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Non-equilibrium quantum domain
reconfiguration dynamics in a two-
dimensional electronic crystal and a
quantum annealer

Jaka Vodeb 1,2,3 , Michele Diego 1, Yevhenii Vaskivskyi 1,2,
Leonard Logaric1, Yaroslav Gerasimenko 1, Viktor Kabanov 1,
Benjamin Lipovsek4, Marko Topic 4 & Dragan Mihailovic 1,2,5

Relaxation dynamics of complex many-body quantum systems trapped into
metastable states is a very active field of research from both the theoretical
and experimental point of viewwith implications in awide array of topics from
macroscopic quantum tunnelling and nucleosynthesis to non-equilibrium
superconductivity and energy-efficient memory devices. In this work, we
investigate quantum domain reconfiguration dynamics in the electronic
superlattice of a quantum material using time-resolved scanning tunneling
microscopy and unveil a crossover from temperature to noisy quantum fluc-
tuation dominated dynamics. The process is modeled using a programmable
superconducting quantum annealer in which qubit interconnections corre-
spond directly to the microscopic interactions between electrons in the
quantum material. Crucially, the dynamics of both the experiment and quan-
tum simulation is driven by spectrally similar pink noise. We find that the
simulations reproduce the emergent time evolution and temperature depen-
dence of the experimentally observed electronic domain dynamics.

Many-body systems emerging through symmetry-breaking phase
transitions often end up in inhomogeneous intermediate states before
reaching a homogeneous ground state. In the aftermath of second-
order transitions, such as the superconducting transition in type-2
superconductors, fluctuations in the phase of the order parameter
force causally unconnected regions to evolve independently, forming
mesoscopic vortex structures1–3. In the aftermath of first-order phase
transitions, the classical dynamics involves nucleation of the new
phase, followed by coalescence4 and “ripening”5. Topological and
jamming transitions present more complex non-equilibrium dynamics
that recently became topics of wider interest6,7. In classical systems,

the kinetics is primarily diffusion-driven, while metastability arises
from symmetry or topological constraints. In quantum systems8, par-
ticularly at low temperatures we may expect to observe either coher-
ent quantum dynamics for perfectly isolated systems, or incoherent
macroscopic tunneling (IMT) aided by noise-assisted processes caus-
ing transitions between different mesoscopic state configurations9.

The challenge is to quantitatively measure state reconfigurations
of a many-body system in order to identify mesoscopic tunneling
processes between different domain configurations, and then com-
pare such data with model simulations of the dynamics. Because such
processes are quite common, and have important potential
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applications10, the ability to faithfully simulate their dynamics on a
quantum level would lead to significant progress in understanding
metastable states in quantummaterials and non-equilibrium quantum
devices. In electronic crystals, the ordering of domains and dis-
commensurations (domain-walls) are traditionally modeled classically
by an anisotropic Ising model with competing interactions11 or by
continuum models12,13, but these models give little insight into how
inhomogeneities evolve in the quantum regime. Ab-initiomethods can
give detailed electronic band structure information of individual
domain walls14, but cannot be used to simulate the emergent many-
body collective dynamics. Non-equilibrium dynamics pose an espe-
cially difficult challenge to faithful classical simulation15, where an
exponentially large Hilbert space dimension is required. Brute force
state vector simulations can barely exceed 50 qubits even on the best
high-performance computer clusters currently available16. On the
other hand, quantum Monte Carlo calculations with added noise are
not developed for direct probing of non-equilibrium dynamics, and it
is still an open question whether, and how they could be applied at all.
Quantum simulations of ground state properties in many body sys-
tems, as well as metastable decay of complex systems using ultracold
atomic lattices have recently beendemonstrated17,18, and a lot of recent
attention has focused on noisy intermediate scale quantum (NISQ)
processors. But extension to real-world non-equilibrium systems
requiring thousands of qubits in two dimensions, such as is addressed
here, is particularly challenging because it requires extreme, currently
unavailable computational resources, as well as presently still unac-
hievable control of decoherence.

Macroscopic quantummotion of domain walls in the presence of
noise has attracted a lot of attention since the 1980s. Typically, spin
tunneling in a ferromagnets19,20 was considered, which may be for-
mulated in terms of domain wall tunneling21,22. Research of this type
includes magnetotransport measurements on thin ferromagnetic
wires23, and magnetization experiments on single particles24,25, nano-
magnet ensembles26–28 and rare-earthmultilayers29. A differentmethod
involves investigatingmacroscopic disordered ferromagnets30–33. Here
we report for the first time a study of quantum noise driven domain
wall dynamics of strongly correlated electrons. Our experimental
system is the prototype quasi-two-dimensional (2D) strongly corre-
lated transition metal dichalcogenide material 1T-TaS2

34, chosen
because it displays prototypical electronic crystal ordering behavior35.
As a result of the strong electron-phonon interaction in this material,
the electronic kinetic energy K is exponentially reduced36, and Cou-
lomb energy V becomes dominant37. The essential physics in this
regime thus comes from the formation of mutually repulsive heavily
dressed quasiparticles—polarons34, with a variety of polaron-ordered
states and metastable domain structures34,38,39. In response to external
perturbation 1T-TaS2 exhibits fundamentally interesting and practi-
cally useful switching behavior10,34,40–42 between different metastable
states associated with different configurations of domains of the low-
temperature electronic superlattice. At low temperatures, the tem-
poral reconfigurations can be effectively investigated by scanning
tunneling microscopy (STM). The classical many-body relaxation
dynamics of such domain states is topologically inhibited43,44, effec-
tively creating an energy barrier for the transition between different
domain configurations. In such a system where the dynamics of clas-
sical processes is topologically inhibited, quantum dynamics is
necessary for metastable state relaxation, especially at low tempera-
tures. Understanding these processes is directly relevant for control-
ling functional properties, and in particular data retention in non-
volatile configuration memory devices10,45.

Using a new approach in modeling emergent non-equilibrium
behavior, we investigate the electronic domain dynamics in 1T-TaS2,
with a parallel simulation using a superconducting quantum simulator.
The decoherence of domains in the simulation—just as in 1T-TaS2—is
governed by 1=ν pink noise46,47, so the simulations can be thought to

utilize the principles of simulating nature with nature, as originally
proposed by Feynman48. Here we find that the quantum simulator
describes the natural noise-driven processes remarkably well. The
reproduction of the emergent metastable decay behavior that is
observed in the experiments is particularly striking. The results lead to
valuable insights into how microscopic many-body interactions
between electrons on a superlattice conspire to display metastable
quantumdomain relaxation dynamics observed in the experiments on
1T-TaS2.

Results
Domain reconfiguration measurements in 1T-TaS2
In our experiments, a metastable domain state in the
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tronic superlattice of 1T-TaS2 is set up by electrical pulse charge
injection through an STM tip43,49,50 (Fig. 1c). As the domain structure
evolves in time, its configuration is recorded periodically by STM at
different temperatures. A relaxation sequence at 5 K is shown in Fig. 1c.
The tip is retracted and set to zero bias between measurements to
avoid reconfiguration by spurious signals from the tip. This measure-
ment results in classical sequential “snapshots” of the domain config-
urations at different temperatures (see Supplementary Notes 1 for
experimental details). The reconfigurations between sequential ima-
ges are quantified by measuring the Hamming distance, defined here
as the number of altered occupied polaron positions between frames
(Fig. 1c), and expressed as the fraction of polarons moved f =ΔN=N,
where N is the total number of polarons per frame (Fig. 1d). Char-
acteristically, jumps of f appear in time (Fig. 1d), reflecting the discrete
nature of the domain reconfiguration process51. When f is averaged
over a large number of scans on different areas of the sample an
approximately exponential decay is observed (Fig. 1e). The classical
power law time dependencies f tð Þ∼ r tð Þ2 ∼ t�1 or t�2=3, that would be
characteristic of nucleation and coalescence processes4, respectively,
at higher temperatures52, cannot be made to fit the 5 K domain
relaxation data (Fig. 1e). Considering the difference of the processes
involved, this is not surprising.

A crucial test of the experiments is to see if, and how, the STM tip
influences the reconfiguration process. Comparing f ðtÞ obtained by tip
scanning at regular intervals (Fig. 1e), with f ðtÞ measured under iden-
tical experimental conditions, but with a retracted tip over a longer
time interval, we see in Fig. 1f that the two relaxation times are very
similar: τ = 1049±90 s and 943±80 s, respectively, implying that
within experimental error the influence of the STM tip is negligible. A
number of other tests that support this conclusion are given in
the Supplementary Notes 1, including a detailed calculation of Joule
heating by the STM tip current (see SupplementaryNotes 1.2).We have
thus established that the noise in 1T-TaS2 does not originate from the
STM tip, but has a different non-thermal origin. Other possible exci-
tation sources are acoustic phonons, quantumfluctuations in two-level
systems (TLSs) in the sample, the substrate and at the interface, as well
as spurious external electro-magnetic fields brought by the grounded
sample contact. Importantly for our purposes, in 1T-TaS2 the noise has
been experimentally shown to have a ∼ 1=ν, frequency dependence46.

The dependence of the reconfiguration rate R Tð Þ= 1
Δt

R texp
0 f tð Þdt,

whereΔt is the time interval between subsequent image samplings and
texp the duration of the experiment at temperature T , on sample
temperature in 1T-TaS2 is shown in Fig. 1g forΔt ffi 480 s: RðTÞ exhibits
a distinct crossover from T -independent to T-dependent behavior
at a temperature T0 ≈ 20K. The data can be fit well to:
R Tð Þ=Rq +R0 expð�EM=kBTÞ, where Rq ’ 8± 1 × 10�4 s�1 is the
T -independent tunneling rate, and the second term describes T-acti-
vated hopping across a barrier. The value EM =6±3meV obtained
from the fit to the data in Fig. 1g is not far from the activation energy
EA = 10 ∼ 20meV obtained from previous macroscopic resistance
relaxation measurements of bulk samples51, providing an important
experimental consistency check.
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Since by STM we observe “snapshots”, which are effectively
separated by large time windows, we assume that reconfigurations
correspond to single escape events from a local minimum in a multi-
dimensional free energy landscape of dimensionD=2N , whereN is the
number of atomic sites, shown schematically in 1D as a function of f is
in the insert to Fig. 1d. Differentminima in Eðf Þ correspond to different
configurational states, while the excited states within the wells corre-
spond to configuration processes which conserve f , such as
translations.

Quantum decay rate
First we check whether existing analytical theory of noise-mediated
quantum dynamics in the presence of a thermal bath can explain the
crossover in RðTÞ. The canonical Kramers-Caldeira-Legget (KCL)
quantum decay rate theory53,54 assumes a system moving through a
cubic potential in a 1D configurational landscape and does indeed
predict an RðTÞ crossover. Here, we approximate the movement of
polarons in 1T-TaS2 through its multidimensional energy landscape
with a series of local 1D paths, each representing a single reconfi-
guration event (see insert to Fig. 1d). According to KCL, polarons in 1T-
TaS2 are initially trapped in the metastable minimum of the cubic
potential separated by a barrier from a lower energy state, which can
be overcome by either noise-mediated incoherent quantum tunneling
at low T or thermal activation at high T . The crossover occurs at
temperature T0 within a range ΔT . If we take the experimental values
EM , T0 = 20K and ΔT = 10K, obtained from Fig. 1g and plug them into
KCL theory in order to characterize an average reconfiguration event,
it predicts EM

_ω0
’ 0:4∼ 1:4, where _ω0 is the kinetic energy scale of

polarons in 1T-TaS2. This is in direct contradiction with the underlying
assumptions of KCL theory EM

_ω0
≫1

� �
. Therefore, the assumptions of

the KCL theory are fundamentally incompatible with the observed
behavior in 1T-TaS2. An extension of the KCL theory into the

multidimensional case as well as EM ∼ _ω0 is required, which unfortu-
nately currently does not exist.

Quantum simulation of domain reconfiguration dynamics
An alternative to analytical theory is simulation of the system micro-
scopically, and examine the emergent behavior in comparison with
experiments of the dynamics of domains in 1T-TaS2. We start with a
single Ta band of tight-binding electrons55 coupled to phonons via the
Fröhlich interaction, interacting via a long-range Coulomb repulsion
Vcði,jÞ. In the limit of strong electron-phonon interaction, such amodel
exhibits repulsive polarons as slow quasiparticles with an exponen-
tially suppressed tunneling matrix element tij

36: Here we focus on
charge ordering of such polarons and neglect the spin degree of
freedom, attributing to each atomic site a binary variable qi 2 f0,1g (a
qubit),which represents the polaronoccupancyof site i on a triangular
lattice and assume only nearest neighbor repulsion V ði,jÞ. The Hamil-
tonian is then HM = �P

ijh itijc
y
i cj +

P
ijh iV i, jð Þqiqj � μ

P
iqi, with

cyi ci =qi, and chemical potential is μ, which is chosen such that the
ground state at tij =0 is a triangular polaronic superlattice where each
polaron can occupy one of 3 atomic lattice sites (Fig. 2a).

Quantum dynamics calculations of sufficient system sizes
required to capture reconfiguration dynamics of hundreds of polarons
in the experiment are presently unrealistic on a classical digital com-
puter. We thus explore the alternative possibility of using a program-
mable quantum annealer D-wave Advantage 6.1 (PQA) to model the
dynamics, which has already been shown to exhibit multiqubit tun-
neling in the presence of thermal noise56–59. Importantly, the super-
conducting qubit TLS dynamics of the PQA ismediated by coupling to
TLSs in the environment which has a very similar 1=ν frequency
dependence of the noise as 1T-TaS2

46,47. (A more detailed comparison
of noise characteristics is made in Supplementary Notes 2.5) The PQA
is designed for simulations that are extensions of the transverse field
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Fig. 1 | Domain reconfigurations in 1T-TaS2. a The crystal lattice showing Ta
atoms (small circles). Occupied electron sites (blue and orange circles) a in the
ground state, and b near a domain wall. c A series of STMmeasurements at regular
time intervals showing domain reconfiguration. Domains are colored to signify a
displacement relative to the main commensurate lattice (light blue) (STM para-
meters: −0.8 V, 50 pA). d The fraction of electrons moved f(t) as a function of time
measured within the same area at 5 K. The jumps correspond to large (observable)
configurational changes. The inset shows a schematic of the configurational free
energy E as a function of configurational coordinate (Hamming distance) f. The

excited states within each well represent states which conserve f (see text). e f(t)
deviation averaged over different areas of the sample, with periodic STM scans.
Exponential and power law fits to the data are shown (solid and dashed lines,
respectively). Error bars represent counting errors. f Same as (e), except with a 32-
min gap in scanning the first point. The exponential fit is the red line. g The tem-
perature dependenceof R averaged over a large number of decays on a logarithmic
scalewith the inset showing a linear scale. Counting errors in f(t) are directly related
to error bars in R.
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Ising model (TFIM) with adjustable temperature:

HPQA=kBT = �
X

i
σx
i =2 + r s tð Þ½ �

X
ijh iV i,jð Þqiqj � μ

X
i
qi

� �� �
=Tef f s tð Þ½ � ð1Þ

where σz
i =2qi � 1, σx,z

i are Pauli matrices operating on qi and sðtÞ is a
custom time-dependent function ranging from 0 to 1, convention-
ally called the annealing schedule in the simulation. The TFIMmodel
was originally introduced to describe collective motion between of
protons in microscopic hydrogen-bonded double well potentials60.
It is known that solutions of the TFIM in 1D can be used to model
domain walls propagating as free particles in the background
of strong interactions with an associated false vacuum state
that describes the transitions between different domain
configurations61. It has also been shown recently62 that with a 2D
TFIM with strong nearest neighbor interactions, domain walls
behave as free fermions with conventional hopping

P
ijh ic

y
i cj +h:c. in

the limit of strong interactions (r≫ 1), which is closely analogous to
domain walls between polaronic lattices. We observe similar
domain wall dynamics in both 1T-TaS2 and the PQA, suggesting
that in the strong interaction limit the effective Hamiltonians are
indeed the same. Through s tð Þ we are able to control the only two
tunable parameters in our simulation: the effective dimensionless
temperature Tef f ½s tð Þ� and the ratio between the potential and
kinetic energy, r½s tð Þ�63: We map μ onto individual qubits biases and
V ði,jÞ to couplers between qubits, with a 4/3 ratio of physical to

logical qubits (Fig. 2b). In this way, the TFIM makes it possible to
describe the tunneling dynamics between different 2D domain
states of 1T-TaS2.

The calculation should be considered as a salient model that
ignores coupling to phonons, as well as long-range interactions, but
given that the classical charged lattice gas modeling describes low-
temperature ordering in 1T-TaS2

38, the use of the TFIM in the limit of
strong interactionmaybe justified for weak quantum tunneling effects
at low T . The simulation does not explicitly address the sources of
environmental noise64, but it is assumed to have 1=ν frequency
dependence, similar as in 1T-TaS2

46, based on previous measurements
of the PQA47. (More discussions on the application of the TFIMmodel
on theD-WaveAdvantagequantumannealer is given in Supplementary
Notes 3).

We emulate the STM measuring process by initializing the sys-
tem of qubits (polarons) into a domain state (as a product state in the
qubit qi basis) similar to the initially observed states in 1T-TaS2. The
domainwalls separate the 3 possible ground states. (For simplicity, in
the simulation we have used 3 rather than the 13 possible degenerate
ground states in 1T-TaS2). The PQA allows us to adiabatically tune
r s tð Þ½ � and Tef f s tð Þ½ � via sðtÞ in order to bring them to the range of
values for which we want to observe dynamics. After we let the sys-
tem of qubits evolve for a set amount of time, we perform a mea-
surement and observe the polaronic configuration that the qubits
have evolved into. Then, we use the measured configuration as the
new initial product state, thereby faithfully emulating the iterative

Time
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Fig. 2 | Simulation of emergent quantumdecaybasedonmicroscopic quantum
simulations. a The three possible ground states of the nearest neighbor repulsion
we deployed on the quantum annealer. They are a 1/3 polaronic lattice with pri-
mitive vectors b1 and b2, shifted by two possible atomic lattice vectors a1 and a2.
The different superlattices are colored for clarity. b Embedding of the triangular
lattice used in our simulations on the PQA with the inset showing the detailed
connections between qubits. The white dots encircled with blue represent indivi-
dual atomic sites (also in (a)), black lines are connections between qubits we used
for the nearest neighbor repulsion, red lines are physical connections used for
creating logical qubits (also encircled in black) forming a triangular lattice and the
orange lines are the unusedphysical connections on the processor.cAnexample of

a relaxation sequencewithparameters ta = 5μs, r = 9 andTeff = 1.33.dTheHamming
distance f(t) sampled from the quantum annealer for the sequence shown in (c).
This canbecomparedwithexperimental data inFig. 1d. Blackdashed lines showthe
intermediate metastable states that emerge during the relaxation process. e R(T)
extracted from the PQA with parameters ta = 5μs and r = 15, and 1T-TaS2 with the
shaded area and error bars representing the standard deviation when averaging
across multiple relaxation measurements. The temperature scale for the PQA was
chosen to be T =Tef f � 4K , for demonstration purposes. See Supplementary
Notes 4.3 for actual parameter estimation. f The washboard potential of the PQA
flux qubit system with the spacing between 2 levels in the system Δ coupled to the
external bath with an integral over noise W.
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STM measurement. From the point of view of Hamiltonians, we
start with HPQAðt =0Þ= ð�

P
iσ

x
i + r½1�ð

P
hijiV ði, jÞqiqj � μ

P
iqiÞÞ=Tef f ½1�,

where r 1½ �≈ 1010, and initialize the qubits into the initial domain
state in the qubit computational basis, then adiabatically tune
to HPQAðt = ta

2 Þ= ð�
P

iσ
x
i =2 + r½sðta2 Þ�ð

P
hijiV ði, jÞqiqj � μ

P
iqiÞÞ=Tef f ½sðta2 Þ�

and let the system evolve in time, and finally adiabatically tune back
to HPQA t = ta

� �
=HPQAðt =0Þ, which constitutes a measurement. The

annealing time ta is of the order of 10μs and the energy scale ofHPQA

is a few GHz. We focus on values r½sðta2 Þ�≫ 1, where the kinetic energy
of domain walls is small compared to the interaction energy and
study the behavior of domain wall dynamics at different Tef f . Details
on the methodology are given in the Supplementary Notes 4.

We observe translations andmelting of the domain walls towards
one of the 3 uniform ground states from the initial domain wall state,
just as it occurs in 1T-TaS2 (Figs. 1c and 2c). The characteristics of the
domainmelting processes captured by the fraction ofmoved polarons
f ðtÞ in 1T-TaS2 (Fig. 1d) also experiences intermediate saturations and
jumps in the PQA (Fig. 2d). Most importantly, both systems exhibit a
crossover in the relaxation rate RðTef f Þ from T -dependent activation
processes at high T to T -independent noise-mediated quantum tun-
neling events at low T (Figs. 1g and 2e). RðTef f Þ saturates to a T -inde-
pendent non-zero rate due to slow system dynamics compared to the
sampling time, which is the rate at which wemeasure with the STM tip
in 1T-TaS2 or the rate of qubit measurements in the PQA. If the system
is given enough time to fully relax to the uniform ground state, then
the dynamics eventually stop. In order to reproduce the experimental
timescale of the dynamics ∼ 1000 sð Þ, we need to set r ≈ 58. As an
indirect comparison, the usual criterion for Wigner crystallization in
2D is rs =

e2m*

_2
ffiffi
n

p = 31–3835,65, justifying the use of a dominant interaction
term compared to a small kinetic energy term in the quantum
simulation.

Discussion
Let us interpret the physical processes involved in noise-mediated
quantum tunneling. 1T-TaS2 and the PQA are both described by a
HamiltonianHS, coupled viaHI to anexternal thermal bath Bwith a 1=ν
noise spectrum at temperature T , where the total Hamiltonian is
H =HS +HI +HB. We can represent an arbitrary bath described by a
spectral function I ωð Þ= π

2

P
αðC2

α=mαωαÞδðω� ωαÞ with a system of
decoupled harmonic oscillators (HOs) with mass mα , frequencies ωα ,
and couplingsCα inHI

9: Temperature effects are taken into account by
populating eachHOwith aBose-Einstein distributionwith temperature
T , meaning that at low T , HOs effectively reduce to two-level systems.
In the limit of HI ! 0, we would only observe pure tunneling events
from an initial classical polaronic configuration into other configura-
tions, determined by their overlap with instantaneous eigenstates
during the adiabatic evolution as well as the shape of the annealing
schedule. By bringing the initial classical configuration adiabatically
into a superposition state ofmultiple configurations and then back, we
introduce a probability of tunneling to other configurations involved
in the superpositions. We found that the kinetic energy contribution is
very small compared to the interaction r≈58ð Þ, which means that pure
tunneling events would be highly constrained in the energy difference
between the initial andfinal configuration. If fact, the energydifference
tends to 0 in the limit of r ! 1, meaning we would have no config-
urational changes at T =0 and zero noise.

Now we discuss the effect of noise and temperature on quan-
tum tunneling. The number of HOs, populated at temperature T ,
required to describe a particular spectral function is much larger
than the number of polarons, meaning that they effectively serve as
an infinite energy reservoir for the polarons and are constantly
bringing them into thermal equilibrium with respect to T . Noise is
represented by the influence of HOs on the energy spectrum of HS,
which is a static energy shift of energy levels64. The simplest
example is when both HB and HS are two-level systems. The two

levels of HS represent two polaronic eigenstates and the two levels
of HB are the first two HO levels. Each polaronic state is split by _ωα

into two levels by adding the HO degree of freedom, meaning that a
properly chosen ωα can bring two polaronic states to the same
energy, therebymaking quantum tunneling between them possible.
This is what we mean by noise-mediated macroscopic quantum
tunneling. We introduce the 1=ν noise spectrum by increasing the
number of HOs and choosing appropriate Cα ,mα and ωα . The
polaronic state energy level then becomes an energy band with
width W , given by an integral over the noise spectrum, as shown in
Fig. 2f. If energy bands overlap, then a transition between the bath
degrees of freedom can already induce a polaronic configurational
change. If they do not overlap, the energy gap is still reduced byW ,
increasing the probability for a transition. Both represent inco-
herent macroscopic tunneling (IMT) processes.

Quantum simulation gives us some other unique insights into the
emergent tunneling phenomenon. The dynamics of the two systems is
governed by an anharmonic metastable state potential in terms of the
configurational coordinate, measured by f , for 1T-TaS2 and the PQA
respectively. While the washboard potential and two-level system
dynamics of flux qubits in the PQA emerge from the device concept,
the energy landscape of the metastable state of 1T-TaS2 is determined
by the topology and the microscopic details of the domain structure
arising from discommensurations14. The extracted parameters from
the simulations describing the emergent processes are the barrier
energy EB (height) and the barrier width w which describe the rate of
tunneling between domain configurations. In 1T-TaS2, the thermal
activation energy EB is determined directly from the T -dependence of
the rate in Fig. 1g or resistivity relaxation to be EM ’ 10 ∼ 20meV. On
the other hand, w is related to f , where both aremeasured in terms of
the configurational coordinate, which is set by the state of N Bloch
spheres representing qubits, parametrized by 2N spherical angles. The
plot of f ðtÞ in Fig. 1d thus reflects the tunnel barrier width for each
measured reconfiguration step.

Themotivation for the present quantum treatment arose from the
fact that temperature-independent electronic domain relaxation in 1T-
TaS2 at low temperatures cannot be explained by classical processes
because their relaxation is topologically inhibited42. Yet we find that
the phenomenological parameters extracted from the T -dependence
of the relaxation rate and the crossover to T -dependent dynamics are
inconsistent with conventional quantum decay. Introducing a new
approach for modeling the domain dynamics we use a microscopic
model implemented on a superconducting qubit processor, directly
mapping the electron-electron interactions onto the PQA inter-qubit
connections. The crucial next step demonstrated here is to treat the
noise from the surroundings as coupled two-level systems (HOs) with
the ubiquitous 1=ν frequency dependence that has been shown
experimentally to be present in both 1T-TaS2

46 and the PQA47. The
emergent many-body dynamics and associated domain reconfigura-
tions are thus simulated solely on the basis ofmicroscopic interactions
with a single adjustable parameter r tuning the ‘quantum-ness’ of the
system. The simulations clearly display the crossover from T -activated
dynamics to T -independent domain melting that is experimentally
observed in the STMmeasurements, giving direct insight into how the
phenomenological relaxation rates emerge from microscopic inter-
actions. The present calculations demonstrate the usefulness of
simulations on a noisy quantum processor for modeling emergent
non-equilibrium many-body dynamics. With appropriate mapping,
such an approach can be applied to other non-equilibrium open
quantum systems that are subject to external sources of incoherent
noise—including quantum materials such as the quantum paraelectric
SrTiO3

66, various hydrogen-bonded systems67, in the folding of pro-
teins through a similarly multidimensional, topologically defined
energy landscape68, or tunneling between false vacuum states that
emerge from elementary interactions69–71. Apart from fundamental
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interest,modeling quantum reconfiguration dynamics is important for
low-temperaturememorydevices41, inwhichquantumdomainmelting
processes functionally limit the long-term data retention51.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
STM image and measurement data from the quantum annealer are
available in Supplementary Information.

Code availability
Code is available on GitHub72.
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