
Emergent glassy behavior in a kagome Rydberg atom array

Zheng Yan,1 Yan-Cheng Wang,2 Rhine Samajdar,3, 4 Subir Sachdev,5, ⇤ and Zi Yang Meng1, †

1
Department of Physics and HKU-UCAS Joint Institute of Theoretical and Computational Physics,

The University of Hong Kong, Pokfulam Road, Hong Kong SAR, China
2
Beihang Hangzhou Innovation Institute Yuhang, Hangzhou 310023, China

3
Department of Physics, Princeton University, Princeton, NJ, 08544, USA

4
Princeton Center for Theoretical Science, Princeton University, Princeton, NJ, 08544, USA

5
Department of Physics, Harvard University, Cambridge, MA 02138, USA

(Dated: January 19, 2023)

We present large-scale quantum Monte Carlo simulation results on a realistic Hamiltonian of
kagome-lattice Rydberg atom arrays. Although the system has no intrinsic disorder, intriguingly,
our analyses of static and dynamic properties on large system sizes reveal emergent glassy behavior
in a region of parameter space located between two valence bond solid phases. The extent of this
glassy region is demarcated using the Edwards-Anderson order parameter, and its phase transitions
to the two proximate valence bond solids—as well as the crossover towards a trivial paramagnetic
phase—are identified. We demonstrate the intrinsically slow (imaginary) time dynamics deep inside
the glassy phase and discuss experimental considerations for detecting such a quantum disordered
phase with numerous nearly degenerate local minima. Our proposal paves a new route to the study
of real-time glassy phenomena and highlights the potential for quantum simulation of a distinct
phase of quantum matter beyond solids and liquids in current-generation Rydberg platforms.

Introduction.—Over the last decade, quantum simula-
tors based on programmable Rydberg atom arrays [1–
5] have emerged as powerful platforms for the investiga-
tion of highly correlated quantum matter. These systems
have opened up new avenues to study interesting many-
body states [6–9], quantum dynamics [10–12], gauge the-
ories [13–16], and even combinatorial optimization prob-
lems [17–19].
An especially promising direction that has recently

attracted much attention is the simulation of quantum
phases of matter in these tunable atomic setups. Such
phases and the transitions between them have been in-
tensely studied for Rydberg atoms arrayed in one spatial
dimension [20–23] as well as in various two-dimensional
geometries, including on the square [24–28], triangular
[29], honeycomb [30, 31], kagome [32], and ruby [33–35]
lattices. In particular, Ref. 32 identified an intriguing
highly correlated regime in the phase diagram of the
kagome-lattice Rydberg atom array characterized by a
lack of symmetry-breaking solid order and a large en-
tanglement entropy. The correlations in this region were
found to be “liquid-like” in that the density of excitations
is limited by the strong Rydberg-Rydberg interactions
(as opposed to a weakly interacting gas wherein the laser
drive induces independent atomic excitations). Mapping
this system to a quantum dimer model [36] on the tri-
angular lattice [37–39] raises the possibility of a spin liq-
uid phase with Z2 topological order [32, 40]. However,
since the precise microscopic interactions di↵er between
the Rydberg [32] and dimer [40] models, it is crucial to
independently establish the properties of the former in
the thermodynamic limit. This poses a challenging prob-
lem for numerical techniques such as the density-matrix
renormalization group (DMRG), which is not only hin-
dered by the geometrically frustrated and long-ranged
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FIG. 1. Phase diagram, spanned by the �/⌦ and Rb axes, ob-
tained from QMC simulations. The four stars mark the points
in each phase for which the equal-time dimer structure fac-
tor is presented in Fig. 2. The white dashed lines indicate the
cuts in parameter space along which the quantum phase tran-
sitions are studied in Figs. 3 and S2. The colored background
shows the Edwards-Anderson order parameter as obtained in
Fig. 3(c), with the colorbar on top denoting the scale of qea.
The two insets schematically sketch the two crystalline phases
(nematic and staggered). Each red (white) circle representing
an atom in the Rydberg (ground) state on the kagome lattice
[black] can be mapped to the presence (absence) of a dimer
on the medial triangular lattice [white].

nature of the Hamiltonian (1) but is also limited to rela-
tively small system sizes on cylinders.

In light of the situation, here, we overcome this ob-
stacle and present large-scale quantum Monte Carlo
(QMC) simulation results on the realistic Hamiltonian
of kagome-lattice Rydberg arrays in Eq. (1) below. Sur-

ar
X

iv
:2

30
1.

07
12

7v
1 

 [c
on

d-
m

at
.q

ua
nt

-g
as

]  
17

 Ja
n 

20
23



2

prisingly, even though the Hamiltonian is translationally
invariant and has no disorder, our unbiased numerical
results for large system sizes and dynamic and static
data reveal emergent glassy behavior [41] in the region
located between the so-called “nematic” [38, 42] and
“staggered” [43] valence bond solid (VBS) phases [32].
Moreover, we emphasize that unlike previous work that
identified glassy behavior in open dissipative Rydberg
gases [44, 45], our findings here apply to an isolated closed
quantum system. We utilize the Edwards-Anderson or-
der parameter to map out the extent of the glassy region
in the phase diagram. Furthermore, the phase transi-
tions between the glassy phase and the two valence bond
phases as well as the crossover towards the paramagnetic
phase are identified. Our results highlight the intrin-
sically slow (imaginary) time dynamics deep inside the
glassy phase, and we suggest experimental protocols to
detect such a quantum disordered phase with numerous
nearly degenerate local minima in its energy landscape.

Rydberg Hamiltonian on the kagome lattice.—We in-
vestigate the following realistic Hamiltonian describing
Rydberg arrays on the kagome lattice,

H =
NX

i=1


⌦

2
(|gii hr|+ |rii hg|)� � |rii hr|

�

+
NX

i,j=1

Vij

2

⇣
|rii hr|⌦ |rij hr|

⌘
, (1)

where the sum on i runs over all N sites of the kagome
lattice. The ket |gi (|ri) represents the ground (Ryd-
berg) state, while ⌦ (�) stands for the Rabi frequency
(detuning) of the laser drive, which can be mapped to
a transverse (longitudinal) field in the language of quan-
tum Ising model. The repulsive interaction is of the van
der Waals form Vij =⌦R6

b/R
6
ij , where Rij is the distance

between the sites i and j, and Rb defines the Rydberg
blockade radius (within which no two atoms can be si-
multaneously excited to the Rydberg state). Note that
we are implicitly working in units where the lattice spac-
ing is set to one. Since Vij falls o↵ rapidly with the sixth
power of the interatomic distance, we truncate the in-
teractions beyond a cuto↵ of third-nearest neighbours in
our simulations, akin to Ref. 32. We set ⌦=1 and scan
the parameters � and Rb to explore the phase diagram,
paying particular attention to the previously identified
correlated region between the solid phases.

To solve the model in Eq. (1) in an unbiased man-
ner, we modify and employ several stochastic series ex-
pansion (SSE) QMC schemes [40, 46–52] to deal with
such Rydberg arrays. By monitoring the behavior of var-
ious physical observables, e.g., correlation functions and
structure factors, we map out the detailed phase diagram
in Fig. 1; we will explain a few representative cuts in pa-
rameter space in the next section. Our simulations are
performed on the kagome lattice with periodic boundary

conditions and system sizes N = 3L2 for linear dimen-
sions L = 6, 8, 12, while setting the inverse temperature
� = L to scale to the ground state. Besides the conven-
tional observables employed in recent QMC work [40],
here, to reveal the intricate nature of the glassy phase and
its transitions or crossovers to the neighboring phases, we
employ di↵erent annealing, quench, and parallel temper-
ing schemes [19, 53–61]. Scanning along parameter paths
in the phase diagram, we compute the Edwards-Anderson
order parameter to detect the spin-glass behavior [62–
65]. More details about these schemes can be found in
the Supplemental Material (SM) [66].
Phase diagram.—The phase diagram thus obtained is

illustrated in Fig. 1. When �/⌦ is small but positive, we
observe a disordered paramagnetic (PM) phase. Once
�/⌦ is tuned to larger values, we find two symmetry-
breaking VBS phases, in agreement with previous DMRG
results [32] but with slightly shifted phase boundaries.
These solid phases, termed nematic and staggered, corre-
spond to (approximately) 1/3 and 1/6 filling of Rydberg
excitations, respectively. The schematic plots of these
crystalline phases are sketched in the insets of Fig. 1,
both on the direct kagome lattice in the Rydberg basis
and on the medial triangular lattice in the dimer basis.
The exact manner in which they connect to each other, in
the thermodynamic limit, is an interesting open question,
with possibilities including topologicaly ordered even or
odd quantum spin liquids (QSLs), an intervening triv-
ial disordered phase, or some new emergent intermediate
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FIG. 2. Equal-time dimer structure factors S(k, ⌧ =0) in the
Brillouin zone for the (a) 1/6 staggered (Rb = 2.3), (b) glass
(Rb = 2.1), (c) nematic (Rb = 1.9) and (d) PM (Rb = 1.05)
phases at �/⌦ = 3.3 (vertical cut in the phase diagram of
Fig. 1). The data shown here is simulated for �=L=12.
The number in the upper-right corner shows the enlargement
factor of the color bar; e.g., ⇥10 changes the color bar from
[0, 0.1] to [0, 1].
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FIG. 3. (a) Energy per site plotted along the cut with �/⌦ = 3.3 in Fig. 1 using di↵erent initial states for the QMC simulations,
showing that the nematic–glass phase transition is first-order while the nematic–PM one is also weakly first-order. (b) The loop
order parameter (green dashed string), which can be used to distinguish the even/odd Z2 QSL (hloopi 6= 0) from the trivial
disordered phase without topological order (hloopi = 0), is always close to zero, suggesting that the phase is not a pure even
or odd Z2 QSL. (c) The Edwards-Anderson order parameter increases sharply upon going from the PM to the glass phase as
�/⌦ increases at di↵erent Rb.

phase [32, 40].
Interestingly, we discover that a glassy disordered

phase—which can be distinguished from the PM by the
magnitude of the Edwards-Anderson order parameter—
exists in the central region between the two VBSs. The
phase boundaries between this region and proximate
phases are determined by examining various parameter
points and paths scanning through the phase diagram,
as denoted by the red stars and dashed lines in Fig. 1,
and addressed in detail below.

To characterize the variety of phases, we first compute
the equal-time (⌧ =0) structure factor (see Fig. 2) as

S(k, ⌧) =
1

N

L3X

i,j
↵=1,2,3

e
ik·rij

✓
hni,↵(⌧)nj,↵(0)i�hni,↵ihnj,↵i

◆
,

(2)
where ni is the density operator on site i and ↵ stands for
the three sublattices of the kagome lattice, at four repre-
sentative parameter points corresponding to the four dis-
tinct phases in the phase diagram. Figures 2 (b) and (d)
show S(k, 0) inside the glass and PM phases, respectively.
In the hexagonal Brillouin zone, we observe that there
are no peaks signifying long-range order but only broad
profiles associated with di↵erent short-range density cor-
relation patterns in real space. In contrast, Figs. 2 (a)
and (c) present the structure factors inside the staggered
and nematic phases, respectively, where one now clearly
sees the Bragg peaks at the relevant ordering wavevec-
tors.

Quantum phase transitions.—Having established the
lack of long-range density correlations in both the PM
and glass phases, we move on to study the associated
quantum phase transitions [67]. Since the glass phase is
expected to have many degenerate energy minima and
very long autocorrelation times (which render the QMC
simulation di�cult), special care needs to be taken in de-
termining its phase boundaries. Our results in this regard
are summarized in Fig. 3, which shows the data along sev-

eral parameter scans in the phase diagram (dashed lines
in Fig. 1).

First, in Fig. 3(a), we illustrate the energy density
along the line �/⌦ = 3.3, computed with di↵erent ini-
tial states and annealing/quench schemes, to find the
phase transition between the nematic and PM phases.
The red curve shows the energy density simulated from
random initial configurations with thermal annealing (by
decreasing the temperature slowly) [54, 55]. On the other
hand, the data plotted in blue is simulated from nematic
configurations by quenching (i.e., starting at a very low
temperature). Deep in the nematic phase, the two en-
ergy lines are clearly distinct. The di↵erence between
the two becomes small on progressing towards the tran-
sition point, where the two energy lines cross and then
split weakly in the PM phase. Thus, the phase transi-
tion between the PM and nematic phases, which belongs
to the (2+1)D three-state Potts universality class [32],
is seen to be weakly first-order in consistency with prior
findings [68]. This first-order phase transition can also be
detected from the order parameter of the nematic phase,
as detailed in the SM [66]. By the same logic, Fig. 3(a)
also conveys that the transition between the glass and the
nematic phase, which occurs at Rb ⇠ 2 in Fig. 1, is first-
order as well. Scanning the energy density along the line
Rb = 1.9, as shown in the SM [66], similarly manifests a
first-order phase transition.

We now study the central disordered region between
the two VBS phases, considering, in particular, the pos-
sible even and odd QSLs, or PM phases that emerge in an
approximate quantum dimer model [40]. To this end, we
define a nonlocal loop operator [9]—schematically shown
by the green dashed loop in the inset of Fig. 3(b)—as
hloopi = h(�1)# cut dimersi, which measures the parity
of the number of dimers intersected along a rhomboid
with odd linear size on the medial dimer lattice. This
operator can be used to distinguish the two QSLs and
the PM phase [9, 40]. In an odd (even) Z2 QSL with-
out spinon excitations, the value of hloopi is pinned to
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�1 (+1) because of the exact constraint requiring one
(two) dimer(s) per site of the triangular lattice; this op-
erator continues to be well-defined for a small density of
matter fields [16]. From Fig. 3(b), we see that hloopi
remains close to zero in the central correlated region, in-
dicating that the ground state is not a pure even or odd
Z2 QSL. As shown below, we further find that this region
is also not a trivial PM phase, but, perhaps surprisingly
for a homogeneous Hamiltonian, an emergent glass phase.
This finding also underscores that the low-energy e↵ec-
tive theory—a triangular lattice quantum dimer model
with variable dimer density [40]—used to describe the
physics proximate to the VBS phases di↵ers from the
realistic Rydberg Hamiltonian in this part of the phase
diagram. Moreover, the snapshots of the sampled con-
figurations drawn in the SM [66] also demonstrate that
apart from the Rydberg blockade, all local constraints
(associated with the Z2 topological order) are relaxed in
this glass region.

To di↵erentiate between the PM and glass phases, we
utilize the Edwards-Anderson order parameter [62–65,

69] qea =
PN

i=1hni � ⇢i2/[N⇢(1� ⇢)], where ni ⌘ |rii hr|,
⇢ is the average density defined as ⇢ ⌘

PN
i=1hnii/N ,

and h· · · i indicates a statistical average over Monte Carlo
snapshots [70, 71]. The spin-glass order is character-
ized by the breaking of translational invariance and the
Edwards-Anderson order parameter qea 2 [0, 1], which
captures the on-site deviation from the average density, is
a measure of the glassy behavior. The large magnitude of
qea shown in Fig. 3(c) demonstrates the emergent glassy
nature of the disordered region amid the VBS phases.
While qea clearly tells the PM and glass phases apart,
whether the two are separated by a phase transition or
by a crossover is an interesting open question. It is also
noteworthy that this Edwards-Anderson order parame-
ter decays extremely slow with increasing the number of
Monte Carlo steps [see Fig. 4(b)]; this is another signa-
ture of the slow dynamics in the glass phase [72], which
is consistent with the small and nearly degenerate gaps
that we will now establish.

Glassy dynamics.—One of the hallmarks of a quantum
glass is its ability to support nearly gapless excitations at
all momenta due to the existence of exponentially many
local minima in its energy landscape [72–75]. Meanwhile,
the PM phase is obviously gapped and dispersionless with
a short correlation length. In this section, we focus on
the measurement of imaginary-time correlations S(k, ⌧)
at di↵erent momenta, deep inside the PM (�/⌦ = 3.3,
Rb = 1.0) and glass (�/⌦ = 3.3, Rb = 2.1) phases,
as marked by the red stars (d) and (b) in Fig. 1, re-
spectively. Figure 4(a) highlights a striking distinction
in S(k, ⌧) between these two regions. The upper ones,
which are measured inside the glass phase, decay slowly,
indicating that their gaps are all very small and almost
equal. On the other hand, the lower ones measuring the
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FIG. 4. (a) Dynamical correlations S(k, ⌧) deep in the glass
(�/⌦=3.3,Rb =2.1) and PM (�/⌦=3.3,Rb =1) phases. The
correlations decay quickly with similar slopes in the PM
phase, indicating a large gap and a flat band. Meanwhile,
the correlations in the glass phase decay very slowly, which
suggests that there are many nearly degenerate local minima
in the energy landscape. (b) The Edwards-Anderson order pa-
rameter qea also decays much more slowly with the increasing
number of Monte Carlo steps for the glass than for the QSL.
The data in the glass phase is computed for the model (1) at
�/⌦ = 3.55, Rb = 2.05, while the QSL’s data is obtained from
the triangular-lattice quantum loop model at V/t = 0.9. All
the data are simulated at � = 6 on a L = 6 lattice.

correlations in PM phase decay much more quickly with
similar slopes. These two kinds of correlations are con-
sistent with the respective features of the glass phase,
which possesses nearly gapless excitations, as well as the
PM phase, which hosts gapped flat bands.
Lastly, we also compare the behavior of the Edwards-

Anderson order parameter qea, as a function of the num-
ber of Monte Carlo steps, inside the glass phase to that
in an even QSL [39]. Since the representative parame-
ter point chosen for the spin glass (�/⌦=3.55,Rb =2.05)
lies close to the boundary of the nematic phase (which,
recall, is a VBS with two dimers per site), the low-
energy e↵ective model describing the QSL is taken to
be the triangular-lattice quantum loop model close to
the Rokhsar-Kivelson point [39, 40] (V/t=0.9, where V

is the interaction between parallel dimers and �t is the
dimer resonance energy). As shown in Fig. 4(b), in the
QSL phase, qea is not only an order-of-magnitude smaller
but also decays much faster than in the glass. The Monte
Carlo dynamics of qea thus complement the static re-
sults of Fig. 3(b) and together, highlight the distinction
between the QSL and glass phases.
Discussion.—In this work, we investigated a realistic

Rydberg Hamiltonian on the kagome lattice with large-
scale QMC simulations and uncover—besides two VBSs
and a PM phase—an emergent glass phase in the phase
diagram. Such a glass phase constitutes a new addition
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to the growing list of correlated quantum many-body
states that can be studied on current-generation Ryd-
berg platforms. Through detailed QMC dynamic and
static analyses, we explore the subtle behavior of this
glass phase with its intricate degenerate energy land-
scapes, establish its unique static and dynamic finger-
prints, and compare and contrast its properties to those
of competing QSL candidates. However, we note that
the observation of a glassy ground state does not neces-
sarily rule out the dynamical preparation of QSL states,
which may be obtained as a macroscopic superposition
of dimer configurations during quasiadiabatic sweeps in
experiments [9, 34, 35].

Experimentally, the spin glass phase can be detected
by preparing a (deterministic) far-from-equilibrium ini-
tial state, quenching to the glassy region, measuring
snapshots in the occupation basis, and repeating the pro-
tocol, but stopping at di↵erent points in the temporal
evolution each time. This would allow one to observe
the anomalously slow relaxation dynamics, as recently
demonstrated in experiments studying a disordered XXZ
model on a Rydberg quantum simulator [76]. It would
also be interesting to understand whether the kinetic
constraints associated with the Rydberg blockade are di-
rectly responsible for the emergence of such slow dynam-
ics [41]. It is also possible to use Bragg spectroscopy to
measure the dynamics of the glass phase in cold-atom
systems held in optical lattices [77]. Finally, even though
the Edwards-Anderson order parameter can be challeng-
ing to measure in quantum simulators (since it requires
knowledge of time correlation functions), one can probe
an e�cient proxy for qea by measuring the eigenstate
spin-glass order parameter [78] constructed from two-site
reduced density matrices, which can be can be accessed
by a variety of methods including quantum state tomog-
raphy [79].
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I. QUANTUM MONTE CARLO SCHEMES

Since the glass phase has many local energy minima,
its simulation is a di�cult problem in both classical and
quantum cases. Therefore, here, we employed three dif-
ferent schemes in our quantum Monte Carlo (QMC) sim-
ulations to obtain consistent results.

The first one is thermal annealing [1, 2], where the
key idea is to set the initial temperature high enough
to make the system stay in a paramagnetic (PM) phase.
Then, we decrease the simulated temperature slowly to
let the system reach the target temperature. Within the
adiabatic evolution, the thermal fluctuations can help the
system find its ground state.

For the thermal annealing reported in this paper, our
QMC simulation is performed with the stochastic series
expansion (SSE) QMC algorithm [3–5]. In SSE, the par-
tition function Z is evaluated by a Taylor expansion, and
the trace is taken by summing over a complete set of suit-
ably chosen basis states as

Z =
X

↵

1X

n=0

�
n

n!
h↵|(�H)n|↵i. (S1)

By writing the Hamiltonian as the sum of a set of op-
erators whose matrix elements are easy to calculate,
H = �

P
i Hi, and truncating the Taylor expansion at

a su�ciently large cuto↵ M , we can further obtain

Z =
X

↵

X

{ip}

�
n (M � n)!

M !

*
↵

�����

nY

p=1

Hip

�����↵
+
. (S2)

In order to perform the summation, a Markov chain
Monte Carlo procedure can be used to sample the op-
erator sequence {ip} and the trial state ↵. Each step of
the update process contains diagonal and o↵-diagonal up-
dates. In the former, the diagonal operators are inserted
into and removed from the operator sequence. Mean-
while, in the latter, the diagonal and o↵-diagonal opera-
tors can be converted into each other. In the annealing

⇤ sachdev@g.harvard.edu
† zymeng@hku.hk

process, we slowly increase the cuto↵ M with a fixed
temperature, instead of decreasing the temperature.

The second scheme employed in our study is quench-
ing [6, 7]. The original idea of quenching stems from
metallurgy, referring to a process in which materials are
cooled quickly. In this way, the memory of the initial
state will be retained in the final status of the system.
In our simulations, we adopted the spirit of quenching
in SSE QMC. The point is to set the initial state in cer-
tain configurations (e.g., the nematic state) with a large
cuto↵ M , which corresponds to quenching the configura-
tion into a low-temperature state. Therefore, we do not
slowly change the temperature but rather freeze the sim-
ulation directly at the targeted state. Using this scheme,
we obtained the phase boundary between the glass and
ordered phases in the phase diagram.

The last scheme that we adopt is the parallel tempering
(PT) method, which has been widely used in QMC stud-
ies of glassy systems [8, 9]. The main idea behind this
method is to exchange the simulated configurations at
di↵erent parameters according to their sampling weights.
In this work, we use the PT method along the parameter
lines at fixed Rb and exchange configurations at di↵erent
�/⌦. Note that in the SSE simulation, the weight of sam-
pling a configuration is dependent on � in Eq.(S2), which
can be rewritten as Z(�) ⌘

P
c Wc(�). When several

QMC simulations with di↵erent parameters � are in pro-
gression, the two configurations Wi(�) and Wj(�0) from
two simulations can be exchanged with the probability

P = min

✓
1,

Wi(�0)Wj(�)

Wi(�)Wj(�0)

◆
, (S3)

and PT helps the QMC overcome the local minima in
this strategy.

It is worth noting that parallel tempering cannot
suitably process the first-order phase transition, so the
quenching protocol is still necessary. Utilizing the prop-
erties and advantages of the three schemes, we compare
the PT (annealing) and quenching data along fixed Rb

(�) lines to map out the entire phase diagram.
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II. EDWARDS-ANDERSON ORDER
PARAMETER

As discussed in the main text, we detect glassy behav-
ior in the phase diagram by the Edwards-Anderson or-
der parameter, which is commonly used to quantify the
degree of glassy behaviour in disordered systems [10–16].
The original idea in this regard is based on the celebrated
replica trick. The density-density correlation function de-
fined as hna(⌧)nb(⌧ 0)i is nonzero in a glass phase, where
a, b are the replica indices labeling the QMC simulations,
and ⌧ , ⌧

0 are di↵erent imaginary times. The angular
brackets h· · · i denote the average over the QMC simula-
tions in one replica, while h...i represents the average of
all the h...i among replicas.

Since there is no correlation between two arbitrary
replicas, the correlation function above can be rewrit-
ten as hna(⌧)nb(⌧ 0)i = hnaihnbi. One can now study a
simpler form of the Edwards-Anderson order parameter
by considering the diagonal components, i.e., the a = b

case [12], where hnaihnbi = hni2. Considering the filling
and normalization, the Edwards-Anderson order param-
eter can be rewritten as

qea =

PN
i=1hni � ⇢i2

N⇢(1� ⇢)
, (S4)

where N is the total number of sites, ⇢ is the filling, and
ni = 1 (= 0) when the atom on site i is in the Rydberg
(ground) state.

An intuitive interpretation of the Edwards-Anderson
order parameter is that every atom in the glass is bound
to its current state, which is hard to change. Thus, the
deviation of each atom from the average filling can char-
acterize the degree of glassiness. In this work, we run
32 independent QMC processes as the replicas. We cal-
culate qea first in each QMC process via averaging all
the Monte Carlo steps, and then average all the qea of
di↵erent replicas to obtain the final result.

Importantly, the Edwards-Anderson order parameter
is sensitive to the QMC method and Monte Carlo steps.
In our work, we find that the Edwards-Anderson order
parameter decreases to zero quickly via PT simulation.
This is because in the PT scheme, di↵erent configura-
tions at di↵erent parameters can be exchanged with each
other, implying that extra dynamics have been added
to the system, making the simulation in the glass phase
more ergodic. Under these circumstances, the Edwards-
Anderson order parameter is not well-defined to charac-
terize the degree of glassiness. Therefore, we use the PT
method to first thermalize the QMC configurations and
then measure the Edwards-Anderson order parameter via
standard QMC. In this work, we use 60000 Monte Carlo
steps to obtain each value of qea.

0.5 1.0 1.5 2.0 2.5 3.0
δ/Ω

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

E/
N

Disorder anneal
Nematic quench

Disorder Nematic

FIG. S1. Weakly first-order phase transition between the dis-
ordered and nematic phases. The energy density along the
Rb = 1.9 path sketched in Fig.1 of the main text, computed
using di↵erent initial states for the QMC simulations, shows
that the nematic and disordered phases are nearly degenerate
near the weak first-order phase transition.

III. QUANTUM PHASE TRANSITIONS TO
THE NEMATIC PHASE

In Fig. S1, we illustrate the energy density curves for
di↵erent initial states and annealing/quenching methods
to locate the phase transition between the nematic and
glass phases. The simulation scans the cut along the
line Rb = 1.9 marked in Fig. 1 of the main text. The
red curve represents the energy density simulated from
random initial configurations with thermal annealing (de-
creasing the temperature very slowly) [1, 2]. On the other
hand, the blue line is simulated from nematic configura-
tions by quenching (initialized at a very low tempera-
ture). Deep in the nematic phase, the two energy lines
clearly di↵er. This di↵erence diminishes on approach-
ing the critical point, and the two lines cross and split
weakly in the glass phase. Thus, the phase transition
between the glass and nematic phases is first-order. We
note, however, that the glassy region around � ⇠ 2 at
Rb = 1.9 lies very close to the PM phase with a small
Edwards-Anderson order parameter.
Next, we present evidence of the weak first-order phase

transition between the nematic and paramagnetic (PM)
phases. As shown in Fig. 3(a) in the main text, the ener-
gies obtained with both disorder annealing and a nematic
quench converge together at about Rb ' 1.3, with a slight
crossing. To further reveal the nature of this phase tran-
sition, we calculate the nematic order parameter

Mnematic =

"
X

i

(ni,1 � ni,2)

#2

+

"
X

i

(ni,2 � ni,3)

#2

+

"
X

i

(ni,3 � ni,1)

#2

, (S5)
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FIG. S2. Order parameter of the nematic phase, Mnematic,
simulated along the line �/⌦ = 3.3 for di↵erent Rb and L = �.
It is apparent that Mnematic develops a clear discontinuity on
increasing the system size L.

where ni,1/2/3 represents the density operator on the
1/2/3 sublattice of the i

th unit cell. Although the ne-
matic order is homogeneous on one sublattice, it breaks
the threefold rotational symmetry among the di↵erent
sublattices, and can thus be quantified by Mnematic.

As shown in Fig. S2, we simulate the nematic order
parameter Mnematic with L = � along the line � = 3.3 for
di↵erent Rb. Clearly, Mnematic becomes discontinuous on
increasing the system size L, which provides evidence for
a first-order phase transition between the nematic phase
and the PM phase. As mentioned in the main text, this
observation is in consistency with prior findings [17] on
this transition, which belongs to the (2+1)D three-state
Potts universality class [18, 19].

IV. DISTINCTION BETWEEN SPIN LIQUID
AND GLASS PHASES

Previous work on the kagome lattice [18] identified the
filling of the disordered phase near the nematic (stag-
gered) phase to be about 1/3 (1/6). Since an even (odd)
Z2 quantum spin liquid (QSL) has a local constraint of
two (one) dimers per site of the triangular lattice, which
also leads to a filling of 1/3 (1/6) [20], this raises the pos-
sibility of the existence of a QSL phase in proximity to
these valence bond solids. We observe a similar behavior
in our simulation: as shown in Fig. S3, we find that the
filling of the disordered region near the nematic (stag-
gered) phase is close to 1/3 (1/6), but it slowly changes
as a function of �/⌦.

However, the global filling is not a su�cient condition
to establish a QSL phase with local symmetry. This re-
quires a measurement that can probe topological proper-

ties, such as the loop order parameter, shown in Fig. 3(b)
of the main text, which is nearly zero in this region of the
phase diagram.
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FIG. S3. The filling ⇢ as obtained via PT. The data presented
here is simulated via parallel tempering with L=�=6 at dif-
ferent Rb.

To further demonstrate that the glassy region is in-
deed di↵erent from a Z2 QSL, we also directly inspect
some individual Monte Carlo snapshots to check for lo-
cal constraints similar to those in the quantum dimer
models, i.e., one or two dimers per site. In Fig. S4, these
snapshots are drawn in the dimer basis on the triangu-
lar lattice, at �/⌦ = 3.3,Rb = 2.05, for a L = 8 system
with periodic boundary conditions. Here, a red (blue)
bond indicates that the atom positioned at the center of
that bond is in the Rydberg (ground) state. All these
snapshots display disordered configurations without any
obvious local constraint, implying that the system of Ry-
dberg atoms is not well-described by an e↵ective quan-
tum dimer model in this regime, and also conveying the
lack of emergent local constraints expected for a Z2 QSL.

FIG. S4. Snapshots of di↵erent QMC processes in the glassy
region (�/⌦ = 3.3,Rb = 2.05), sketched as dimer configura-
tions on the triangular lattice for a L = 8 system with periodic
boundary conditions. A red (blue) bond represents the pres-
ence (absence) of a Rydberg excitation on the atom located
at the center of the bond.
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