Article

Realization of adoped quantum
antiferromagnetinaRydbergtweezer array

https://doi.org/10.1038/s41586-025-09377-1

Received: 15 January 2025

Accepted: 9 July 2025

Published online: 20 August 2025

Mu Qiao'"™, Gabriel Emperauger'", Cheng Chen'?*", Lukas Homeier**", Simon Hollerith®",
Guillaume Bornet', Romain Martin', Bastien Gély', Lukas Klein', Daniel Barredo'®,

Sebastian Geier’, Neng-Chun Chiu®, Fabian Grusdt®?, Annabelle Bohrdt®'°, Thierry Lahaye' &
Antoine Browaeys'™

M Check for updates

Doping an antiferromagnetic (AFM) Mott insulator is central to our understanding of
avariety of phenomenain strongly correlated electrons, including high-temperature
superconductors?. To describe the competition between tunnelling t of hole dopants
and AFM spininteractions/, theoretical and numerical studies often focus on the
paradigmatic -/ model® and the direct analogue quantum simulation of this modeliin
the relevant regime of high-particle density has long been sought*’. Here we realize a

doped quantum antiferromagnet with next-nearest-neighbour (NNN) tunnellings ¢
(refs. 6-10) and hard-core bosonic holes" using a Rydberg tweezer platform. We use
coherent dynamics between three Rydberg levels, encoding spins and holes', to
implement a tunable bosonic t-/-Vmodel allowing us to study previously inaccessible
parameter regimes. We observe dynamical phase separation between hole and spin
domains for [¢//| « 1and demonstrate the formation of repulsively bound hole pairsin
avariety of spin backgrounds. The interference between NNN tunnellings ¢’ and
perturbative pair tunnelling gives rise to light and heavy pairs depending on the sign
of t. Using the single-site control allows us to study the dynamics of asingle hole in 2D
square lattice (anti)ferromagnets. The model we implement extends the toolbox of
Rydberg tweezer experiments beyond spin-1/2 models®™ to a larger class of t-/and

spin-1models**®.

The low-energy and out-of-equilibrium properties of materials with
strong electronicinteractions are notoriously difficult to model, both
theoretically and numerically'®”., Although cuprate superconductors
have been discovered almost four decades ago, afull understanding
of the mechanisms underlying unconventional, high-temperature
superconductivity is lacking’®'’. The most intricate regime in the
paradigmatic Fermi-Hubbard or -/ model® arises on doping the
AFM Mottinsulator’, in which the kinetic motion ¢t of holes competes
with the magnetic ordering of spins. Understanding this interplay
between magnetism and charge dynamics at low doping isimportant
to develop phenomenological models of high-temperature super-
conductivity.

The controlled quantum simulation of many-body systems® has
gained notableimportanceintheinvestigation of strongly correlated
materials, and ubiquitous phenomena, such as long-range antiferro-
magnetism in the square® and cubic lattice??, pairing in 1D ladders®
or Nagaoka ferromagnetism in the triangular lattice?**, have been
observed, among others So far, the leading platform for the quantum
simulation of doped quantum magnets has been ultracold fermionic
atoms in optical lattices?®?. In this system, the AFM spin coupling

J=4¢/U originates perturbatively from strong repulsive Hubbard

interactions U > t, thereby restricting the parameter space to ¢t > Jin
the effective -/ model.

Although this is the most relevant regime for strongly correlated
electrons, it prevents examination of many of the other theoretically
predicted phases such as phase separation®*?’ or models with bosonic
hole dopants?, in which recent numerical studies have predicted
stripe-ordered™* and paired phases® suggesting acommon mecha-
nism underlying AFM t-/models. Recently, the preparation of negative
temperature states in a Bose-Hubbard model studied the dynamics of a
single holein abosonic antiferromagnet™. Notably, another promising
route to directly realize t-/-V-Wmodels with dipolar AFM interactions,
that s, including more general hole-hole (spin-hole) interactions V
(W), hasrecently beenachievedinitinerant, fermionic polar molecules
in optical lattices** enabling access to a greater parameter space. The
implementation of tunnellings ¢t beyond nearest-neighbour (NN) sites
inopticallattices remains challenging but is desired to test predictions,
such as their importance for superconductivity, which has received
much attention recently®°. To our knowledge, no direct realization of
the -/model has been achieved in the high particle filling regime with
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Fig.1|Implementation of the t-J-VmodelinaRydberg tweezer array.

a, Thethree Rydbergstates|61S,,),|60S,,,) and |60P;),) encode spinup (|1)),
spindown (|V)) and hole (|h)), respectively. The atomic pairinteractions give
rise to tunnellings (¢ < r*) and spin-spin (/,,/,) and hole-hole (V) interactions.
b, Fluorescenceimage of 1D atomic arrays oriented at different angles @ relative
to the quantization axis defined by the magnetic field B. For an experiment
correspondingtoagiven 6, only therelevant chainis filled with atoms. Scale
bar, 10 pm. ¢, Calculated angular dependence of the interaction strengths
normalized to/,, showing the tunability of the different termsinthe t-/-V
Hamiltonian atdistance a=9.9 pm.d,e, Measured angular dependence of

single-site resolution nor has tunnelling beyond nearest neighbours
beenimplemented.

As recently proposed in ref. 12, we encode the hole and spins into
three Rydbergstates of Rb atoms. The dipole-dipole and the van der
Waalsinteractions betweenatomsimplementahard-corebosonic t-/-V
model, with at most one particle per site. The 1/r dipole-dipole interac-
tions yield hole tunnelling < ¢ and the 1/r® van der Waals interactions
realize magnetic spin coupling = /,,/,and hole-hole interactions = V.
Ina1D chain, the tweezers set-up allows us to tune the ratio between
hole tunnelling ¢, spininteraction/, ,and hole-holeinteraction Vover
alarge range by changing the orientation of the chain with respect to
the quantization axis.Ina2D array, the ratio t//can be tuned by varying
the site distance. In both cases, we can access the regimes ¢t </, and
t>/,.In ourimplementation, we study the dynamical properties of
doped 1D and 2D quantum magnets with long-range dipolar tunnelling.

In this model, the interplay between tunnelling t and AFM spin
flip-flop interactions/, introduces a ‘sign problem’, even when the
exchange statistics of holes is bosonic®. At high particle density, this
frustration leads to strong spin-charge correlations’, such as paired
phases®. Although the statistics plays a crucial role for collective
properties, our model explores underlying mechanisms, including
magnetically mediated pairing mechanisms*** or kinetic magnetism®.
Furthermore, the broad tunability of the parameters opens the door
to awide range of exotic phenomena®.

Ourresults are fourfold. First, ina1D chain, using our ability to prepare
initial product states and to tune the ratio of tunnelling strength ¢ to
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interactionstrength and coherent evolution usingisolated atom pairs.

The hole tunnelling ¢t (d) exhibits strong angular variation with vanishing
amplitude at the magicangle 8,,=54.7°, whereas the spin-spininteraction/, (e)
shows weaker angular modulation. Filled (empty) green circlesin the left
panelsindicate positive (negative) interaction amplitudes and black lines
represent theoretically calculated interaction values. Right panels show the |[V)
population of two atoms undergoing coherent state exchange; the colour
indicates theinitial state of each atom. Solid lines show numerical simulations
including thermal atomic motion®.

magnetic spin interaction/, we observe a dynamical phase separation
between holes and spins and examine the properties of repulsively
bound hole pairs. Second, we investigate the interplay between NNN
tunnelling ¢’ and the perturbative pair tunnelling induced by NN tun-
nelling t. Depending on the sign of the hole tunnelling ¢, this leads to
constructive or destructive interference, which allows us to control
the effective mass of the hole pairs, as well as their mobility. Third, we
investigate theinfluence of the spinbackground on the mass and bind-
ing energy of the pair. Last, we perform single-hole experimentsin a
2D array for both a ferromagnetic (FM) and AFM spin background. In
particular, in the FM case, we observe the influence of the dipolar tail
oftheinteractions.

Our experimental set-up relies on1D and 2D arrays of individual ¥Rb
atoms held in optical tweezers with an intersite spacing a. As shown
in Fig. 1a,b, we encode the effective spin-1/2 and the hole in three
Rydberg states: [V) =|60S,,,, m;=1/2),|1) =61S,,,, m;=1/2) and |h) =
|60P;,,, m;=-1/2). Theresonantinteraction between states of different
parity implements dipolar tunnelling with amplitude ¢, < (1 - 3cos?6)
(ref. 38),in which @is the angle between the interatomic vector and the
quantization axis defined by a 46 G magnetic field, either in the plane
of the array (1D case; Fig. 1b,e) or perpendicular to it (2D case) and
o € {1, ¥} highlights a slight spin dependence of the hole tunnelling
(t,/t, = 0.95).Inthefollowing, weset t = (¢, + t,)/2. The spin-spininter-
actions arise from the off-diagonal van der Waals interactions «><r,-j’6
between the pair states |60S, 61S) (ref. 39), giving rise to AFM XY-type
couplings/,; also, the diagonal van der Waals interactions between all
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Fig.2|Dynamical phase separationin thebosonic t-/-Vmodel.a-c, Time
evolution of site-resolved |h) (hole) and [V) (spin down) populations for
varyingratiost//,.a, t/J, =—0.043(5) (measured).b, t//, ~-0.66 (calculated).
¢, t/J, =-1.88 (calculated). Initial states are indicated by coloured dots in the
leftmost column. Insets show population dynamics for selected sites (2nd and
11th), comparing experimental data (points, error bars denote one standard
error) with numerical simulations including experimentimperfections
(solidlines).d, Weighted average of NN four-hole correlations (752) w forthe
initial state |,) = |[* VNV hhRA M M) (see text) as afunction of ¢//, and V//

pairs of Rydberg states leads to Ising spin-spin/,and hole-hole Vinter-
actions. The calculated angular dependencies of all of the interactions
are non-universal and state-dependent*° (Fig. 1c). The atomic pair
interaction can be expressed in the language of abosonic t-/-Vmodel
given by>'
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inwhich we have set i=1and expressed distances r;in units of the
lattice spacing a. The exact mapping contains further boundary terms
andspin-holeinteractions Wthat we find to be numerically negligible
(see Methods and Extended Data Tables1and 2). Although our obser-
vations can be qualitatively described by equation (1), we include all
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calculated fromtheory. Avalue of(ﬁﬁ) =1lindicates binding of all holesinto one
cluster. The grey curve shows experimentally accessible parameters through
variation ofangle 6. e, Evolution of the holeimbalance Z for various doping
densities (one hole, two holes and four holes; seeinset) at ¢//, =—0.19 and
V/J, =1.2 (corresponding to an angle 8 =51.7°). We postselected experimental
data containing hole numbers of1,2 and 4, respectively. Solid (dashed) lines are
comparisons with numerical simulationsincluding (without) experimental
imperfections.

terms in our numerical simulations. H, consists of two parts: H, + H,
describes a hard-core bosonic ¢~/ model and H, represents the hole-
holeinteractionwithinteractionstrengthst¢,/,,/,and VshowninFig.1c.
The t-/ component comprises a tunnelling term for particles and a
magnetic XXZ interaction. The operators d; , and d}h represent
Schwinger bosons that create aspin gand ahole at sitej, respectively.
These operators obey bosonic commutation relations for different
sites, with an extra hard-core constraint za i 60+ aJr n=loneach

site. We denote the hole densnty operator at Sltej by ii n = a d; p- The
spin- 1/20perators fzands 5 +zS at5|tejonlyacton thestatesM)
and|¢>w1th5 3 ja ﬁa ﬁandPaullmatrlcesoy(y X,Y,z). TheHam-
iltonian of equation (1) features a U(1) conservation of hole dopants
Ne=3, if'and conserves the total magnetization $,5, = ¥ ;S -

In this Rydberg encoding scheme, the tunnelling term exhibits
a 1/r* dipolar behaviour, whereas the magnetic spin interaction
decays as 1/r®. The different power-law scaling of the tunnelling and
spin interactions with distance combined with the angular depend-
ence of t allows tuning the ratio ¢//, over a wide range (Fig. 1c). At
the magic angle ;= 54.7°, the tunnelling vanishes (¢ = 0), placing
the systemin the [¢| </, regime; increasing the interatomic distance
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Fig.3|Influence of the NNN tunnelling on the dynamics of hole pairs.

a, Energydiagramillustrating the perturbative tunnelling of bound pairsina
frozen spin background/, = 0,inwhich NN tunnelling contributes t*/(V - J,/4)
(sign-independent) and NNN tunnelling contributes ¢’ = —t/8 (sign-dependent).
b,c, Hole-hole correlations 4"y at different times for: 0 = 49.7° (£ < 0) (b) and
6=59.7°(¢>0) (c).d, Time evolution of the probability of finding abound state
withbondlength #=1for positive (¢t > 0, dark blue) and negative (¢ < 0, light
blue) tunnelling. Insets show the distribution of hole-hole separationsat 7=0

ryleadsto [t] >/, owing to the different spatial decay of these inter-
actions. In our experiment, for a = 9.9 um corresponding to the 1D
chain studied below, AFM XY interactions with numerically cal-
culated strength /, = 21 x 692 kHz coexist with FM Ising interac-
tions/,=-2m x 443 kHz and hole-hole interaction V=21 x 819 kHz
at 0=54.7°. The hole tunnelling amplitude can be tuned between
|t| =21 % (0...1) MHz. We have confirmed experimentally the calculated
values and angular dependencies of /, and ¢, using pairs of atoms
prepared in either a |V h) or a [V 1) configuration and observing the
corresponding resonant exchange dynamics between the two atoms.
The results are summarized in Fig. 1d,e. We discuss the experimen-
tal imperfections in Methods and in ref. 39. For all of the many-body
experiments reported below, the starting point is a product state,
prepared by site-dependent light shifts and microwave rotations
(see Methods).

In a first set of experiments, we demonstrate the tunability of the
platform by investigating, in a 1D chain, the interplay between spin
dynamics and hole propagation in various regimes. To do so, we vary the
angle @ of the tweezer chainwithrespect to the in-plane magneticfield,
thus tuning the ratio of tunnelling amplitude ¢ to spin-spininteraction
J..Weinitialize a12-atom chainin aNéel AFM configuration along z with
four holes positioned at its centre: |J,) = | M ML hhhh LML) (Fig. 2).
For thisinitial state with a high energy density, we expect dynamics of
both holes and spins.

892 | Nature | Vol 644 | 28 August 2025

and T=4 ps. e, Time evolution of the pair displacement (see inset) for both
t>0andt<0.Werestrict the analysis to configurationsin which the holesare
separated by at most twobonds £ < 2. Dots are experimental data, solid lines
represent numerical simulations with experimental error and dashed lines
arethesimulationsintheabsence ofimperfections. Error bars denote one
standard error of the mean. All of the datain Fig. 3 are postselected, retaining
only experiments containing two holes.

Wethensuddenly turn off the light shift, let the system evolve freely
under ’:/r/v and measure the evolution of the state as afunction of time.
Figure 2a-c presents the time evolution of the hole density (ﬁ,-h> and
the spin density (A,")for three angles. Close to the magic angle § = 54.7°
(Fig.2a),inwhich [t//,| <« 1(experimentally, |t| = 2t x 30(10) kHz), we
observe a separation of hole and spin domains. The holes, initially
prepared in the centre, form a static domain that remains separated
from the surrounding spins. This situation exhibits minimal hole dif-
fusion while still featuring coherent spin oscillations. We compare
theresults with numerical simulationsincluding experimentalimper-
fections (see Methods), finding good agreement between the two.
Using this simulation, we extrapolate that the separation of spin and
charge domains survives up to times 7 longer than that achieved
experimentally. When we decrease 6to 45° (¢//, =—0.66, V/J, =1.1;
Fig.2b), we still measure substantial occupation of the holes on their
initial sites, although the domain wall begins to destabilize. Concur-
rently, we observe damped spin oscillations in the region in which
holes partially penetrate. Further reducing 0 to 30° (¢t//, =-1.88,
V/J, =-0.18) greatly alters the behaviour of the holes, as seenin Fig. 2c.
In this strong tunnelling regime, holes rapidly delocalize across the
entire chain and are reflected at the boundary, as highlighted by the
dotted lines in Fig. 2c (guide to the eye). The spin dynamics become
erratic, indicating that magnetic order is suppressed by the motion
of the holes.



To understand the origin of the initial phase separation between
hole-rich and spin-rich regions, we need to consider the interplay
between the processes described by ¢,/,,/,and V. In the limit of small
tunnelling |t//,l « 1and/, = V=0, we expect a trivial binding owing to
the energy cost|/,/4| of breaking a spin bond (we call the bond-breaking
cost thebinding energy). Inthe presence of spin fluctuations/, but no
hole-holeinteraction (V=0), the hole cluster canbe destabilized when
thebinding energy is absorbed by the spin background, especially for
large systemsizes. The observation of a stable phase separation points
towards the stabilizing role of the hole-hole interaction V. To analyse
this, we calculate the eigenstates {|n)} of the chain (equation (12), see
Methods) for various values of V//, and introduce a projector
P4 z Al Aj’ﬂﬁﬁznj+3 that extracts the hole-rich contribution of each
elgenstate lndependent ofthe spinbackground. The weighted over-
lap (774) = Zn <P (n|732|n) with our initial state |¢,) is directly
related to the diagonal ensemble, that is, the expectation value (P ,)
afterequilibration. The results are shownin Fig. 2d, in which we observe
that therange of t//, for which we expect the dynamical phase separa-
tionincreases with hole-hole repulsion. This can be further understood
by the effective mass of a cluster of holes. For instance, a repulsively
bound pair* of adjacent holes|..\ thh{ 1..) can only propagate through
asecond-order processinwhich the pair temporarily breaks apart: one
hole tunnels (amplitude t), followed by the breaking of a nearby *,{
pair (energy cost V - /,/4) and subsequent recombination, resulting in
aneffective tunnellingamplitude £%/(V - J,/4). Extending to afour-hole
bound state, the hole cluster moves by a fourth-order perturbative
process« t*/(V - /,/4)%. Therefore, as system size increases, while keep-
ing the density of holes fixed, we expect anincreasingly heavy cluster
of holes with aslower propagation.

To confirm this experimentally, we study the dynamics of one-hole,
two-hole and four-hole initial states at fixed ¢//, = —0.19 and V/J, =1.2.
To this end, we quantify the spatial separation between hole-rich and
hole-free regions by the hole imbalance:

Y -

hole jeA

Y @b @)

l— Nhole jeA
in which N, is the number of holes, L is the number of sites and A
denotes the sites initially occupied by holes. Figure 2e compares the
time evolution of 7 for systems with N, = 1,2 and 4. The datareveal a
slowdown in the melting of the boundary between hole-rich and
hole-free regions asthe number of holes increases from the single-hole
caseinwhichthe dynamicsis purely governed by the tunnelling ampli-
tude ¢, in agreement with our numerical simulations.

This study of phase separation exemplifies the tunability of the plat-
form, enabling the investigation of previously inaccessible parameter
regimes and initial states*?. Our findings constitute an important step
towards understanding phase separation that is found to compete
withstripe order and the pseudogap in cuprate superconductors* and
is relevant to a broader class of strongly correlated electron systems,
suchas magnetic oxides**. Early numerical studies in hard-core bosonic
t-Jmodels have further revealed phase separation®, pointing towards
a common underlying mechanism in doped antiferromagnets. Our
comparison of two-hole and four-hole clusters shows that, in the limit
J, V>t the pairing of holes may occur as a precursor to phase separation.

The perturbative argument presented above for the mobility of a
two-hole bound state neglects the fact that the tunnelling amplitude
tresults fromadipolarinteraction allowing for direct, NNN tunnelling
t' of one of the holes constituting the pair across the other hole, as
represented in Fig. 3a. The propagation of the bound pair from one site
thusresults fromthe interference between the second-order coupling
described above and the direct tunnelling withamplitude ¢’ = ¢/8. This
leads to an effective tunnelling amplitude of the bound pair t,¢= x£%/
(V-J,/4) - t/8,inwhich y = x(T) isatime-dependent prefactor describ-
ing the spin fluctuations (see Methods). Depending on the sign of ¢, the
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Fig.4|Holedynamicsindifferent magnetic spinbackgrounds. a, Time
evolution of the probability of finding two holes within two bonds of each other
(¢<2)for FM (x-FM, blue) and AFM (x-AFM, brown) spin backgrounds, normalized
tothevalueattime 7=0to compensate for state-preparationerrors.b, Time
evolution of the pair displacement defined asin the caption of Fig. 3d. Solid
(dashed) lines show numerical simulations including (without) experimental
imperfectionsinaandb. Error bars denote one standard error of the mean.

interference canbe destructive or constructive, allowing us totune the
mass of the pair m¢ < 1/(2t.¢) by varying the angle 6. To lowest order
int, the binding energy E, = V —J,/4 in our perturbative description is
unaffected by the interference with NNN tunnellings ¢'.

Toreveal the effect of the tunnelling’s dipolar tail in the propagation
of abound pair, we analyse the dynamics for two different signs of ¢,
controlled by the angle 8. We choose two values of 8 = 49.7° and 59.7°,
corresponding respectively to (t//, =-0.32, V//, =1.2) and (¢//, = 0.29,
V/J, =1.0). WeplotinFig. 3b (t< 0)andFig.3c (¢ > 0) thenon-connected
hole-hole correlations <n >fo|lowmg the preparation of a pair hh at
the centre of the chain, after anevolutiontime 7=2 s (T=0.8 x é‘:l
and4 ps(T=1.6x 2t|) Fromthe correlation maps, we observe that the
pair remains essentlally bound during the time evolution, as correla-
tions propagate mainly along the diagonal. We also see that, for t <0
(0=49.7°), the bound pair spreads along the first diagonal of the cor-
relation map (thin, long ellipse), whereas for ¢t > 0 (6 = 59.7°), the cor-
relations spread slower and also along the second diagonals (fat, short
ellipse), suggesting different binding strengths and delocalization
speeds of the hole pairs.

To quantify these observations, we first plot in the inset of Fig. 3d
the histogram of the distance between the two holes (bond length),
attheinitial time 7=0 and aftera tlmeT 1.6 x =—. As the probability
ofthebondlengthf=1atT=1.6x - |2 is higher #or t<0than¢>0,the
bindingis slightly tighter for the first case because Vis coincidentally
stronger for ¢ < 0. This is consistent with the fact that the calculated
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hole probability at various evolution times T for a holeinitialized in the 2D
ferromagnet spin background |V). The top row shows the experimental data,
the middle rowisanumerical simulation with the dipolar couplings of the
Rydberginteractions and the bottom row considers the theoretical case of NN

binding energy E, = V+|/,|/4 (see Methods) is lower in the first case:
E, =21 % 0.91MHz for ¢t <0and E, =21t x 0.85 MHz for ¢ > 0. Figure 3d
shows that the bond length ¢ =1 probability remains larger for the
tightly bound pair than for the weakly bound pair throughout exper-
imentally accessible times. We find that the numerical simulations
using single-site state-preparation errors qualitatively but not quan-
titatively describe the experimental data, possibly because of corre-
lated errors in the initial state not included in the simulations
(see Methods).

Second, we characterize the pair mobility by measuring their
centre-of-mass displacement, defined as the distance between the
final and initial centre-of-mass positions. Here we define the pairs as
holes with bond length ¢ < 2, to distinguish the bound state from the
single-particle background of the bimodal distribution visible in the
histogramsinFig.3dat7=1.6 x %.The resultsareshowninFig.3eand
feature the expected asymmetry. They are also in qualitative (quanti-
tative) agreement with numerical simulations without (with) errors.
From Fig. 3d,e, we conclude that pairs are lighter (heavier) and less
(more) extended fort < 0 (¢ > 0). This behaviouris a direct consequence
of the 1/7° tail in the tunnelling amplitude of the holes and would be
absent for NNinteractions. In particular, for NNinteractions, the hole
pairs would have the same mass m. > 1/(2¢,) according to the pertur-
bative argument above.

In alast experiment in 1D, we investigate how different magnetic
backgrounds influence the dynamics of the hole pairs. Specifically, we
addresstwo questions: does the spin background modify whether the
pair remains bound and, if yes, how do the holes propagate? From the
perturbative description of the bound pair, we infer that the binding
energy and effective mass can be tuned by changing the spin contribu-
tion to the energy of the initial state. In particular, the binding energy
E,=VzJ./4dependsontherelative orientation of spins (+) and direction
(J+=/,.J.).-Toexamine this effectand investigate the influence of /,, we
useachainat6=49.7°and prepare two distinct spin configurations, now
alongx:an AFM Néel order (x-AFM, |¢><><hh~><><>))and aFM state
(X-FM, |¢ ¢ « « < hh<<<<<)). We againinitialize two holes at the centre
and track the time evolution of their position. We first investigate the
binding of holes by analysing their separation distance, definingbound
pairs as those separated by at most two bonds £ < 2. The holes remain
bound inboth magnetic backgrounds owing to hole-hole interaction
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V, although slightly weaker in the x-AFM case, as shown in Fig. 4a. We
find better agreement withideal simulations, againindicating that our
error model does not capture all experimental imperfections.

Next we characterize the pair mobility by measuring the pair displace-
ment. The results, showninFig.4b, reveal thatbound pairs propagate
much fasterinthex-AFM background compared with the x-FM case, in
agreement with our numerical simulations. This behaviour is consist-
entwith the effective pair tunnelling amplitude =< 1/(V ¥ /,/4) for x-AFM
(=) and x-FM (+) backgrounds, respectively. Because Vand/, have the
same sign, the pairs experience weaker binding in the x-AFM case. In
contrast to the tightly bound, light pair and weakly bound, heavy pair
revealed in Fig. 3, here we observe a tightly bound, heavy pairand a
weakly bound, light pair.

Finally, we extend our study to investigate the dynamics of a single
holein 2D. Our motivation is twofold. First, we aim at seeing the influ-
ence of the dipolar tail of the tunnelling on the dynamics, inthe case of a
FMbackground onasquare lattice. Second, we demonstrate the ability
of the platform to explore the hole dynamics in an AFM background,
relevant for the understanding of doped AFM Mott insulators**.In 2D,
although the angular dependence of all couplings is fixed by setting
the magnetic field perpendicular to the atomic plane 8 = 90°—fixing
theratio V//, =-0.07,J,//, =-0.68—we can tune theratio t//, ,by vary-
ing the lattice spacing, exploiting the different power laws of tunnell-
ing (< r*) and spin exchange (= r ®) interactions. Here we implementa
5x 5squarearray withspacinga =12 pmand¢//, =2 (¢=2m x 509 kHz)
and initialize it in a polarized FM or AFM product state along z, with a
single hole at the centre.

Figure 5ashows the local hole occupation numberin the FM case at
two different times. There, the dynamics reduces to that of a single
particle (here the hole) tunnelling in a 2D lattice with dipolar « ¢/r®
tunnelling rate. The observed coherent evolution of the hole shows a
distinctive interference pattern, whichis afingerprint of the associated
bandstructure:in particular, the hole occupation exhibits pronounced
peaksat7=0.5x éT“l (T=0.515 ps) along the diagonal of the 2D array,
afeature absent in the simulation including only NN interactions.
Figure 5b focuses onthe evolution of the hole occupation at the centre
and corner of the array and compares simulations including experi-
mental errors (solid lines) to the ideal simulations (dashed lines) with
dipolar tails.



The AFM caseis presented in Fig. 5c. There we expect that the paths
ofthe hole do notinterfere because of their different spin backgrounds
that keep memory of the trajectory®. Furthermore, the initial AFM
state allows for strong fluctuations in both the charge (that is, the
hole) and spinsector owing to tunnelling t and spin flip-flop processes
J..InFig. 5d, we compare the evolution of the hole occupation with
time-dependent matrix product state simulations to ideal (dashed
lines) and error (solid lines) simulations incorporating measured
state-preparation infidelities (see Methods). The error simulations
(solidlines) areingood agreement with our experiment, by comparing
the peak at the centre and its adjacent sites at early evolution times;
at later times, both the numerical simulations and the experiment
become featureless owing to the high-energy initial state prepared
in the experiment. The AFM spin background makes different paths
distinguishable; consequently, interference between these paths is
suppressed, leading to adamped revival at the initial hole position. In
future experiments, an adiabatic evolution starting from a staggered
spin pattern—as demonstrated for the 2D square lattice**—will allow
us toinvestigate the low-energy properties of holes in the -/ model.
In summary, we have realized 1D and 2D doped quantum magnets
inaRydberg tweezer array,implementing a fully tunable ¢-/-Vmodel
by mapping three Rydberg states to pseudo-spins and holes'2. We
demonstrated the tunability of the interaction strength, the forma-
tion of repulsively bound holes and how the NNN tunnelling affects
the perturbative tunnelling of bound pairs in 1D. Finally, we showed
that the experiment can explore the 2D case, enabling us to examine
theinterplay between doping, spin ordering®**>* and frustrationina
variety of geometries®, such as ladders®. This demonstration of the
use of three Rydberg states is a first step towards the exploration of
the physics of spin-1 chains and Haldane phases™.
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Methods

Experimental set-up

Our implementation of the ¢-/-V model is based on the follow-
ing mapping: [V) =160S,,, m;=1/2), |*) =|61S,,,, m;=1/2) and
|h) =160P;,,, m;=-1/2). We use a46 G quantization magnetic field that
is oriented in the atomic plane of the optical tweezers. The resonant
microwave frequencies of the transitions |V) < |h) and |h) < |1) are
17,179 and 17,675 MHz, respectively. All microwave pulses are emitted
by antennas placed outside the vacuum chamber.

We use two 1,014-nm lasers to generate site-resolved light shifts,
respectively on the states |[V) and |1). One laser is blue-detuned by
300 MHz fromthe transition between the intermediate state |6P,) and
[V), resultinginalight shift§, = -2 x 40 MHz on the state |V ); thelocal
controlisachieved by diffraction on a spatial light modulator. Another
laser is red-detuned by 200 MHz from the transition |6Ps,> and | 1),
creating a light shift 6, = 2t x 30 MHz on the state |1); it is diffracted
on an acousto-optical modulator.

Stateinitialization

Atoms are randomly loaded into an array of optical tweezers with
a probability of about 50% and then rearranged by a single moving
tweezer generated by a 2D acousto-optical deflector. After the rear-
rangement, we sequentially use optical molasses and Raman sideband
cooling to lower the temperature of the atoms. Then the atoms are
optically pumpedto|g) =|5S,,,, F=2, m;=2)by means of ao*-polarized
795-nmlaser. Before the Rydberg excitation, the tweezer depth s adi-
abatically ramped down by afactor of roughly 4 to reduce the momen-
tum dispersion of the atomic wavefunctions. We then switch off the
tweezers and use a two-photon stimulated Raman adiabatic passage
(STIRAP) with 420-nm and 1,014-nm lasers to excite all atoms to |V ).

Extended Data Fig.1shows a typical Rydberg sequence for the prep-
aration of adoped AFM state along z. We define three classes of sites:
the sites in which we want to initialize an atomin | 1) are addressed by
the 6, laser; the ones in which we want an atom in |h) are addressed by
boththe §, and §, lasers; and the ones in which we want an atomin |4)
arenotaddressed. First, we apply a18-ns microwave mi-pulse to bringall
oftheatomsfrom V) to|h) (all microwave pulses have a Gaussian enve-
lope and their duration is given as their standard deviation multiplied
by-/21).Second, we switch on the light shifts §, and apply a36-ns micro-
wave t-pulse onresonance with the bare |h) < |V ) transition. Thistrans-
fers thenon-addressed atoms from |A) back to [V'), while the addressed
atoms remainin |h). Third, we switch on the light shifts §, and apply a
38-ns microwave Ti-pulse on resonance with the bare |#) < | ) transition.
Finally, we simultaneously switch offboth light shiftson|*)and|V)and
let the system evolve under the t-/-VHamiltonian.

Toprepare adoped FM state along z, we remove the third microwave
pulse and the light shifts §, and shine the light shift §, on the site in
which wewantto prepareahole. Thisresultsin theinitialization of holes
(lh)) on addressed sites and spins down (|V)) on non-addressed sites.

Finally, to prepare adoped magnet alongx, we first prepare adoped
magnet along zand then apply a 1t/2 rotation around y between the
states |V) and |1). This rotation is achieved through a two-photon
microwave pulse with effective Rabi frequency 2m x 9 MHz, using an
intermediate state detuning of about 200 MHz from both 60P,, and
60P;, states.

State detection

Our readout sequence is based on the mapping of one Rydberg state to
the ground-state manifold 5S,,, which is thenimaged by fluorescence.
For example, to measure the population in the Rydberg state [V), we
apply anapproximately 2.5 ps pulse of 1,014-nmlight that deexcites |[V)
to the ground-state manifold by means of the short-lived intermediate
state |6P),). After that, we switch the tweezers back on, to recapture
the atoms in the ground-state manifold while expelling the ones in

Rydberg states by means of the ponderomotive force. We then image
therecaptured atomsin their ground state with site-resolved fluores-
cence.Arecaptured atomistheninterpreted as|Vy); alostatom means
that the atomisin one of the two remaining states |h) or |1).

To measure the hole (|4)) population, we add a microwave Ti-pulse
before the deexcitation pulse, exchanging the populations of |#) and
[¥), and we map the recaptured atoms to | ).

The duration of the deexcitation is on the same order of magnitude
as the typical interaction times 21//, = 1.5 ps. To prevent unwanted
dynamics during the readout, we implement a two-step freezing pro-
tocol: (1) athree-photon transition at 7.5 GHz with a duration of 70 ns
shelves the |60P;/,, m;=-1/2) population to |58G) and (2) amicrowave
Ti-pulse transfers the atomsin|*) to |61P;,, m,;= 3/2), which has negligi-
bleinteractionwith V). The atomictransitionsinvolvedinthe freezing
scheme arerepresented as yellow arrows in Extended DataFig.1a. Those
freezing pulses are applied successively just before the deexcitation.

Error budget: state preparation and detection

To calibrate theinitial state-preparation errors, we perform three meas-
urements: one for the ground-state population p™**, one for the
[¥)-state population p"** and one for the |h)-state population p,"*.
Those measurements are performed using the sequence explainedin
the previous section (to measure p;’eas, we simply remove the deexci-
tation pulse).

We then estimate the actual populations p;’fiym inthestates|g), [V),
|hy and | 1) by correcting for detection errors (this correction is only
appliedtothe datausedinthe numerical simulations; the experimen-
tal data shown in the main text still correspond to the raw data). Our
error model for detection errors assumes independent errors that
depend on the measurement sequence. The error tree associated to
each of the three measurement sequences is shown in Extended Data
Fig. 2. To the first order, the effect of the detection errors is

act

pmeas p g
g act
meas | _ P, v
p¢ — Wlerr act
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Py
act
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1 & & &
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1 & 1-¢ &

Here&{=5+1% (ep=2+1%) is the probability thatan atominitially in
[VYorin|t)(in|h)) decaystothe ground state during the measurement,
owing to the finite Rydberg lifetimes; € = 2 + 1% is the probability that
anatomin|V) islost before the imaging, owing to the finite fidelity of
the deexcitationand of theimaging. In equation (3), we do not account
for the error of the microwave m-pulse involved in the measurement
of p,"*** (denoted by nyy in Extended Data Fig. 2¢), asits value strongly
depends on the interactions.

To estimate the actual populations, we minimize the following cost
function:
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under the constraints pgaCt +pXt+pit+pi®=1,and p** 2 0. Here we
have neglected the residual population in Rydberg states other than
[¥), |h) and |1). We find this maximum likelihood approach to be robust
against projection noise.



The estimated state-preparation errors in the initial state after cor-
recting for the detection errors are shown in Extended Data Fig. 3 in
the 1D geometry and in Extended Data Fig. 4 in the 2D geometry. We
obtain preparation fidelities of 80-95% per site by correcting the
measurements at 7= 0 ps. Those preparation errors arise primarily
from three sources: Rydberg interactions during the pulses, STIRAP
imperfections (about 2%) and depumping to the ground state caused
by the addressing light shifts.

Hamiltonian mapping

The Rydberg Hamiltonian we implement can be mapped exactly to
at-/-V-Wmodel, which we derive in this section. The bare Rydberg
Hamiltonian can be written as

~ Diag,Cg

ARyd A Ex C3 A Ex Ce
=) Hy HHy ®)
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in WhIChH describes thedirect dipole-dipole exchangeinteraction
and HEX e (I-IUD'ag'CG) are the exchange (diagonal) components of the
van der Waals interactions. We express the Hamiltonian in terms of
thelocal Rydberg basis states, that is, an atom onssitejis described by
the states {|60S)), |60P), [61Sp}={|S), |P)), ISP} =1{]Y; > [hy, 1103
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The atomic pair interactions lead to the Hamiltonianin equation (5),

whichis given by
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inwhichr;is the vector connecting atoms at sites iand jand 6;is the
angle between the vector ryand the quantization axis defined by the
magnetic field with magnitude B=46 G. The derivation shows that
thedirectdipole-dipole and the van der Waals exchange interactions
aredirectly related to the tunnelling t and spin flip-flop/, (Extended
DataTable1). We emphasize that our choice of Rydberg states only has
asmallanisotropy in the tunnelling amplitudes ¢,(6;) = 0.95 x t,(6;).

Next, we use the hard-core constraint of the Rydberg occupation
number, thatis,

AV AN AR .
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to express the spin-1/2 operators as
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Inserting equation (11) into the diagonal van der Waals Hamiltonian
of equation (9) yields
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Several of the above terms are neglected in the main text. First, for
the chosen atomic levels, the spin-hole interaction Wis negligible
compared withthe other interaction strengths, such as the hole-hole
interaction V. Second, the field terms o<hjz and p;are mostly flatin the
bulk but are different on the boundary, onwhichanatominalD chain
hasonly oneinstead of two nearest neighbours. The relations between
the couplingsinthet-/-Vmodel and the Rydberg Hamiltonian of equa-
tion (5) are summarized in Extended Data Table 1.

To obtain the coupling amplitudes of the t-/-V model (see equa-
tion (1)), we calculate the atomic pair interactions at magnetic field
magnitude B=46 G for angles 6, € [0, 1] using the pairinteraction
software package* (see solid markers in Extended Data Fig. 5a). The
angular dependence of the van der Waals interactions «C2%( 6,) can
be wellfitted by the function £ () = F* + F§fcos?6; + F; Ecos“@,j,ln
which F“ﬁ are fit parameters that depend onthe quantum numbers
a,B€{S,S’, P} and the magnitude of the magnetic field. To be explicit,
we fit eachinteraction coefﬁcrentC“ﬁ(G Jtothe functlonf“/’ (seelines
in Extended Data Fig. 5a). We use the extracted cJ ( ;) and the calcu-
lated C coefficients to determine the interaction strengths atan
atomic distance of a=9.9 um (1D) and @ =12 pm (2D) in our numerical
simulations; in Fig. 1d-e, we show a comparison of the theoretically
calculated and experimentally measured interaction strengths.

The angular dependence of the C’ ( ) and C(6)) coefficients lead
to a strong angular dependence of the coupllngs in the t-/-Vmodel
(Extended Data Table 1). This allows us to tune through a wide param-
eter regime inthe 1D chain by changing the angle between the quanti-
zation axis and the unit vector along the chain. In Extended DataFig. 5b,
theinteractionst,(6;), /(6;), V(6;) and W(6,) atlattice spacinga = 9.9 um
are plotted in units of the spin ﬂrp flop interaction/,(8,); hence, the
absolute interaction scale changes from J,(0) = 21t x 507 kHz to
J.(90°) =21 x 813 kHz.

We note that the spin-hole interaction = W(0,) is negligible for the
chosen Rydberg states. Thus, we do not expect it to play a role on the
timescales of the performed experiments. Nevertheless, because we
use the bare Rydberg Hamiltonian for our numerical simulations, all
termsincluding theboundary termsin the Hamiltonianin equation (12)
are fully takeninto account. We have confirmed the mapping between
the bare Rydberg model to the -/-Vmodel according to Extended Data
Table 1by comparing the full spectrain a small system.

Last, we consider the boundary and field terms that appear in the
mapping from Rydberg states to (doped) spin models. They result, in
pure spin models, in magnetic field terms 4;; in our model, we obtain
an extrachemical potential term g, In Extended Data Fig. 6a, we show
the spatial dependence of the field terms for the L = 12 site chain. Inthe
bulk, the field terms are approximately constant and, because of
the particle and magnetization conservation in our model, the field
term results in a constant energy shift. However, in the presence of
boundaries, on which an atom has only one instead of two nearest
neighbours, the field terms are approximately half in magnitude com-
pared with the bulk; hence, these terms only have to be considered
attheboundary. In Extended Data Fig. 6b, we further study the differ-
ence of the couplings between sites 2 and 1 as we vary the angle 6.
In the experiments conducted here, we do not expect the boundary
terms to play a substantial role in the physics. For instance, the pair
dynamics predominately happens in the bulk. In future experiments
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with adiabatic ground-state preparation, the boundaries would have
to be considered.

Dynamical phase separation

Ground-state phase separation into hole-rich and hole-free regions
have been studied extensively in the fermionic t-/models, particularly
inthe early years of high-T_superconductivity?®***°, owing toits notion
of self-binding of charge carriers. Also, sign-problem-free quantum
Monte Carlo studies report phase separationin (partially) AFM bosonic
t-Jmodels®. The phase separation is found for small values of |¢//] < 1,in
which the kinetic energy is small enough such that the particles cannot
escape from the self-bound state. Consequently, in quantum simula-
tion platforms with superexchange-based magnetic interactions, for
example, optical lattices, the accessible parameter range does not
allow us to examine phase separation.

Although phase separation has previously been studied as a property
oftheground state, here we develop amethod to dynamically examine
phase separationby a quench starting from aproduct state. We define
states with a hole-rich connected-region R as|¢); = ) ® ﬂjeR |hY;,
thatis, all N, holesin the system forma cluster of volume V(R) = N,and
the state |¥,) describes the spins located at sitesj ¢ R. To characterize
the states |W),, we consider the projector

Pa=2 [1

R jER

13)

suchthat the expectation values P’,\’,h = <75,i:,h) describe the overlap with
hole-rich connected regions. For example, both states [tV ™V
hhhht 14y and [V Vhhhht L 1) are assigned the same values
P =1and are therefore labelled as perfectly phase separated by our
definition.

Our ansatzisindependent of the spin state in the hole-free regions,
whichis crucialin our analysis because we study far-from-equilibrium
states with an energy density well below the highest-energy state; note
that the hole-hole repulsion stabilizes phase separation for negative
temperature states. Inpractice, theinitial state |¢,) = [ MV MV hhhh M M)
experiences strong dynamics in the spin sector |¢,), whereas the
hole-rich sector remains stable throughout the experiment, withsome
fluctuations at its boundary. Hence, the hole and spin sector seem
separated under dynamics.

To quantify whether an initial state |¢,) remains phase separated
under time evolution, we perform exact diagonalizationonthe L =12
chainto obtain the entire dynamically accessible spectrum, thatis, we
fix total magnetization S, = Oand the numberhofholes N,=4.Inpar-
ticular, we calculate the expectation value (n| P, |n)forall eigenstates
|n) and define the weighted diagonal ensemble

P, = Y Knlgnl Py i), (14)

which we use as an order parameter for dynamical phase separation
for the triplet (H, 752, [Yo)). Infact, the weighted diagonal ensemble is
directly related to the infinite time expectation value Pﬁ(t—> co)assum-
ing eigenstate thermalization hypothesis:

PO = O] P [9(0)

= X Wil Py Im)(migpgpeEnEn (15)

t>0 .h
370,

The weighted overlap (’ﬁﬁ)w is plotted in Fig. 2d for a hypothetical
scan of ¢//, and V//, showing a region in parameter space (dark blue)
for which theinitial state |[,) equilibrates to astate with a strong char-
acter of phase separation. As expected, the hole-hole repulsion Vgives
rise to a fan-like region around |¢| = 0 increasing with V.

Influence of magnetic background on hole pair

In the limit of small tunnelling |t < |/, |/,l, IVl studied in our experi-
ments, the qualitative behaviour of the repulsively bound hole pairs can
beunderstood by a perturbative analysis. In fact, the spinbackground
influences both the binding energy E;, of the pair together with the
effective mass m.;=1/2t . Also, the interference of the effective pair
tunnelling with the NNN tunnelling process (e +¢/8) allows us to tune
the mass of the pair by varying the angle 6.

The quench protocol we apply begins from aninitial product state at
time T=0.Atshort times, we assume the kinetic motion of holes to be
frozen, whereas the spin background evolves under the Hamiltonian
inequation (1), allowing usto treat the spin sectorindependently from
the holesin the limit [/ ], |/, > |¢|. Under unitary time evolution of a
translationally invariantinitial spin background, the energy per bond
eis conserved and for the four different initial product states given by

Earm=111/4 €.pm=—1/,1/4

€x-AFM™ _/l/4 €x-FM =jJ_/4, (6
in which we neglect boundary terms.

Next, we consider the perturbative tunnelling of ahole pairimmersed
into the thermalized spin background; here we define the pair to be
constituted by neighbouring holes. The energy of the initial state is
composed by the energy per bond € and the hole-hole repulsion V.
In the tightly bound regime, the effective perturbative tunnelling of
the pair canbe described by asecond-order process through avirtual,
off-resonant state as shown in Fig. 3a. The energy difference is then
determined by AE = E;;; — E,;rua and depends on the spin background:

AE, ppm=V+ | AE, py=V - |
4 4

J J )
AE apm=V - Zl AE pn=V+ Zl

The coupling between the initial and virtual states as well as from the
virtual to the final states scales with the bare tunnelling ¢t and, further,
the perturbative description includes a factor y associated with the
finite overlap between states in the spin sector. In general, the factor
x=x(T)isspin-background-dependent and time-dependent, with the
timescale corresponding to the equilibration time of the spin back-
ground. At late times, we find the effective perturbative tunnelling
~£%e = y2/AF > 0.

As well as the perturbative pair tunnelling process, the long-range
dipolar tunnellingsinduce adirect tunnelling of amplitude —¢“" = —¢/8,
inwhichoneholetraversesthe other. In our 1D scheme, the sign of the
tunnelling t depends on the angle @ relative to the magic angle 8,, = 54.7°.
Theresulting total effective pair mass is then given by 6™ = ¢Per) 4 ¢ldin,
whichweinvestigate by the centre-of-mass spreading of the hole pairs
(Figs. 3e and 4b). In particular, in the analysis shown Fig. 4, we post-
select on snapshots in the |P) basis with N, =2 holes and bond length
¢ <2, from which we extract the centre-of-mass spreading of the pair;
the qualitative analysis is not dependent on our choice of the size of
the pair.

As a consistency check of our perturbative pair model, we perform
anumerical analysis of the protocol described in Fig. 3 and compare
itwithamodel with couplings between only NN sites. First, we predict
the NN model to not experience interference with a direct tunnelling
term, leaving only the bare perturbative tunnelling of the pair (Extended
DataFig. 7a). By contrast, the binding energy is not affected by the
absence of the dipolar tails and we expect a difference in the bind-
ing strength in both cases (Extended Data Fig. 7b). Our predictions
derived from perturbation theory are consistent with the numerical
simulations corroborating the influence of dipolar tunnellings present
in our experiment.



Numerical simulations

The numerical time-evolution simulations presented in the main text
and Methods, except Fig.5c,d, are based on exact diagonalization meth-
ods ofthe Rydberg Hamiltonian (equation (5)), including interactions
uptodistancer; <3 (inunits of lattice sites). We develop an error model
to describe the experimental situation, which we introduce in the fol-
lowing in decreasing order of relevance.

State-preparation errors. Initial state-preparation errors are most
detrimental to our quench protocol. In particular, atoms with aninitial
local target state can be falsely preparedin any of the other two Rydberg
states or remainin the (non-interacting) ground state.

To model these errors, we sample from a probability distribution,
initialize the (falsely prepared) initial product state and time evolve
under the Rydberg Hamiltonian. Depending on the errors and the
observables, we sample between 500 and 4,000 initial states and
take one snapshotinthe|S), |Py and |S’) basis after time T. Atoms that
remained in the ground state are recaptured and appear as a signal
inthe snapshot.

The measurements of the bound-state population P(¢) shown in
Figs.3d and 4ainclude differences between correlation functions, which
are not captured accurately by our error model. To improve the theo-
retical model, we have checked that including correlated errors in the
initial state allows us to obtainbetter agreement between the numerical
simulation and the experimental data. For consistency, we only present
simulations underlying the sameinitial state error model. Inthe future,
itiscrucialto develop an error scheme that captures correlated errors
to quantitatively compare higher-order correlation functions.

Detection errors. Inthe experiment, anatom canbe falsely detected,
for example, during the deexcitation pulse of the |V) state, anatomin
state |h) can decay. This atom is then recaptured and imaged. In the
numerical simulations, we include the detection errors by postprocess-
ingsnapshots, thatis, we randomly flip the bitsinasnapshotaccording
to the scheme shown in Extended Data Fig. 2 and the probabilities in
equation (3); this procedure requires knowledge about the actual state.

Rydberg lifetime. We use quantum trajectory methods toinclude the

finite lifetime of Rydberg states*®. For each atomic state, we assume

two decay channels:

1. ARydbergstate decays downto the atomic ground state and appears
asasignalinthe snapshots. We approximate these decay rates by the
value of the radiative rates (at temperature 0 K):

T0s = Tgrs = (260 ps) ™!

(18)
Toop = (472 ps) L.

2. ARydbergstate has ablackbody-induced transition to other Rydberg
states and is lost from the simulation. The decay rates are given by:

Tgos = Teis = (157 ps)™!

) 19)
re8,~ (161 ps) ™.

We neglect the possibility of blackbody-induced transitions between
the states of the computational basis (| 1), |h) and |V )), the rate of which
is small compared with the decay rate to other states in the Rydberg
manifold.

Positional disorder. At time 7= 0, the tweezer light is turned off, which
projects the trapped spatial wavefunction onto free space, leading to
adispersive wavepacket. Although we do not include the subsequent
motion or spin-motion coupling that are expected to be small at the
experimental energy and timescales, we model the initial wavefunc-
tion spread by including positional disorder. We assume the spatial

probability distribution of each atom to be normally distributed around
its target position with a standard deviation of g,, = 0.1 pm (in-plane)
and o,=1.0 um (perpendicular to the plane). For each numerical trajec-
tory, we sample the initial positions of the atom and time evolve the
internal states under the Rydberg Hamiltonian with couplings accord-
ing to the spatial distribution of the atom.

Numerical simulations: 2D AFM

To simulate the dynamics of the initial 2D AFM product state, we apply
matrix-product-state methods. In particular, we time evolve under the
Hamiltonian in equation (5) using the built-in two-site time-dependent
variation principle algorithm (2DTVP) of the TeNPy package®*. All

calculations use amaximumbond dimension m=1,000 and we choose
thetimestepsAT=0.025 x é—?‘ Toaccount for experimental imperfec-

tions, we average the local hole probability (see Fig. 5c,d) over 400
trajectories according to initial product states sampled from the
error budget shown in Extended Data Fig. 4b. As an indicator for con-
vergence, we analyse the energy density e(T) = (@(T)| H |(T))/Land
confirm that the deviation of the energy density to the initial state
energy density e(0) remains within max;|e(T) —e(0)| <1x 107*x ¢
(maxs|e(T) - e(0)| <7x107 x |¢|) for simulations with long-range
Rydbergtails (only NN interactions).
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Extended DataFig.1|Protocol for the preparation ofadoped
antiferromagnetalongz. a, Involved energy levels and transitions.

The states used in the mapping to the t-/-VHamiltonian areindicated in black.

Eachof the three columnsrepresents one class of atoms: non-addressed
atoms (left column) are preparedin [V), atoms with both 6, and 6, light shifts
(centre column) are prepared in |h) and atoms with only the §, light shift
(right column) are prepared in|t). b, Experimental sequence. After Rydberg
excitation using STIRAP, we apply asequence of microwave pulses combined

with thesite-resolved light shifts §, and §,. Then, the light shifts are switched
offfor duration 7, during which the system evolves under the t-/-Vinteractions.
Toread out the atomicstates, we first perform two ‘freezing’ pulses to stop

the dynamics, whichrespectively act onstates |h) and |1). Then, we deexcite
theatoms from|¥) to the ground-state manifold, switchon the tweezers and
image therecaptured atoms using fluorescence. An extra microwave m-pulse
(dotted greenline) canbe used toread out the state |h).
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Extended DataFig.2|Simplified error tree associated to our detection
schemes. The three panelsa,band cshow the detection errorsforthe
populationsin, respectively, |g), [V) and |h). For each scheme, we represent

the probability of detection events for the four states |g), V), |[h) and |1), at the
firstorderinthe detectionerrorse, &5 pand uy.
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Extended DataFig.5|Angular dependence ofinteractions. a, The vander
Waalsinteraction coefficients C:ﬁ(e,»j) are calculated from the Rydberg pair
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between theinter-atomic axis and the magnetic field (solid markers). We fit
the each coefficient to the function % (6;) = F{ + F§¥cos?6;+ F{ cos'6);
(solidline). b, The coupling amplitudes of the t-/-V-Wmodel are computed
using Extended Data Table 1. The spin-holeinteraction W/J, = O for all angles
and hence we canneglectit for all practical purposesin ourinterpretation of
the experimental results. Note that numerical calculations are based on the full
Rydberg Hamiltonian.
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Extended DataFig.7|Interference from NNN tunnellings ¢’. We numerically
study the time evolution of aninitial hole pairin the L =12 z-AFM without errors
under: (1) the full Rydberg Hamiltonian and (2) amodel withinteractions
truncated beyond the NN couplings. The angles are chosentobe 8=49.7° (¢t < 0)
and 6=59.7° (t > 0) (see Fig. 3).a, We plot the centre-of-mass pair displacement
of'the pair. The solid line corresponds to model (1) and corresponds to an

ideal experiment without errors; the difference in the centre-of-mass pair
displacementis clearly visible, which we explain by the interference between
perturbative and NNN tunnelling ¢. When we consider the model with only

NN couplings (2), shown as dashed lines, the strong differencein the pair
displacement disappears. b, We compare the pair distance histograms at time
T=16x% ‘22—"” and find that the holeis more tightly bound for 8 =49.7° than for
6=59.7°,independent of the range of tunnellings. This is consistent with our
perturbative description of the pair, for which the binding energy only depends
onthehole-holerepulsion Vand spininteraction/,.



Extended Data Table 1| Mapping of interaction strengths

t-J-V Rydberg
t1(645) —C57 (1 = 3cos® 0i5)
t1(0:5) ~C5'7 (1= 3cos® 0yy)
J1(055) 2. C59 (0:5)
J:(0;) C55(0:5) + C§'%'(055) — 2055 (057)
V(o) L0585 00) +C5 % 09) + 2057 0)] = GE7(0) = €57 0) + CEF (0)
W) G5’ 7 (05) = CS"(0) + 3 [ 55 (0) - €% 0|
56) §Y A 057 00) - €55 04)]
15 (0:5) D % [Cégs(@ij) +C55 (03) + 2085 (05) — 2G5 (0:5) — 2065,13(91‘]‘)}

The coupling strength of the t-J-V model (equations (1) and (5)) are related to the atomic pair interactions.
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Extended Data Table 2 | Interaction strengths of the bosonic t-J-V model

0 (°)||a (um)|t, (MHz)|t+ (MHz)|J, (MHz)|J. (MHz)|V (MHz)|W (MHz)|h* (MHz) | (MHz)
30 -1.10 -1.05 0.57 -0.33 -0.10 -0.01 0.02 0.14
45 -0.43 -0.41 0.64 -0.40 0.72 0.03 0.02 0.53

49.7 99 -0.22 -0.21 0.67 -0.42 0.81 0.03 0.02 0.58

51.7 ' -0.13 -0.13 0.68 -0.43 0.82 0.03 0.02 0.58

54.7 0.03 0.02 0.70 -0.45 0.82 0.03 0.02 0.58

59.7 0.21 0.20 0.72 -0.47 0.74 0.02 0.02 0.54
90 12 0.51 0.48 0.26 -0.18 -0.02 -0.00 0.01 0.05

Calculated values of the interaction strength for the experimental configurations used in the main text; the full angle dependence can be found in Fig. 5b. The calculated values indicate that
W and h, are typically negligible compared with other energy scales. Although the chemical potential u can be important, its uniformity in the bulk of a regular lattice means that its primary
physical influence is expected at the system boundaries.
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