existence of a critical point separating
phases with distinct dynamical properties in many-body systems after a sudden quench.
The analog of thermodynamic order parameters is found in long-time average observables,
which have a non-analytic dependence on system parameters. We initialize all the atoms in
the | |) state, the ground state of our model when §; — —oo, and then perform a sudden
quench of the longitudinal field to its final value 6,. The DPT is signaled by a sharp
change in behavior of the long-time average excitation fraction my = (s* + 1)/2, where
s7 = limp_,o % fOT s*(t)dt. In the dynamical ferromagnetic phase, iy ~ 0 persists even
when the final longitudinal field 4, is varied. In the dynamical paramagnetic phase, 7y
dynamically adjusts itself following the change of final longitudinal field 6, [See Fig. S2(C)].

In the following, we analyze the critical points for the DPT in our system based on
the procedure described in (34, 35). Using energy conservation in Hyp for an initial state
with s* = —1, s = s¥ =0,

Nl =1 Nl =1
0CX1 stz _ 5]_SZ _|_ Qle — OCXI

: S, (S42)

as well as the identity,
(5")2 + (s¥)* + (s)* = 1. (S43)

In the large- Ny, limit, we can eliminate s* and s¥, and obtain the following differential
equation for s*,

% <%52>2 +V(s*) =0, (S44)
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where

Noc 1=1\2 Noc 1=1\2 Noc l:l(s
V(SZ):<SZ+1){( 1 ;Cl ) (Sz)S_ |:( 1 ;(1 ) + 1 él 11(82)2

+ |:(5% + Q% - (Nlocxl11>2:|sz + |:5% - Q% + NlocXéZI(sl + (NIOCXZ11)2:|}
2 8 2 2 8 '

(S45)
Our experimental conditions lie in the parameter regime where Ny,.x4™' < 0 with a fixed
positive 2.

We interpret Eq. (S44) as the Hamiltonian of a classical particle with position s*
moving in the effective potential V(s*), which is shown in Fig. S2(A). The condition
V(s*) = 0 determines the physical turnover points of s*. Since V(—1) =0, V'(—1) = —1,
V(1) = 262, this effective potential has at least two real roots in [—1,1]. The dynamics of
s* can be understood as the oscillations between —1 and the nearest turnover point s? [see
Fig. S2(B)]. Suppose we start from a V' (s*) with two real roots, and continuously tune the
parameters of V' (s*) so that two new real roots appear in between. Then a jump of the
nearest turnover point sZ should occur in this process. This abrupt change in behavior is
what sets the dynamical phase transition [see Fig. S2(A,B)].

To count the number of roots in V' (s*), we factor out the known root s* = —1, and
then consider the discriminant A = 18abed — 4b3d + b*c? — 4ac® — 27a%d? of cubic equation
ar® + bx? +cx +d = 0. If A > 0, the cubic equation has three distinct real roots; if
A < 0, the cubic equation has one real root. So A = 0 sets the critical points of the DPT,
presented as the black solid line in Fig. 4(C) of the main text. As shown in Fig. S2(C),
the critical points can be captured by the divergence of the first derivative of ny. Similar

o (34, 35), our experiment measures the excitation fraction at a finite time (after a 7
pulse) instead of the long-time averaged excitation fraction. Although the derivative
does not diverge in experiment, the maximum derivative can still be used to capture
the critical point as shown in Fig. S2(C)]. In Fig. 4(C) of the main text, we construct
the phase boundary of the DPT with the maximum derivative of the experimental Rabi
lineshapes. We find that the many-body decoherence discussed in the next section has
negligible effect on the position of the critical points, nevertheless it obscures the sharp
features at the DPT expected from Eq. (S39).

Moreover, based on the existence of real roots in equation A = 0, we can also dif-
ferentiate the DPT regime (NpeX'™'/Q1 < —8v/3/9) dominated by interactions and the
smooth crossover regime (—8v/3/9 < NioeXi™1 /) < 0) dominated by single-particle Rabi
flopping where no DPT takes place. Based on our experimental condition (22F,.., 190nK
and 2.3s m-pulse), the boundary of these two regimes Npex}™' /% = —8v/3/9 is equiv-
alent to N, = 63.4, indicated by the black dashed line in Fig. 4(C) of the main text.
These two regimes can also be determined by the asymmetry of the long-time averaged
excitation fraction or Rabi lineshape deﬁned as Arr = (ng —ng)/(ng + ng). Here,

np = fé Omaz+f ny(6)dd, np = f§ mee 0)dd, where 9,4, is the detuning at which the
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Figure S2: Dynamical Phase Transition. (A) The effective potential V' (s*) with
NioeXi71 /1 = —5. In the case of §;/; = 2.2, V(s*) has two real roots; In the case
of 6,/ = 1.8, V(s*) has four real roots. The nearest turnover point is labelled by
sz, and the jump of s? indicates the DPT. (B) The mean-field dynamics of our model
with N X™1/Q1 = —5 and 6,/Q; = 2.2,1.8, which shows a sharp change of mean-field
dynamical behavior. The choice of color for the lines is the same as (A). (C) The long-
time average excitation fraction 75 (red line) and the Rabi lineshape after a m-pulse (blue
line) with Ni,x{™1/€; = —5. The critical point (marked by gray line) that separates the
ferromagnetic phase (left) and paramagnetic phase (right) is captured by the maximum
derivative in both of the curves. (D) Asymmetry of the long-time averaged excitation
fraction and Rabi lineshape in (C) with the same choice of color. The gray line separates
the crossover regime (left) and DPT regime (right).
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peak value of ny is reached, and we choose f to cover almost the entire frequency range
of non-vanishing n4. In Fig. S2(D), we compare the Apr obtained from the long-time
averaged excitation fraction and the the one obtained from the Rabi lineshape after a =
pulse. In both cases, the asymmetry Apr becomes more pronounced as the atom number
increases in the crossover regime, while Apr saturates near the maximum value in the
DPT regime. Note that the many-body decoherence discussed in the next section gener-
ally reduces the asymmetry. Nevertheless the saturation behavior observed in the DPT
regime is maintained. For convenience, in Fig. 4(C) of the main text we normalize the
maximum value of A;r obtained from experimental lineshapes to 1.

S2 Additional Experimental Details

S2.1 Sample preparation

We prepare a nuclear spin polarized, cold sample at a high lattice depth of 300 F,.. and
then adiabatically reduce the lattice depth. To ensure the atoms are in the lowest motional
band along the lattice (axial) direction, we utilize standard sideband cooling techniques
and probe the mode filling using sideband spectroscopy, shown in Fig. S3. Without axial
cooling, the red trace, the sample thermally populates many axial modes. Due to the
anharmonicity of the trapping potential, transitions between different oscillator levels are
resolvable as distinct peaks in both the positively detuned blue and negatively detuned
red sidebands. With sideband cooling, the red sideband is entirely eliminated and the
blue sideband shows only a single axial mode, indicating sample preparation in the axial
ground motional state. This purity is confirmed after lattice ramping to the operational
depth.

As in Ref. (40), we fit the sideband spectra to extract a lattice depth. At very low
lattice intensities, this fitting technique is no longer a reliable method to determine the
lattice depth. Instead, we use the transmitted lattice power and depth fits at higher
intensities to calculate the lattice depths at our operational points.

In addition to axial sideband cooling, we use field free Doppler cooling to reduce the
radial temperature. We measure the radial temperature T, of the ensemble before each
density shift measurement. Driving the narrow clock transition with a beam oriented
perpendicular to the lattice direction, we scan the clock laser frequency and measure
the excitation fraction of the sample. This excitation profile is fit with a radial Doppler
absorption profile to extract T,.

Our camera based imaging spectroscopy technique provides a spatial map of the tem-
perature throughout the mm length cloud. We observe temperature variations of up to
10 nK over the entire sample, with the mean temperature presented in Fig. S4. The
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Figure S3: Sideband Spectroscopy. Axial sideband spectroscopy with a radially cooled
sample at 300 E,... We scan the detuning of the clock laser from the carrier transition
using high intensity to probe the axial mode filling. The red trace was measured without
axial sideband cooling. The blue trace was measured after implementing axial sideband
cooling, illustrating near perfect sample preparation in the lowest motional band. The
different axial transitions are apparent in the axial sidebands enlarged in the lower plot.
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Figure S4: Radial Temperature. Radial temperature 7, measured over a range of
operational lattice depths Vj in units of lattice photon recoil energies, F,... The red points
indicate experimental data, and the solid blue lines show the piecewise fit of equation S46.

temperature over the range of operational lattice depths V; is well described by:

T(nK) = {—45.2 +14.1Vy/Eree (Vo < 15E,e0),

546
42 %/Erec (% > 15Erec)- ( )

For Vy > 15 E,.., the trend of T, matches that expected from an adiabatic lowering of
the trap depth. At sufficiently low lattice depths, the non harmonic radial trap behavior
leads to a deviation from adiabatic temperatures. For the lowest values of 7T, approaching
20 nK, our Doppler spectroscopy technique is also reaching its limit of reliability.

S2.2 Coherence time of off-site Wannier-Stark transitions

We utilize a similar method as in Ref. (7) to extract a coherence time on the |g; W,,) —
le; Wyaq) transition. Using a Ramsey sequence with a randomly sampled phase for the
second pulse, we fit the contrast decay between two spatially resolved regions of the sample
as a function of dark time, see Fig. S5.

Due to very strong s-wave interactions on this transition, we observe a significant
dependence on local density. While this dependence merits further study, here we operate
the system in a relatively low density regime compared to our density shift measurements
to determine a near optimal coherence. Fitting a single exponential time decay to the
contrast, we measure an atomic coherence time of 20(1) s. The regions of study are
selected by fitting a Gaussian to the atomic distribution and selecting two regions from
the center to 1.5 times the Gaussian RMS width. Greater coherence time was observed
in regions with lower density. Hence what we report here represents the lower bound of
atomic coherence for the off-site Wannier-Stark drive. There is no reason to expect its
coherence to be less than that of the carrier transition, if one can cleanly separate the
interaction effects.
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Figure S5: Coherence Time. To determine the coherence time of a site-changing
Wannier-Stark transition, we use a Ramsey sequence with a randomly sampled phase
for the second rotation. As in Ref. (7), randomly sampling a phase for a given dark
time traces out an ellipse. We fit the ellipse to extract a contrast measurement, reported
here as purple dots. The contrast decay is fit with a single exponential with decay time
7 =20(1) s.

S2.3 Density shift measurement

As described in the main text, we use extended ‘clock locks’ to measure the spatially
dependent average density shift. For each experimental cycle consisting of four Rabi
probes, we construct a frequency map throughout the sample using in situ imaging, as
shown from an example measurement in Fig. S6. The total number of counts at each pixel
is proportional to the number of atoms (Fig. S6A). The corresponding atom number is
calibrated using the standard quantum projection noise techniques (41). The four laser
frequency lock points probe opposite sign mp transitions. From the mean frequency of
these two transitions, we find the transition frequency at each pixel, as shown in Fig. S6B.
Finally, as illustrated in Fig. S6C, we fit this frequency as a function of atom number with
a linear model, weighting by the atom number to account for quantum projection noise.
The slope of this fit is the density shift coefficient for one experimental cycle. For each
lattice dpeth, the density shift coefficient reported in the main text is the mean of all the
coefficients measured over an extended clock lock sequence, with the uncertainty arising
from an Allan deviation of these coefficients at 1/6 the measurement time.
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Figure S6: Measuring the Density Shift. For each experiment cycle we collect a set
of images that allow us to locally determine the excitation fraction and atom number. To
optimize the signal, we select a region of interest near the peak density as in Ref. (7).
With a four point probing scheme, we measure the average atom number at each pixel
(A) and construct the bare frequency (B). The absolute frequency is arbitrary. (C) The
frequency as a function of atoms per site. The purple points are data and the gold line
is a linear fit, the slope of which is the density shift coefficient for this single four point
measurement, cycle.

S3 Experiment - Theory Comparisons

S3.1 Many-body decoherence in off-site Wannier-Stark transi-
tions

Our theoretical model is based on the frozen-mode approximation, which restricts the
accessible Hilbert space of each atom into a spin-1/2 degree of freedom spanned by the
| Tn) and | ) states. Our spin model is valid in the collisionless regime, breaking down
at long times or at high enough densities where mode relaxation is not negligible. Since
the interaction strength is significantly enhanced when interrogating site-changing WS
transitions, as discussed in previous sections, the mode relaxation rate is expected to be
more significant. We take into account the mode-changing collisions phenomenologically
by adding a density-dependent dephasing term (7,) into our mean-field equations for the
[ = 1 Wannier-Stark sideband [see Eq. (S41)],

d _
&sx = — NipeXiThs7sY + 618Y — 7,57,
d _
3 = Moo 77" = 815" — s — s, (547)
d
ESZ = ley’
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Figure S7: Many-body Decoherence. Rabi lineshapes for the [ = 1 Wannier-Stark
[ = 1 transition and corresponding theoretical fits at different NVy,.. The dephasing rate ~,
is the only fitting parameter, which is shown in the inset using the same color as the Rabi

lineshapes. The linear dependence of v, on atom number per site (7, = 0.35+ 0.009N},.)
confirms that the dephasing effect is generated by mode-changing collisions.
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We use 7, as a fitting parameter and find it has a linear dependence on Ny, as expected
from mode changing decoherence. In Fig. S7, we compare our theoretical predictions
with the Rabi lineshapes observed in experiment at different NVy,., with good agreement
by setting the dephasing rate v, = 0.35 4 0.009Nj,.. Small deviations are observed at the
highest densities approaching 200 atoms per site.

S3.2 Scattering parameters

In Ref. (27, 36), the relation between the p-wave interaction and p-wave scattering length
was missing a factor of 1/2, with the correct coefficient being 37rh2bz5 /2M. Using the past
notation, in Ref. (36) the p-wave scattering lengths were found to be: ng = (—169423)ay,
bee = (—119 + 18)ao. These values can be corrected by solving: b3, — b3, = 2(b2, — b2,)
and (b7,)? — b3, = 2((b%,)> —b2,), which gives b}, = (—215.9£28.2)ag and b, = (—155.8 %
21.1)ag. For p-wave inelastic scattering length .., one can multiply the factor 2'/% to the
value in Ref. (36), which gives .. = (152.5 £ 16.4)ay. Using these corrected values of the
p-wave parameters, combined with the measured s-wave scattering lengths in Ref. (38),
as well as the universal relation between the complex s-wave scattering length A = a — i«
and the complex p-wave scattering volume B3 = b — i3® for a single van der Waals
potential (36, /2), one can finally obtain Table 1 that includes the updated s-wave and
p-wave scattering lengths that are used in this work.

Table 1: 87Sr s-wave and p-wave scattering lengths in Bohr radius (ag)

Channel s-wave p-wave
99 96.2+0.1 | 745403
eg™ 161.3 £2.5 | —215.9 £ 28.2
eg- 69.1+0.9 | —41.3+2.7

ee (elastic) | 176.3+£9.5 | —155.8 +21.1
ee (inelastic) | 17.373* 152.5 4 16.4

S3.3 Corrections in the tunneling rate from Gaussian beam ge-
ometry

In previous sections, we assume a separable confinement potential and tunneling only
along the direction of gravity. However in the experimental system, the Gaussian geometry
of the laser beams inevitably couple the axial and radial wave functions. This coupling
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leads to corrections in the nearest-neighbor tunneling rate which now depends on the
thermal distribution of the radial modes. Notice that the Gaussian beam profile of a 1D
lattice leads to the following trapping potential,

V(X,Y,Z) = Vo — Vycos®(kp Z) exp[-2(X? + Y?) Jw?], (S48)

where k;, = 2/ is the lattice wave number, wy, is the beam waist, and Vy > 0 is the
lattice depth. Expanding the trapping potential to second order of X,Y, we have

1 1
VXY, Z)~ |V, — 5J\mg(x"’ +Y?)| sin®(kpZ) + §Mw;(x2 +Y?), (S49)

where the radial trapping frequency is given by wr = 1/4Vo/Mw?. Based on Eq. (549),
an atomic gas with radial temperature 7T, feels an effective lattice depth given by V, —
kgT,. Although kgT, <« Vj, it may still lead to non-negligible corrections to the nearest-
neighbor tunneling rate, which shows exponential dependence on lattice depth. Note that
in the large-spin Hamiltonian discussed in previous sections, the interaction parameters
are determined by thermal average over radial modes. To take into account the leading
order effects of the thermal distribution, we replace the ground band tunnel coupling by

4
Jo(T,) = —=EY* (Vo — kpT,)** exp { —2

ﬁ rec

This correction leads to ~ 40% increase of nearest-neighbor s-wave interaction strength
near the zero-crossing point.

‘/0 - kBTr:|

o (S50)
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