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The PXP model: (V1 = 1, Vj�2 = 0, P projects out nearest-neighbor boson
states)

HPXP =
X

j


⌦

2
P

⇣
bj + b†j

⌘
P ��b†jbj

�

These models were motivated by ‘tilted lattices’ of bosonic atoms, and predicted a
Z2 quantum transition which was observed in J. Simon, W. S. Bakr, Ruichao Ma,
M. Eric Tai, P. M. Preiss, M. Greiner, Nature 472, 307 (2011).
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FIG. 4. Phase diagram of the two-dimensional square lattice. a. Example fluorescence image of atoms in the
checkerboard phase and the corresponding Fourier transform averaged over many experimental repetitions hF(k)i, highlighting
the peak at (⇡,⇡) (circled). b. Image of atoms in the striated phase and the corresponding hF(k)i highlighting peaks at
(0,⇡), (⇡, 0) and (⇡,⇡) (circled). c. Image of atoms in the star phase with corresponding Fourier peaks at (⇡/2,⇡) and (⇡, 0)
(circled), as well as at symmetric partners (⇡,⇡/2) and (⇡, 0). d. The experimental phase diagram is constructed by measuring
order parameters for each of the three phases for di↵erent values of the tunable blockade range Rb/a and detuning �/⌦. Red
markers indicate the numerically calculated phase boundaries (see Methods). e. The order parameters evaluated numerically
using DMRG for a 9⇥9 array (see Methods).

simultaneously commensurate with checkerboard, stri-
ated, and star orderings (see Methods). For each value
of the blockade range Rb/a, we linearly sweep � (sim-
ilar to Fig. 3a but with a ramp-down time of 200 ns),
stopping at evenly spaced endpoints to raster the full
phase diagram. For every endpoint, we extract the or-
der parameter corresponding to each many-body phase,
and plot them separately to show their prominence in
di↵erent regions of the phase diagram (Fig. 4d).

We compare our observations with numerical simu-
lations of the phase diagram using the density-matrix
renormalization group (DMRG) on a smaller 9⇥9 array
with open boundary conditions (Fig. 4e and red mark-
ers in Fig. 4d). We find excellent agreement in the ex-
tent of the checkerboard phase. For the striated and star
phases, we also find good similarity between experiment
and theory, although due to their larger unit cells and
the existence of many degenerate configurations, these
two phases are more sensitive to both edge e↵ects and

experimental imperfections. We emphasize that the nu-
merical simulations evaluate the order parameter for the
exact ground state of the system at each point, while
the experiment quasi-adiabatically prepares these states
via a dynamical process. These results establish the po-
tential of programmable quantum simulators with tun-
able, long-range interactions for studying large quantum
many-body systems that are challenging to access with
state-of-the-art computational tools [39].

QUANTUM FLUCTUATIONS IN THE
STRIATED PHASE

We now explore the nature of the striated phase. In
contrast to the checkerboard and star phases, which can
be understood from a dense-packing argument [14], this
phase has no counterpart in the classical limit (⌦ ! 0)
(see Methods). Striated ordering allows the atoms to

Quantum Phases of Matter on a 256-Atom Programmable Quantum Simulator, Sepehr Ebadi, Tout T. Wang, Harry Levine, Alexander 
Keesling, Giulia Semeghini, Ahmed Omran, Dolev Bluvstein, Rhine Samajdar, Hannes Pichler, Wen Wei Ho,  Soonwon Choi, Subir 
Sachdev, Markus Greiner, Vladan Vuletic, and Mikhail D. Lukin, Nature 595, 227 (2021); Pascal Scholl et al. Nature 595, 233 (2021)
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is related to the mean Rydberg excitation density hni by
� = @hni/@� according to the Hellman-Feynman theo-
rem. We measure hni vs. � along a slow linear sweep to
remain as adiabatic as possible. We take the numerical
derivative of the fitted data to obtain �, finding its peak
to be at �c/⌦ = 1.12(4) (see Methods).

Having identified the position of the critical point, we
now extract the value of ⌫ that optimizes data collapse
(inset of Fig. 3d and Methods). The resulting ⌫ = 0.62(4)
rescales the experimental data to clearly fall on a single
universal curve (Fig. 3d). This measurement is in good
agreement with the predicted ⌫ = 0.629 for the quan-
tum Ising universality class in (2+1) dimensions[14], and
distinct from both the mean-field value[13] of ⌫ = 1/2
and the previously verified value in (1+1) dimensions
[24] of ⌫ = 1. Despite imperfections associated with
non-adiabatic state preparation and decoherence in our
system, this demonstration of universal scaling highlights
opportunities for quantitative studies of quantum critical
phenomena on our platform.

PHASE DIAGRAM OF THE SQUARE LATTICE

A rich variety of new phases have been recently
predicted for the square lattice when Rydberg block-
ade is extended beyond nearest neighbors [14]. To
map this phase diagram experimentally, we use the
Fourier transform of single-shot measurement outcomes

F(k) =
���
P

i
exp(ik · xi/a)ni/

p
N

���, which characterizes

long-range order in our system. For instance, the checker-
board phase shows a prominent peak at k = (⇡,⇡),
corresponding to the canonical antiferromagnetic or-
der parameter: the staggered magnetization (Fig. 4a).
We construct order parameters for all observed phases
using the symmetrized Fourier transform F̃(k1, k2) =
hF(k1, k2) + F(k2, k1)i/2, averaged over experimental
repetitions, which takes into account the reflection sym-
metry in our system (see Methods).

When interaction strengths are increased such that
next-nearest (diagonal) neighbor excitations are sup-
pressed by Rydberg interactions (Rb/a &

p
2), trans-

lational symmetry along the diagonal directions is also
broken, leading to the appearance of a new striated phase
(Fig. 4b). In this phase, Rydberg excitations are mostly
located two sites apart and hence appear both on alter-
nating rows and alternating columns. This ordering is
immediately apparent through the observation of promi-
nent peaks at k = (0,⇡), (⇡, 0), and (⇡,⇡) in the Fourier
domain. As discussed and demonstrated below, quantum
fluctuations, appearing as defects on single shot images
(Fig. 4b), play a key role in stabilizing this phase.

At even larger values of Rb/a & 1.7, the star phase
emerges, with Rydberg excitations placed every four sites
along one direction and every two sites in the perpendic-
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FIG. 3. Observation of the (2+1)D Ising quantum
phase transition on a 16⇥16 array. a. The transition
into the checkerboard phase is explored using a linear detun-
ing sweep �(t) at constant ⌦. The resulting checkerboard
ordering is measured at various endpoints. b. Example of
growing correlations G(2) with increasing �/⌦ along a linear
sweep with sweep rate s = 15 MHz/µs. c. Growth of cor-
relation length ⇠ for s spanning an order of magnitude from
15 MHz/µs to 120 MHz/µs. ⇠ used here measures correlations
between the coarse-grained local staggered magnetization (see
Methods). d. For an optimized value of the critical expo-
nent ⌫, all curves collapse onto a single universal curve when
rescaled relative to the quantum critical point �c. Inset: dis-
tance D between all pairs of rescaled curves as a function of
⌫ (see Methods). The minimum at ⌫ = 0.62(4) (red dashed
line) yields the experimental value for the critical exponent
(red and gray shaded regions indicate uncertainties).

ular direction. There are two possible orientations for the
ordering of this phase, so Fourier peaks are observed at k
= (⇡, 0) and (⇡/2,⇡), as well as at their symmetric part-
ners (0,⇡) and (⇡,⇡/2) (Fig. 4c). In the thermodynamic
limit, the star ordering corresponds to the lowest-energy
classical configuration of Rydberg excitations on a square
array with a density of 1/4.

We now systematically explore the phase diagram on
13⇥13 (169 atoms) arrays, with dimensions chosen to be
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FIG. 4. Phase diagram of the two-dimensional square lattice. a. Example fluorescence image of atoms in the
checkerboard phase and the corresponding Fourier transform averaged over many experimental repetitions hF(k)i, highlighting
the peak at (⇡,⇡) (circled). b. Image of atoms in the striated phase and the corresponding hF(k)i highlighting peaks at
(0,⇡), (⇡, 0) and (⇡,⇡) (circled). c. Image of atoms in the star phase with corresponding Fourier peaks at (⇡/2,⇡) and (⇡, 0)
(circled), as well as at symmetric partners (⇡,⇡/2) and (⇡, 0). d. The experimental phase diagram is constructed by measuring
order parameters for each of the three phases for di↵erent values of the tunable blockade range Rb/a and detuning �/⌦. Red
markers indicate the numerically calculated phase boundaries (see Methods). e. The order parameters evaluated numerically
using DMRG for a 9⇥9 array (see Methods).

simultaneously commensurate with checkerboard, stri-
ated, and star orderings (see Methods). For each value
of the blockade range Rb/a, we linearly sweep � (sim-
ilar to Fig. 3a but with a ramp-down time of 200 ns),
stopping at evenly spaced endpoints to raster the full
phase diagram. For every endpoint, we extract the or-
der parameter corresponding to each many-body phase,
and plot them separately to show their prominence in
di↵erent regions of the phase diagram (Fig. 4d).

We compare our observations with numerical simu-
lations of the phase diagram using the density-matrix
renormalization group (DMRG) on a smaller 9⇥9 array
with open boundary conditions (Fig. 4e and red mark-
ers in Fig. 4d). We find excellent agreement in the ex-
tent of the checkerboard phase. For the striated and star
phases, we also find good similarity between experiment
and theory, although due to their larger unit cells and
the existence of many degenerate configurations, these
two phases are more sensitive to both edge e↵ects and

experimental imperfections. We emphasize that the nu-
merical simulations evaluate the order parameter for the
exact ground state of the system at each point, while
the experiment quasi-adiabatically prepares these states
via a dynamical process. These results establish the po-
tential of programmable quantum simulators with tun-
able, long-range interactions for studying large quantum
many-body systems that are challenging to access with
state-of-the-art computational tools [39].

QUANTUM FLUCTUATIONS IN THE
STRIATED PHASE

We now explore the nature of the striated phase. In
contrast to the checkerboard and star phases, which can
be understood from a dense-packing argument [14], this
phase has no counterpart in the classical limit (⌦ ! 0)
(see Methods). Striated ordering allows the atoms to
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First observation of Ising 
quantum phase transition  

in 2+1 dimensions

Nature | Vol 595 | 8 July 2021 | 229

measure the growth of correlations across the phase transition 
(Fig. 3a,b). Slower sweep rates s = d∆/dt result in longer correlation 
lengths ξ, as expected (Fig. 3c).

The quantum Kibble–Zurek mechanism predicts a universal scal-
ing relationship between the control parameter ∆ and the correlation 
length ξ. Specifically, when both ∆ and ξ are rescaled with the sweep 
rate s (relative to a reference rate s0)

ξ ξ s s~ = ( / ) (2)µ
0

∆ ∆ ∆ s s~ = ( − )( / ) (3)κ
c 0

with critical point ∆c and critical exponents µ ν zν≡ /(1 + )  and 
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Understanding the collective quantum dynamics of non-equilibrium many-body 
systems is an outstanding challenge in quantum science. In particular, dynamics driven 
by quantum !uctuations are important for the formation of exotic quantum phases  
of matter1, fundamental high-energy processes2, quantum metrology3,4 and quantum 
algorithms5. Here we use a programmable quantum simulator based on Rydberg atom 
arrays to experimentally study collective dynamics across a (2+1)-dimensional Ising 
quantum phase transition. After crossing the quantum critical point, we observe a 
gradual growth of correlations through coarsening of antiferromagnetically ordered 
domains6. By deterministically preparing and following the evolution of ordered 
domains, we show that the coarsening is driven by the curvature of domain boundaries, 
and "nd that the dynamics accelerate with proximity to the quantum critical point. We 
quantitatively explore these phenomena and further observe long-lived oscillations  
of the order parameter, corresponding to an amplitude (‘Higgs’) mode7. These 
observations o#er a viewpoint into emergent collective dynamics in strongly 
correlated quantum systems and non-equilibrium quantum processes.

Quantum phase transitions (QPTs) are transformations between states 
of matter that are driven by quantum fluctuations8. Analogously to 
thermal fluctuations in classical phase transitions, quantum fluc-
tuations have a dominant role in the emergence of order in quantum 
systems. Although classical dynamics near thermal critical points 
have been studied extensively over the past several decades, only 
recently have quantum dynamics across QPTs become experimen-
tally accessible, owing to the advent of quantum simulators9–12 and 
ultrafast spectroscopic methods in solid-state systems7,13–15. Their 
universal properties have been studied in systems of varied dimen-
sionality using the quantum Kibble–Zurek mechanism (KZM)10,11,16. 
The KZM stipulates that a quantum system’s dynamics and correla-
tions ‘freeze’ in the vicinity of a QPT when the system can no longer 
respond adiabatically to dynamical changes. However, in many 
instances, other mechanisms of correlation growth beyond KZM 
can dominate ordering17–21. In particular, when an unordered system 
passes through a continuous phase transition into a symmetry-broken 
phase, a progressive growth of long-range order, known as coarsening, 
is expected. These ordering dynamics are predicted to show univer-
sality, manifested as self-similarity in the growth of correlations22–24. 
Such phenomena are well understood in classical systems24, and have 
been experimentally explored in Bose gases in the mean-field regime 
over the past two decades25–31. However, the effects of quantum fluc-
tuations in coarsening dynamics, particularly near QPTs, have only 
recently emerged as a subject of theoretical6,32–35 and experimental36  
investigation.

We use a programmable quantum simulator based on Rydberg atom 
arrays to investigate the collective out-of-equilibrium dynamics asso-
ciated with the growth of order following an Ising QPT. We observe 
key features of beyond-mean-field quantum-coarsening processes 
arising from quantum fluctuations: the curvature-driven dynamics 
of domain walls and their acceleration when approaching the critical 
point. We further explore self-similarity and universality in the order-
ing process. In addition, we observe long-lived coherent oscillations 
of the correlation length and the order parameter on both sides of 
the QPT. In the ordered phase, these oscillations are the analogue of 
a ‘Higgs’ mode13,15,37. Our observations are consistent with theoretical 
predictions8, extending these studies in a regime that is difficult to 
simulate classically.

Our experiments are performed using a two-dimensional program-
mable atom array, previously described in ref. 11. The measurements 
are conducted on a 16 % 16 square lattice of 87Rb atoms trapped in an 
array of optical tweezers generated by a spatial light modulator. Atoms 
are initialized in the electronic ground state g&∣  and are coupled to the 
high-lying electronic Rydberg state r&∣  through a two-photon excitation 
with time-dependent Rabi frequency Ω(t) and global detuning ∆(t). As 
a key upgrade, we introduce a second spatial light modulator for gen-
erating locally controlled light shifts, allowing for programmable 
site-dependent detunings δi(t) = αiδ(t), where αi is a time-independent 
weight at site i (Methods and Extended Data Fig. 1). The atoms in the 
r| & state interact strongly through a van der Waals potential, giving rise 
to the following Hamiltonian governing the system’s dynamics:
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Fig. 5 | Higgs mode oscillations. a, Long-lived oscillations of the staggered 
magnetization observed when one sublattice is initially pinned and then 
released. b, Numerical calculation of the energy difference, in a 10 × 10 system 
with periodic boundary conditions, of the initial pinned state (blue) and the 2Z  
state (green) relative to the ground state, as well as the gap to the first excited 
state (red). The pinned state is much lower in energy than the Z2 state at finite 
detuning. c, Schematic of the effective potential for the amplitude mode.  
d, Oscillation parameters extracted from fitting φ t φ A ωt θ( ) ≈ + cos( + )e γt
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to data shown in a. Left: measured oscillation frequencies (red points), plotted 
along with numerically determined values and calculated ground-state energy 
gaps (both for a 10 × 10 lattice). A lower local detuning ∣δ∣ leads to oscillations  
of lower amplitude and frequency (orange). Oscillation frequencies of the 

magnetization in the global sweeps, as shown in Extended Data Fig.%8a, are 
indicated in purple. PBC, periodic boundary conditions; MPS, matrix product 
state. Top right: the measured oscillations decay more rapidly as the phase 
transition is approached. Bottom right: in the disordered phase, oscillations 
occur around ms = 0, whereas in the ordered phase, a finite offset emerges.  
e, Oscillations of the correlation length. For final detunings close to the 
quantum critical point, these oscillations are superposed with substantial 
growth of the correlation lengths. The correlation length oscillates at double 
the frequency of the order parameter in the disordered phase, and matches the 
frequency of the order-parameter oscillations in the ordered phase (Methods). 
All data shown are for Ω/2π = 3.1 MHz.
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state. Top right: the measured oscillations decay more rapidly as the phase 
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occur around ms = 0, whereas in the ordered phase, a finite offset emerges.  
e, Oscillations of the correlation length. For final detunings close to the 
quantum critical point, these oscillations are superposed with substantial 
growth of the correlation lengths. The correlation length oscillates at double 
the frequency of the order parameter in the disordered phase, and matches the 
frequency of the order-parameter oscillations in the ordered phase (Methods). 
All data shown are for Ω/2π = 3.1 MHz.
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Fig. 5 | Higgs mode oscillations. a, Long-lived oscillations of the staggered 
magnetization observed when one sublattice is initially pinned and then 
released. b, Numerical calculation of the energy difference, in a 10 × 10 system 
with periodic boundary conditions, of the initial pinned state (blue) and the 2Z  
state (green) relative to the ground state, as well as the gap to the first excited 
state (red). The pinned state is much lower in energy than the Z2 state at finite 
detuning. c, Schematic of the effective potential for the amplitude mode.  
d, Oscillation parameters extracted from fitting φ t φ A ωt θ( ) ≈ + cos( + )e γt
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to data shown in a. Left: measured oscillation frequencies (red points), plotted 
along with numerically determined values and calculated ground-state energy 
gaps (both for a 10 × 10 lattice). A lower local detuning ∣δ∣ leads to oscillations  
of lower amplitude and frequency (orange). Oscillation frequencies of the 

magnetization in the global sweeps, as shown in Extended Data Fig.%8a, are 
indicated in purple. PBC, periodic boundary conditions; MPS, matrix product 
state. Top right: the measured oscillations decay more rapidly as the phase 
transition is approached. Bottom right: in the disordered phase, oscillations 
occur around ms = 0, whereas in the ordered phase, a finite offset emerges.  
e, Oscillations of the correlation length. For final detunings close to the 
quantum critical point, these oscillations are superposed with substantial 
growth of the correlation lengths. The correlation length oscillates at double 
the frequency of the order parameter in the disordered phase, and matches the 
frequency of the order-parameter oscillations in the ordered phase (Methods). 
All data shown are for Ω/2π = 3.1 MHz.
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Quantum coarsening and collective 
dynamics on a programmable simulator

Tom Manovitz1,8, Sophie H. Li1,8, Sepehr Ebadi1,7,8, Rhine Samajdar2,3, Alexandra A. Geim1, 
Simon J. Evered1, Dolev Bluvstein1, Hengyun Zhou1,4, Nazli Ugur Koyluoglu1,5, 
Johannes Feldmeier1, Pavel E. Dolgirev1, Nishad Maskara1, Marcin Kalinowski1, 
Subir Sachdev1, David A. Huse2, Markus Greiner1, Vladan Vuletić6 & Mikhail D. Lukin1 ✉

Understanding the collective quantum dynamics of non-equilibrium many-body 
systems is an outstanding challenge in quantum science. In particular, dynamics driven 
by quantum !uctuations are important for the formation of exotic quantum phases  
of matter1, fundamental high-energy processes2, quantum metrology3,4 and quantum 
algorithms5. Here we use a programmable quantum simulator based on Rydberg atom 
arrays to experimentally study collective dynamics across a (2+1)-dimensional Ising 
quantum phase transition. After crossing the quantum critical point, we observe a 
gradual growth of correlations through coarsening of antiferromagnetically ordered 
domains6. By deterministically preparing and following the evolution of ordered 
domains, we show that the coarsening is driven by the curvature of domain boundaries, 
and "nd that the dynamics accelerate with proximity to the quantum critical point. We 
quantitatively explore these phenomena and further observe long-lived oscillations  
of the order parameter, corresponding to an amplitude (‘Higgs’) mode7. These 
observations o#er a viewpoint into emergent collective dynamics in strongly 
correlated quantum systems and non-equilibrium quantum processes.

Quantum phase transitions (QPTs) are transformations between states 
of matter that are driven by quantum fluctuations8. Analogously to 
thermal fluctuations in classical phase transitions, quantum fluc-
tuations have a dominant role in the emergence of order in quantum 
systems. Although classical dynamics near thermal critical points 
have been studied extensively over the past several decades, only 
recently have quantum dynamics across QPTs become experimen-
tally accessible, owing to the advent of quantum simulators9–12 and 
ultrafast spectroscopic methods in solid-state systems7,13–15. Their 
universal properties have been studied in systems of varied dimen-
sionality using the quantum Kibble–Zurek mechanism (KZM)10,11,16. 
The KZM stipulates that a quantum system’s dynamics and correla-
tions ‘freeze’ in the vicinity of a QPT when the system can no longer 
respond adiabatically to dynamical changes. However, in many 
instances, other mechanisms of correlation growth beyond KZM 
can dominate ordering17–21. In particular, when an unordered system 
passes through a continuous phase transition into a symmetry-broken 
phase, a progressive growth of long-range order, known as coarsening, 
is expected. These ordering dynamics are predicted to show univer-
sality, manifested as self-similarity in the growth of correlations22–24. 
Such phenomena are well understood in classical systems24, and have 
been experimentally explored in Bose gases in the mean-field regime 
over the past two decades25–31. However, the effects of quantum fluc-
tuations in coarsening dynamics, particularly near QPTs, have only 
recently emerged as a subject of theoretical6,32–35 and experimental36  
investigation.

We use a programmable quantum simulator based on Rydberg atom 
arrays to investigate the collective out-of-equilibrium dynamics asso-
ciated with the growth of order following an Ising QPT. We observe 
key features of beyond-mean-field quantum-coarsening processes 
arising from quantum fluctuations: the curvature-driven dynamics 
of domain walls and their acceleration when approaching the critical 
point. We further explore self-similarity and universality in the order-
ing process. In addition, we observe long-lived coherent oscillations 
of the correlation length and the order parameter on both sides of 
the QPT. In the ordered phase, these oscillations are the analogue of 
a ‘Higgs’ mode13,15,37. Our observations are consistent with theoretical 
predictions8, extending these studies in a regime that is difficult to 
simulate classically.

Our experiments are performed using a two-dimensional program-
mable atom array, previously described in ref. 11. The measurements 
are conducted on a 16 % 16 square lattice of 87Rb atoms trapped in an 
array of optical tweezers generated by a spatial light modulator. Atoms 
are initialized in the electronic ground state g&∣  and are coupled to the 
high-lying electronic Rydberg state r&∣  through a two-photon excitation 
with time-dependent Rabi frequency Ω(t) and global detuning ∆(t). As 
a key upgrade, we introduce a second spatial light modulator for gen-
erating locally controlled light shifts, allowing for programmable 
site-dependent detunings δi(t) = αiδ(t), where αi is a time-independent 
weight at site i (Methods and Extended Data Fig. 1). The atoms in the 
r| & state interact strongly through a van der Waals potential, giving rise 
to the following Hamiltonian governing the system’s dynamics:
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of the order parameter, corresponding to an amplitude (‘Higgs’) mode7. These 
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systems. Although classical dynamics near thermal critical points 
have been studied extensively over the past several decades, only 
recently have quantum dynamics across QPTs become experimen-
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universal properties have been studied in systems of varied dimen-
sionality using the quantum Kibble–Zurek mechanism (KZM)10,11,16. 
The KZM stipulates that a quantum system’s dynamics and correla-
tions ‘freeze’ in the vicinity of a QPT when the system can no longer 
respond adiabatically to dynamical changes. However, in many 
instances, other mechanisms of correlation growth beyond KZM 
can dominate ordering17–21. In particular, when an unordered system 
passes through a continuous phase transition into a symmetry-broken 
phase, a progressive growth of long-range order, known as coarsening, 
is expected. These ordering dynamics are predicted to show univer-
sality, manifested as self-similarity in the growth of correlations22–24. 
Such phenomena are well understood in classical systems24, and have 
been experimentally explored in Bose gases in the mean-field regime 
over the past two decades25–31. However, the effects of quantum fluc-
tuations in coarsening dynamics, particularly near QPTs, have only 
recently emerged as a subject of theoretical6,32–35 and experimental36  
investigation.

We use a programmable quantum simulator based on Rydberg atom 
arrays to investigate the collective out-of-equilibrium dynamics asso-
ciated with the growth of order following an Ising QPT. We observe 
key features of beyond-mean-field quantum-coarsening processes 
arising from quantum fluctuations: the curvature-driven dynamics 
of domain walls and their acceleration when approaching the critical 
point. We further explore self-similarity and universality in the order-
ing process. In addition, we observe long-lived coherent oscillations 
of the correlation length and the order parameter on both sides of 
the QPT. In the ordered phase, these oscillations are the analogue of 
a ‘Higgs’ mode13,15,37. Our observations are consistent with theoretical 
predictions8, extending these studies in a regime that is difficult to 
simulate classically.

Our experiments are performed using a two-dimensional program-
mable atom array, previously described in ref. 11. The measurements 
are conducted on a 16 % 16 square lattice of 87Rb atoms trapped in an 
array of optical tweezers generated by a spatial light modulator. Atoms 
are initialized in the electronic ground state g&∣  and are coupled to the 
high-lying electronic Rydberg state r&∣  through a two-photon excitation 
with time-dependent Rabi frequency Ω(t) and global detuning ∆(t). As 
a key upgrade, we introduce a second spatial light modulator for gen-
erating locally controlled light shifts, allowing for programmable 
site-dependent detunings δi(t) = αiδ(t), where αi is a time-independent 
weight at site i (Methods and Extended Data Fig. 1). The atoms in the 
r| & state interact strongly through a van der Waals potential, giving rise 
to the following Hamiltonian governing the system’s dynamics:
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Understanding the collective quantum dynamics of non-equilibrium many-body 
systems is an outstanding challenge in quantum science. In particular, dynamics driven 
by quantum !uctuations are important for the formation of exotic quantum phases  
of matter1, fundamental high-energy processes2, quantum metrology3,4 and quantum 
algorithms5. Here we use a programmable quantum simulator based on Rydberg atom 
arrays to experimentally study collective dynamics across a (2+1)-dimensional Ising 
quantum phase transition. After crossing the quantum critical point, we observe a 
gradual growth of correlations through coarsening of antiferromagnetically ordered 
domains6. By deterministically preparing and following the evolution of ordered 
domains, we show that the coarsening is driven by the curvature of domain boundaries, 
and "nd that the dynamics accelerate with proximity to the quantum critical point. We 
quantitatively explore these phenomena and further observe long-lived oscillations  
of the order parameter, corresponding to an amplitude (‘Higgs’) mode7. These 
observations o#er a viewpoint into emergent collective dynamics in strongly 
correlated quantum systems and non-equilibrium quantum processes.

Quantum phase transitions (QPTs) are transformations between states 
of matter that are driven by quantum fluctuations8. Analogously to 
thermal fluctuations in classical phase transitions, quantum fluc-
tuations have a dominant role in the emergence of order in quantum 
systems. Although classical dynamics near thermal critical points 
have been studied extensively over the past several decades, only 
recently have quantum dynamics across QPTs become experimen-
tally accessible, owing to the advent of quantum simulators9–12 and 
ultrafast spectroscopic methods in solid-state systems7,13–15. Their 
universal properties have been studied in systems of varied dimen-
sionality using the quantum Kibble–Zurek mechanism (KZM)10,11,16. 
The KZM stipulates that a quantum system’s dynamics and correla-
tions ‘freeze’ in the vicinity of a QPT when the system can no longer 
respond adiabatically to dynamical changes. However, in many 
instances, other mechanisms of correlation growth beyond KZM 
can dominate ordering17–21. In particular, when an unordered system 
passes through a continuous phase transition into a symmetry-broken 
phase, a progressive growth of long-range order, known as coarsening, 
is expected. These ordering dynamics are predicted to show univer-
sality, manifested as self-similarity in the growth of correlations22–24. 
Such phenomena are well understood in classical systems24, and have 
been experimentally explored in Bose gases in the mean-field regime 
over the past two decades25–31. However, the effects of quantum fluc-
tuations in coarsening dynamics, particularly near QPTs, have only 
recently emerged as a subject of theoretical6,32–35 and experimental36  
investigation.

We use a programmable quantum simulator based on Rydberg atom 
arrays to investigate the collective out-of-equilibrium dynamics asso-
ciated with the growth of order following an Ising QPT. We observe 
key features of beyond-mean-field quantum-coarsening processes 
arising from quantum fluctuations: the curvature-driven dynamics 
of domain walls and their acceleration when approaching the critical 
point. We further explore self-similarity and universality in the order-
ing process. In addition, we observe long-lived coherent oscillations 
of the correlation length and the order parameter on both sides of 
the QPT. In the ordered phase, these oscillations are the analogue of 
a ‘Higgs’ mode13,15,37. Our observations are consistent with theoretical 
predictions8, extending these studies in a regime that is difficult to 
simulate classically.

Our experiments are performed using a two-dimensional program-
mable atom array, previously described in ref. 11. The measurements 
are conducted on a 16 % 16 square lattice of 87Rb atoms trapped in an 
array of optical tweezers generated by a spatial light modulator. Atoms 
are initialized in the electronic ground state g&∣  and are coupled to the 
high-lying electronic Rydberg state r&∣  through a two-photon excitation 
with time-dependent Rabi frequency Ω(t) and global detuning ∆(t). As 
a key upgrade, we introduce a second spatial light modulator for gen-
erating locally controlled light shifts, allowing for programmable 
site-dependent detunings δi(t) = αiδ(t), where αi is a time-independent 
weight at site i (Methods and Extended Data Fig. 1). The atoms in the 
r| & state interact strongly through a van der Waals potential, giving rise 
to the following Hamiltonian governing the system’s dynamics:
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Fig. 5 | Higgs mode oscillations. a, Long-lived oscillations of the staggered 
magnetization observed when one sublattice is initially pinned and then 
released. b, Numerical calculation of the energy difference, in a 10 × 10 system 
with periodic boundary conditions, of the initial pinned state (blue) and the 2Z  
state (green) relative to the ground state, as well as the gap to the first excited 
state (red). The pinned state is much lower in energy than the Z2 state at finite 
detuning. c, Schematic of the effective potential for the amplitude mode.  
d, Oscillation parameters extracted from fitting φ t φ A ωt θ( ) ≈ + cos( + )e γt

0 0
−   

to data shown in a. Left: measured oscillation frequencies (red points), plotted 
along with numerically determined values and calculated ground-state energy 
gaps (both for a 10 × 10 lattice). A lower local detuning ∣δ∣ leads to oscillations  
of lower amplitude and frequency (orange). Oscillation frequencies of the 

magnetization in the global sweeps, as shown in Extended Data Fig.%8a, are 
indicated in purple. PBC, periodic boundary conditions; MPS, matrix product 
state. Top right: the measured oscillations decay more rapidly as the phase 
transition is approached. Bottom right: in the disordered phase, oscillations 
occur around ms = 0, whereas in the ordered phase, a finite offset emerges.  
e, Oscillations of the correlation length. For final detunings close to the 
quantum critical point, these oscillations are superposed with substantial 
growth of the correlation lengths. The correlation length oscillates at double 
the frequency of the order parameter in the disordered phase, and matches the 
frequency of the order-parameter oscillations in the ordered phase (Methods). 
All data shown are for Ω/2π = 3.1 MHz.
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magnetization observed when one sublattice is initially pinned and then 
released. b, Numerical calculation of the energy difference, in a 10 × 10 system 
with periodic boundary conditions, of the initial pinned state (blue) and the 2Z  
state (green) relative to the ground state, as well as the gap to the first excited 
state (red). The pinned state is much lower in energy than the Z2 state at finite 
detuning. c, Schematic of the effective potential for the amplitude mode.  
d, Oscillation parameters extracted from fitting φ t φ A ωt θ( ) ≈ + cos( + )e γt
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to data shown in a. Left: measured oscillation frequencies (red points), plotted 
along with numerically determined values and calculated ground-state energy 
gaps (both for a 10 × 10 lattice). A lower local detuning ∣δ∣ leads to oscillations  
of lower amplitude and frequency (orange). Oscillation frequencies of the 

magnetization in the global sweeps, as shown in Extended Data Fig.%8a, are 
indicated in purple. PBC, periodic boundary conditions; MPS, matrix product 
state. Top right: the measured oscillations decay more rapidly as the phase 
transition is approached. Bottom right: in the disordered phase, oscillations 
occur around ms = 0, whereas in the ordered phase, a finite offset emerges.  
e, Oscillations of the correlation length. For final detunings close to the 
quantum critical point, these oscillations are superposed with substantial 
growth of the correlation lengths. The correlation length oscillates at double 
the frequency of the order parameter in the disordered phase, and matches the 
frequency of the order-parameter oscillations in the ordered phase (Methods). 
All data shown are for Ω/2π = 3.1 MHz.

Nature | Vol 638 | 6 February 2025 | 91

1. Altman, E. et al. Quantum simulators: architectures and opportunities. PRX Quantum 2, 
017003 (2021).

2. Bauer, C. W. et al. Quantum simulation for high-energy physics. PRX Quantum 4, 027001 
(2023).

3. Degen, C. L., Reinhard, F. & Cappellaro, P. Quantum sensing. Rev. Mod. Phys. 89, 035002 
(2017).

4. Li, Z. et al. Improving metrology with quantum scrambling. Science 380, 1381–1384 (2023).
5. Ebadi, S. et al. Quantum optimization of maximum independent set using Rydberg atom 

arrays. Science 376, 1209–1215 (2022).
6. Samajdar, R. & Huse, D. A. Quantum and classical coarsening and their interplay with the 

Kibble–Zurek mechanism. Preprint at https://arxiv.org/abs/2401.15144 (2024).
7. Pekker, D. & Varma, C. M. Amplitude/Higgs modes in condensed matter physics. Annu. 

Rev. Condens. Matter Phys. 6, 269–297 (2015).
8. Sachdev, S. Quantum Phase Transitions (Cambridge Univ. Press, 2011).
9. Bakr, W. S. et al. Probing the superfluid-to-Mott insulator transition at the single-atom 

level. Science 329, 547–550 (2010).
10. Keesling, A. et al. Quantum Kibble–Zurek mechanism and critical dynamics on a 

programmable Rydberg simulator. Nature 568, 207–211 (2019).
11. Ebadi, S. et al. Quantum phases of matter on a 256-atom programmable quantum 

simulator. Nature 595, 227–232 (2021).
12. Scholl, P. et al. Quantum simulation of 2D antiferromagnets with hundreds of Rydberg 

atoms. Nature 595, 233–238 (2021).
13. Rüegg, C. et al. Quantum magnets under pressure: controlling elementary excitations in 

TlCuCl3. Phys. Rev. Lett. 100, 205701 (2008).
14. Jain, A. et al. Higgs mode and its decay in a two-dimensional antiferromagnet. Nat. Phys. 

13, 633–637 (2017).
15. Shimano, R. & Tsuji, N. Higgs mode in superconductors. Annu. Rev. Condens. Matter Phys. 

11, 103–124 (2020).
16. Pyka, K. et al. Topological defect formation and spontaneous symmetry breaking in ion 

Coulomb crystals. Nat. Commun. 4, 2291 (2013).
17. Biroli, G., Cugliandolo, L. F. & Sicilia, A. Kibble–Zurek mechanism and infinitely slow 

annealing through critical points. Phys. Rev. E 81, 050101 (2010).
18. Roychowdhury, K., Moessner, R. & Das, A. Dynamics and correlations at a quantum phase 

transition beyond Kibble–Zurek. Phys. Rev. B 104, 014406 (2021).

19. King, A. D. et al. Coherent quantum annealing in a programmable 2,000 qubit Ising chain. 
Nat. Phys. 18, 1324–1328 (2022).

20. Schmitt, M., Rams, M. M., Dziarmaga, J., Heyl, M. & Zurek, W. H. Quantum phase transition 
dynamics in the two-dimensional transverse-field Ising model. Sci. Adv. 8, eabl6850 (2022).

21. Zeng, H.-B., Xia, C.-Y. & del Campo, A. Universal breakdown of Kibble–Zurek scaling in fast 
quenches across a phase transition. Phys. Rev. Lett. 130, 060402 (2023).

22. Lifshitz, I. M. Kinetics of ordering during second-order phase transitions. Sov. Phys. JETP 
15, 939 (1962).

23. Hohenberg, P. C. & Halperin, B. I. Theory of dynamic critical phenomena. Rev. Mod. Phys. 
49, 435–479 (1977).

24. Bray, A. Theory of phase-ordering kinetics. Adv. Phys. 43, 357–459 (1994).
25. Sadler, L., Higbie, J. M., Leslie, S. R., Vengalattore, M. & Stamper-Kurn, D. M. Spontaneous 

symmetry breaking in a quenched ferromagnetic spinor Bose–Einstein condensate. 
Nature 443, 312–315 (2006).

26. Lienhard, V. et al. Observing the space- and time-dependent growth of correlations in 
dynamically tuned synthetic Ising models with antiferromagnetic interactions. Phys. Rev. 
X 8, 021070 (2018).

27. Prüfer, M. et al. Observation of universal dynamics in a spinor Bose gas far from equilibrium. 
Nature 563, 217–220 (2018).

28. Erne, S. et al. Universal dynamics in an isolated one-dimensional Bose gas far from 
equilibrium. Nature 563, 225–229 (2018).

29. Goo, J. et al. Universal early coarsening of quenched Bose gases. Phys. Rev. Lett. 128, 
135701 (2022).

30. Gazo, M. et al. Universal coarsening in a homogeneous two-dimensional Bose gas. 
Preprint at https://arxiv.org/abs/2312.09248 (2023).

31. Huh, S. et al. Universality class of a spinor Bose–Einstein condensate far from equilibrium. 
Nat. Phys. 20, 402–408 (2024).

32. Chandran, A., Erez, A., Gubser, S. S. & Sondhi, S. L. Kibble–Zurek problem: universality 
and the scaling limit. Phys. Rev. B 86, 064304 (2012).

33. Chandran, A., Nanduri, A., Gubser, S. S. & Sondhi, S. L. Equilibration and coarsening in  
the quantum O(N) model at infinite N. Phys. Rev. B 88, 024306 (2013).

34. Maraga, A., Chiocchetta, A., Mitra, A. & Gambassi, A. Aging and coarsening in isolated 
quantum systems after a quench: exact results for the quantum O(N) model with N → ∞. 
Phys. Rev. E 92, 042151 (2015).

a

En
er

gy
, E

/

0
Order parameter

P
ot

en
tia

l

Disordered

Ordered

b c

Fr
eq

ue
nc

y,
 

/

D
am

pi
ng

, 
/

O
ffs

et
, 

0

d

t/2π

C
or

re
la

tio
n 

le
ng

th
, 

e
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

t/2π

–0.2

0

0.2

0.4

0.6

O
rd

er
 p

ar
am

et
er

, m
s

0 0.5 1.0 1.5

QPT

0 1 2
0

0.5

1.0

1.5

QPT
10 × 10 PBC MPS
ΔE/

 = –4
 = –   /4
Global

0

0.19

0 1 2
0

0.8

0 1 2 3
0

2

25

50 ΔE 
Pinned

2

0.5 1.0 1.5 2.0 2.5 3.0 3.5

1

2

3

4

1.5
1.0
0.7

|g〉
|r〉



/Δ Ω

Ω

/Δ Ω

Ω

Ω

Ω

Ω
Ω

/Δ Ω

/Δ Ω

/Δ Ω

Ω

Ω

Fig. 5 | Higgs mode oscillations. a, Long-lived oscillations of the staggered 
magnetization observed when one sublattice is initially pinned and then 
released. b, Numerical calculation of the energy difference, in a 10 × 10 system 
with periodic boundary conditions, of the initial pinned state (blue) and the 2Z  
state (green) relative to the ground state, as well as the gap to the first excited 
state (red). The pinned state is much lower in energy than the Z2 state at finite 
detuning. c, Schematic of the effective potential for the amplitude mode.  
d, Oscillation parameters extracted from fitting φ t φ A ωt θ( ) ≈ + cos( + )e γt

0 0
−   

to data shown in a. Left: measured oscillation frequencies (red points), plotted 
along with numerically determined values and calculated ground-state energy 
gaps (both for a 10 × 10 lattice). A lower local detuning ∣δ∣ leads to oscillations  
of lower amplitude and frequency (orange). Oscillation frequencies of the 

magnetization in the global sweeps, as shown in Extended Data Fig.%8a, are 
indicated in purple. PBC, periodic boundary conditions; MPS, matrix product 
state. Top right: the measured oscillations decay more rapidly as the phase 
transition is approached. Bottom right: in the disordered phase, oscillations 
occur around ms = 0, whereas in the ordered phase, a finite offset emerges.  
e, Oscillations of the correlation length. For final detunings close to the 
quantum critical point, these oscillations are superposed with substantial 
growth of the correlation lengths. The correlation length oscillates at double 
the frequency of the order parameter in the disordered phase, and matches the 
frequency of the order-parameter oscillations in the ordered phase (Methods). 
All data shown are for Ω/2π = 3.1 MHz.
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ωq(k,ε) =
1

T 2→ω
!I

(
ck

T
,
ε

T
,
g → gc
T 1/ε

)

where c is the velocity of ‘light’, ϑ is a
critical exponent of the three-dimensional
classical Ising model, and !I is a univer-
sal scaling function (apart from an overall
amplitude).
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ωrelax = C ⊋
kBT



Quantum criticality of Ising model in 2+1 dimensions
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Quantum critical dynamic susceptibility in an ex-
pansion in ω = 3→ d

ε(k,ϑ) =
1

c2k2 → ϑ2 + ω
2ϖ2T 2

9
→ i sgn(ϑ)ω2

4ϖ3T 2

27

This indicates a breakdown of the ω expansion for
⊋ϑ ↑

↓
ωkBT . Expected low frequency form is

ε(k,ϑ) =
1

c2k2 → ϑ2 + ω
2ϖ2T 2

9
→ i!ϑT

with ! a universal constant.

S. Sachdev, PRB 55, 142 (1997)
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However, the ω expansion
works well at T = 0, and

yields systematic correc-

tions to f(x) → ε(!↑!c = x)

ε(!c ↑! = x)
which agree with obser-

vations.
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For ⊋ω →
↑
εkBT and ε small, we can use a semi-classical approach.

Equal time correlators
In a classical theory, equal time correlators are independent of the dynamics, and depend only upon
the potential energy. The classical !4 field theory has potential energy

V[!] =
∫

d2x

[
1

2
(↓!)2 +

R̃

2
!2 +

U

24
!4

]

The partition function at a temperature T is

Z =

∫
D! exp

(
↔V[!]

T

)

and a typical correlator of interest is the equal time structure factor

Scl(k) =
1

Z

∫
D! exp

(
↔V[!]

T

)∫
d2xe→ikx!(x)!(0)

59, 14054 (1999)

S. Sachdev, PRB 59, 14054 (1999)
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Matching to determine couplings
Let us assume a square lattice of spacing a. A key assertion is that results are independent of the

lattice as a → 0 a single mass renormalization. This renormalization is equivalent to replacing R̃ by

R, where

R̃ = R↑
TU

2

∫ ω/a

→ω/a

dkxdky
4ω2

1

(2/a2)[2↑ cos(kxa)↑ cos(kya)] +R

After all lattice results are expressed in terms of R, then the claim is that no further renormalizations

are needed, and the limit a → 0 exists, and is independent of the lattice choice. Notice that we

assume that R > 0, and that as R ranges from 0 to +↓, R̃ ranges from ↑↓ to +↓. The values of

R and U are determined by matching to static properties of the quantum critical point.

Classical dynamics
We introduce a conjugate momentum field !(x) with the Poisson bracket

{”(x),!(y)}P.B. = ε2(x↑ y)

and the Hamiltonian

H[”,!] =

∫
d2x

c2!2

2
+ V[”]

where c is a velocity. The partition function is now extended to

Z =

∫
D”D! exp

(
↑
H[”,!]

T

)
.

The equations of motion are

ϑ”

ϑt
= c2!

ϑ!

ϑt
= ↔

2
”↑ R̃”↑

U

6
”

3

By integrating these equations of motion, we can obtain the dynamic structure factor

Scl(k,ϖ) =

∫
d2x

∫
dt ↗”(x, t)”(0, 0)↘ e→i(kx→εt) .

Here the average ↗·↘ is over thermal initial conditions defined by the partition function Z.

S. Sachdev, PRB 59, 14054 (1999)
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Precise numerical results to appear by 

Julia Wei, Matthew Dodelson, Anders Sandvik…


