
Quantum spin liquids in 
antiferromagnets  

and  
Rydberg atoms

 
KAIST, Korea 

February 18, 2021

Subir Sachdev

HARVARDTalk online: sachdev.physics.harvard.edu



1.  Introduction to spin liquids 
         The Z2 spin liquid 

2.  Rydberg atoms 
        

3. Gapless spin liquids on the square lattice 
          Gauge theories of partons 
     



1.  Introduction to spin liquids 
         The Z2 spin liquid 

2.  Rydberg atoms 
        

3. Gapless spin liquids on the square lattice 
          Gauge theories of partons 
     



Mott insulator: Triangular lattice antiferromagnet

H = J
�

�ij⇥

⌅Si · ⌅Sj

Nearest-neighbor model has non-collinear Neel order 



 



Mott insulator: Triangular lattice antiferromagnet

H = J
�

�ij⇥

⌅Si · ⌅Sj

Nearest-neighbor model has non-collinear Neel order 



Spin liquid for bosons at half-filling,  
or a spin model with S=1/2 per unit cell 

=

P. Fazekas and P. W. Anderson, Philos. Mag. 30, 23 (1974).

Mott insulator: Triangular lattice antiferromagnet

<latexit sha1_base64="44EQSLd248yeLy8H80pBg3XRVUI="></latexit>

|Gi =
X

D
cD |Di

D ! dimer covering

of lattice



P. Fazekas and P. W. Anderson, Philos. Mag. 30, 23 (1974).

=

Mott insulator: Triangular lattice antiferromagnet

<latexit sha1_base64="44EQSLd248yeLy8H80pBg3XRVUI="></latexit>

|Gi =
X

D
cD |Di

D ! dimer covering

of lattice

Spin liquid for bosons at half-filling,  
or a spin model with S=1/2 per unit cell 



P. Fazekas and P. W. Anderson, Philos. Mag. 30, 23 (1974).

=

Mott insulator: Triangular lattice antiferromagnet

<latexit sha1_base64="44EQSLd248yeLy8H80pBg3XRVUI="></latexit>

|Gi =
X

D
cD |Di

D ! dimer covering

of lattice

Spin liquid for bosons at half-filling,  
or a spin model with S=1/2 per unit cell 



P. Fazekas and P. W. Anderson, Philos. Mag. 30, 23 (1974).

=

Mott insulator: Triangular lattice antiferromagnet

<latexit sha1_base64="44EQSLd248yeLy8H80pBg3XRVUI="></latexit>

|Gi =
X

D
cD |Di

D ! dimer covering

of lattice

Spin liquid for bosons at half-filling,  
or a spin model with S=1/2 per unit cell 



P. Fazekas and P. W. Anderson, Philos. Mag. 30, 23 (1974).

=

Mott insulator: Triangular lattice antiferromagnet

<latexit sha1_base64="44EQSLd248yeLy8H80pBg3XRVUI="></latexit>

|Gi =
X

D
cD |Di

D ! dimer covering

of lattice

Spin liquid for bosons at half-filling,  
or a spin model with S=1/2 per unit cell 



P. Fazekas and P. W. Anderson, Philos. Mag. 30, 23 (1974).

=

Mott insulator: Triangular lattice antiferromagnet

<latexit sha1_base64="44EQSLd248yeLy8H80pBg3XRVUI="></latexit>

|Gi =
X

D
cD |Di

D ! dimer covering

of lattice

Spin liquid for bosons at half-filling,  
or a spin model with S=1/2 per unit cell 



ssc

non-collinear Néel state

Mott insulator: Triangular lattice antiferromagnet

Z2 spin liquid
with neutral S = 1/2 spinons
and vison excitations

N. Read and S. Sachdev, Phys. Rev. Lett. 66, 1773 (1991) 
X.-G. Wen, Phys. Rev. B  44, 2664 (1991)



Excitations of the Z2 Spin liquid

=Spinon: Sz = 1/2
e (boson) or ✏ (fermion) particle
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• Spinons can only be created
in pairs by a local operator
(e.g. B†)

• A single spinon carries
boson number B†B = 1/2:
fractionalization!

Spinon: Sz = 1/2
e (boson) or ✏ (fermion) particle
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Excitations of the Z2 Spin liquid
A vison 

m (boson) particle
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Excitations of the Z2 Spin liquid
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• A spinon adiabatically transported around a vison picks up a
phase factor of �1: spinons and visons are mutual semions.

• A bound state of a spinon and a vison picks up a phase factor
of �1 when exchanged with another bound state of a spinon
and a vison:

– The ✏ spinon (fermion) is a bound state of the e spinon
(boson) and a vison (✏ = e⇥m).

– The The e spinon (boson) is a bound state of the ✏ spinon
(fermion) and a vison (e = ✏⇥m).
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Simplest example with time-reversal symmetry:  
“Z2 spin liquid” or “toric code”

The Z2 spin liquid was obtained in N. Read and S. Sachdev, Phys. Rev. Lett. 66, 1773 (1991) and
X.-G. Wen, Phys. Rev. B 44, 2664 (1991). A. Kitaev, arXiv:quant-ph/9707021 described the toric code.

<latexit sha1_base64="CC3xb89weODYcFnSv6KyANRWwWY="></latexit>



<latexit sha1_base64="0WpPLdmYWaodbCP7GUqQhGqmbOI="></latexit>

• Anyons: , e, m, ✏. The e, m, ✏ anyons cannot be created from the ground state ( )
by any local operator.

• The e and ✏ are spinons, the m is the ‘vison’. The spinons carry boson number 1/2.

• Self statistics: e and m are bosons, while ✏ is a fermion.

• Mutual statistics: Any pair of e, m, ✏ are mutual semions i.e. one anyon picks up a
(�1) upon encircling any other type of anyon.

• Fusion rules: e⇥m = ✏, e⇥ ✏ = m, m⇥ ✏ = e, e⇥ e = ✏⇥ ✏ = m⇥m = .

• 4-fold ground state degeneracy on a torus.

• Emergent, deconfined Z2 gauge field.

• No protected edge states in general, but could appear with special symmetries.

• Topological entanglement entropy = ln 2.

Simplest example with time-reversal symmetry:  
“Z2 spin liquid” or “toric code”

The Z2 spin liquid was obtained in N. Read and S. Sachdev, Phys. Rev. Lett. 66, 1773 (1991) and
X.-G. Wen, Phys. Rev. B 44, 2664 (1991). A. Kitaev, arXiv:quant-ph/9707021 described the toric code.
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• Self statistics: e and m are bosons, while ✏ is a fermion.

• Mutual statistics: Any pair of e, m, ✏ are mutual semions i.e. one anyon picks up a
(�1) upon encircling any other type of anyon.

• Fusion rules: e⇥m = ✏, e⇥ ✏ = m, m⇥ ✏ = e, e⇥ e = ✏⇥ ✏ = m⇥m = .

• 4-fold ground state degeneracy on a torus.

• Emergent, deconfined Z2 gauge field.

• No protected edge states in general, but could appear with special symmetries.

• Topological entanglement entropy = ln 2.

Simplest example with time-reversal symmetry:  
“Z2 spin liquid” or “toric code”

The Z2 spin liquid was obtained in N. Read and S. Sachdev, Phys. Rev. Lett. 66, 1773 (1991) and
X.-G. Wen, Phys. Rev. B 44, 2664 (1991). A. Kitaev, arXiv:quant-ph/9707021 described the toric code.
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Z2 spin liquid for interacting bosons at filling n
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• The spinons carry spin Sz = 1/2 boson number B†B = 1/2.

• Z2 spin liquids of bosons (more generally, in systems with a global U(1) sym-
metry) must obey contraints associated with a ‘’tHooft anomaly’ which is
determined by the boson filling n.

– On a square lattice, the single vison state exhibit ‘translational symmetry
fractionalization’ with

TxTy = TyTxe
2⇡in,

with n integer or half-integer.

– For antiferromagnets of spin S, the translational symmetry fractionaliza-
tion is

TxTy = TyTxe
2⇡iS .
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Rydberg atoms on the square lattice: experiment 4

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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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

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, arXiv:2012.12281 
Pascal Scholl et al. arXiv:2012.12268
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FIG. 2. Benchmarking of quantum simulator using
checkerboard ordering. a. A quasi-adiabatic detuning
sweep �(t) at constant Rabi frequency ⌦ is used to prepare
the checkerboard ground state with high fidelity. b. Two-
site correlation function G(2)(k, l), averaged over all pairs of
atoms on a 12⇥12 array, showing near-perfect alternating cor-
relations throughout the entire system. c. Exponential fits of
rectified horizontal and vertical correlations are used to ex-
tract correlation lengths in the corresponding directions ⇠H
and ⇠V . d. Histogram of many-body state occurrence fre-
quency after 6767 repetitions of the experiment on a 12⇥12
array. The two most frequently occurring microstates cor-
respond to the two perfect checkerboard orderings, and the
next four most common ones are those with a single defect in
one of the corners of the array. e. Probability of finding a
perfect checkerboard ground state as a function of array size.
The slightly higher probabilities in odd⇥odd systems is due to
commensurate edges on opposing sides of the array. All data
in this figure are conditioned on defect-free rearrangement of
the array.

systems [20, 21] by nearly an order of magnitude.

Single-site readout also allows us to study individual
many-body states of our system (Fig. 2d). Out of 6767
repetitions on a 12x12 array, the two perfectly ordered
states |AF1i and |AF2i are by far the most frequently
observed microstates, with near-equal probabilities be-
tween the two. We benchmark our state preparation by
measuring the probability of observing perfect checker-

board ordering as a function of system size (Fig. 2e). We
find empirically that the probability scales with the num-
ber of atoms according to an exponential 0.97N , o↵er-
ing a benchmark that includes all experimental imperfec-
tions such as finite detection fidelity, non-adiabatic state
preparation, spontaneous emission, and residual quan-
tum fluctuations in the ordered state (see Methods). Re-
markably, even for a system size as large as 15⇥15 (225
atoms), we still observe the perfect antiferromagnetic
ground state with probability 0.10+5

�4% within the expo-
nentially large Hilbert space of dimension 2225 ⇡ 1068.

(2+1)D ISING QUANTUM PHASE TRANSITION

We now describe quantitative studies of the quantum
phase transition into the checkerboard phase. Quantum
phase transitions fall into universality classes character-
ized by critical exponents that determine universal be-
havior near the quantum critical point, independent of
the microscopic details of the Hamiltonian [13]. The tran-
sition into the checkerboard phase is expected to be in the
paradigmatic—but never previously observed—quantum
Ising universality class in (2+1) dimensions [14] (with ex-
pected dynamical critical exponent z = 1 and correlation
length critical exponent ⌫ = 0.629).
To explore universal scaling across this phase transi-

tion for a large system, we study the dynamical build-
up of correlations associated with the quantum Kibble-
Zurek mechanism [24, 38] on a 16⇥16 (256 atoms) array,
at fixed Rb/a = 1.15. We start at a large negative de-
tuning with all atoms in |gi and linearly increase �/⌦,
stopping at various points to measure the growth of cor-
relations across the phase transition (Fig. 3a, b). Slower
sweep rates s = d�/dt result in longer correlation lengths
⇠, as expected (Fig. 3c).
The quantum Kibble-Zurek mechanism predicts a uni-

versal scaling relationship between the control parameter
� and the correlation length ⇠. Specifically, when both
� and ⇠ are rescaled with the sweep rate s (relative to a
reference rate s0)

⇠̃ = ⇠(s/s0)
µ (2)

�̃ = (���c)(s/s0)
 (3)

with exponents µ ⌘ ⌫/(1+z⌫) and  ⌘ �1/(1+z⌫), then
universality implies that the rescaled ⇠̃ vs. �̃ collapses
onto a single curve [24] for any sweep rate s. Taking
z = 1 to be fixed (as expected for a Lorentz-invariant
theory), we extract ⌫ for our system by finding the value
that optimizes this universal collapse.

In order to obtain ⌫, we first independently determine
the position of the critical point �c, which corresponds
to the peak of the susceptibility � = �@

2
hHi/@�2 and

is associated with a vanishing gap [13]. For adiabiatic
evolution under the Hamiltonian (1), the susceptibility �

First observation of Ising 
quantum phase transition  

in 2+1 dimensions
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Parton construction of spin liquids
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Low energy theory of bosonic partons on the square lattice
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Low energy theory of fermionic partons on the square lattice
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Critical spin liquids the square lattice
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and connections to SPT phases.
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The current numerical evidence supports the existence of such a state  
up to a large length scale (~ 100 lattice spacings in some models),  

but a truly critical spin liquid of this type does not exist.
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Z2 spin liquids the square lattice
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These 2 spin liquids are not the same
Ying Ran and Xiao-Gang Wen, cond-mat/0609620
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Neel VBS
Gapless Z2  
spin liquid
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Z2 spin liquids 
finally found in 

realistic 
models! 

(by numerics)


