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We have found new ways to transport quantum energy/correlations through a network on time scales
much faster than what can be classical achieved. This provides the potential for new quantum
thermodynamic based technologies including quantum batteries with significantly enhanced charging
rates.

Hybrid quantum systems (HQS) composed of multiple spin ensembles
collectively coupled to an environment allow one ensemble to drive the second one into its excited
steady state even when that ensemble starts in its ground state. We have explored quantum energy /
correlation transport through a network of ensembles collectively pairwise coupled to environments.
When our initial state is not symmetric with respect to the collective reservoir couplings,
different parts of the quantum wave function decay at different rates resulting in populations
arising in initially unoccupied nodes on much faster timescales than the single spin damping rates.
This allows the migration of energy across in the network. The same approach allows entanglement
generation between ensembles not even coupled to the same reservoir. We proposed several potential
experimental implementations for these phenomena. Further we also used our simulator to explore
driven phenomena in arrays of superconducting qubits.

Quantum Science and Technology

Hybrid Quantum Systems Quantum Phenomena  Quantum Thermodynamics Quantum Simulation  Supe
rradiance Quantum Correlations Quantum nonlinearity Quantum Information



X C-19, F—-19-1, Z—19 (F@)
1. WFZEBAMR 49D 5 (Back ground)

The 20" century saw the discovery of quantum mechanics, a set of

principles describing physical reality at the atomic level of matter. BHfielq
Quantum physics allows a new paradigm for the processing of ==  Optical
information where tasks can be performed that are either impossible in Diamond /
our classical world [1]. We have reached the stage where we have - / -
sufficient control over quantum systems so they can be used to perform n— l/’ Il

interesting but predefined tasks with quantum advantage. The properties il
of such systems are defined by nature itself. Being able to design a ’
system’s fundamental properties will extend this advantage into entirely

new regimes. 25mK
Figl: A hybrid system consisting of lumped
Hybrid quantum systems [2] are seen as a way to design composite element resonator with diamond sample
quantum systems with the properties one desires. In principle
hybridization of distinct quantum systems allows us to exploit the best properties of these individual systems
without their weaknesses or even design new properties. One well studied hybrid system is the superconducting
circuits coupled to spin ensembles (Figure 1). Here strong coupling, memory storage and even sensing
applications have been demonstrated [3,4,5]. However only recently have we reached the stage where the
hybridization improves the composite systems overall properties. We have demonstrated how the coherent of the
combined system was significantly longer than the individual components [6]. Going forward the fundamental
question to be addressed is what unique phenomena can we explore in these hybrid systems (that are different
to simple qubits systems) and what can these properties be used for? Current demonstrations have typically
operated in the low excitation (linear) regime where the ensemble behaves

like a simple harmonic oscillator. This has been sufficient to demonstrate
quantum memory and sensing operations [4,5]. However, these spin
ensembles are inherently nonlinear in nature and their potential needs to be -
explored. “
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Nonlinear systems, whose outputs are not directly proportional to their 1 00
inputs, are well known to exhibit many interesting, important and counter- 0 RN 600

. .. ime (ns

intuitive phenomena. Such phenomena have profoundly changed our  Fig2: Experimenial dynamics of the hybrid
technological land 7 0 bili . system in super radiant configuration. Initially
echnological landscape [ ] ur ability to engineer new quantum both the resonator (red curve) and ensemble
metamaterials through hybridization has given us the ability to explore (Vv e @reintheir groundsiaies [x/.
nonlinear effects in systems with no natural analog. This is the project’s focus. Preliminary work involving

superradiance (Fig 2) has already been demonstrated [8].
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2. W7E® HHY (Purpose of research)

Hybrid quantum systems are a relatively new area of physics exploration whose main focus has been
for quantum computational applications including quantum transducers, multimode quantum memories
etc. In most demonstrations, the ensemble has been operating in the weak excitation regime as an
effective linear harmonic oscillator whose physical properties are well understood.



. Moving beyond this linear regime allows us to investigate nonlinear phenomenon in completely
new and unexplored regimes - many with no classical correspondence due to the inherent
quantum nature of the system. It is expected that such new phenomena will have many quantum
technology-based applications.

Nonlinear effects have found many applications in our current technological world (switches etc). It is
known that the principles of quantum mechanics will allow new and unexpected technological to be
produced (especially for computational and communication tasks). Typically, quantum technologies
have been based on quantum bits, rather than coherent ensembles of quantum bits. Our ability to design
such hybrid quantum systems opens the possibility to:

. explore nonlinear phenomenon in a completely new and unexplored physical regimes of cQED,
going well beyond the standard Dicke and Tavis—Cummings models.
. explore applications for ensemble-based hybrid quantum systems based on coherence and

entanglement including the generation of nonclassical states of light and quantum batteries.

While this project is theoretical in nature, it will lead to the design of new experiments that are likely
to be performed within Japan and internationally demonstrating novel nonlinear phenomena including
for instance multistability, amplitude death, superradiance and super-absorption. Our theoretical models
will show what forms of nonlinear behavior are realistically possible. We will show how these nonlinear
phenomena can be utilized for both increasing our understanding of complex quantum phenomena in
many body physics (strongly interacting systems and negative temperature effects for instance) as well
as the development of new quantum technologies including quantum switches & batteries. Further we
will explore how these hybrid systems may be used to generate various nonclassical states including
spin-squeezed states, which are impossible to realize in a purely linear system. This would pave the
way toward possible applications including the maser, quantum sensors and rapid charging quantum
batteries.

3. WFFED 7 (Research Methods)

This project is designed around the driven Tavis Cumming model in which we have a single ensemble of N~10°
- 10" spins coupled to a bosonic harmonic oscillator (superconducting resonator / Nambu-Goldstone boson mode
for instance) in the weak, strong and ultra-strong regimes. Under ideal conditions this hybrid system should show
bistability and superradiance behavior. It may also exhibit other nonlinear behavior (super absorption, amplitude
death, multistablity etc). Several modelling techniques were used to investigate this nonlinear behavior and new
quantum phenomena that arise.

e  The first were simple Hamiltonian models that explored whether such behavior was possible and in what
regimes it could occurs. It also enabled us to consider more than one ensemble coupled to the bosonic
harmonic oscillator to determine what new nonlinear behavior may arise, especially as nonlocal
correlations exist.

e Second was the development of a large-scale hybrid quantum systems simulator that explored both the
temporal and steady state behavior of such systems under realistic conditions based on Markovian &
non-Markovian master equations and quantum stochastic trajectory techniques. These systems were
difficult to solve numerically due to N being extremely large (and other groups have made significant
approximations). We however used a new technique to address this where we first determined the
evolution of the mean field total spin population over time. Then we use rewrite our master equation in
terms of an over-complete spin coherent state basis (which has better span with fewer elements) than the
typical spin number basis. We then choose sufficient spin coherent basis states to only cover the regime
of simulation being undertaken and dynamically vary it (according to the dynamics of the mean field
total spin population) as the computation proceeds. This way we do not need to cover the entire spin
range at once. The approach worked exceptionally well — especially in the double domain nuclear spin
ensemble coupled to the Nambu-Goldstone boson mode case. This approach also allowed us to include
inhomogeneous broadening, inhomogeneous coupling, finite coherence times, non-Marconian effects,
the spatial distribution of spins with the superconducting circuit etc.

e  The third intermediate to test the simulator are regimes far from the simple Hamiltonian models where a
quantum stochastic trajectory approach for a smaller ensemble size is possible.



4. WIFEHER  (Research Achievements)
Let us detail our research achievements initially in chronological yearly order

Year 1: The first year of the project concentrated on two critical aspects:

- First was the development of a quantum simulator about to handle large number of qubits. The simulator
included individual qubit thermalization and dephasing as well as collective relaxation. It was used to reproduce
the experimental results observed in [Nature Physics 14,1168 (2018)] with good agreement. The simulator was
then applied to model the dynamics of a double domain nuclear spin ensemble coupled to the Nambu-Goldstone
boson in GaAs semiconductors. Our model predicted superradiance should be observable — quite a surprising
result given the system.

- The second task undertaken was an exploration of nonlinear phenomena that potentially could be overserved
in these hybrid quantum systems. We found that HQS with a collective drive exhibits highly nonlinear behavior
that could be used simulate the properties of complex networks. Our simulator was able explore the dynamics of
such systems.

Year 2: Beginning the second year of the project our simulation code was implemented on a 200 nodes cluster
with 3 TB of RAM. This allowed larger scale simulation over longer time scales to be implemented.

Enhanced simulations of the dynamics of a double domain nuclear 0.02 : — Long time
spin ensemble coupled to the Nambu-Goldstone boson were 3 go1l SIS
undertaken with realistic parameters (collective relaxation times L:’ 0.00}~ R
shorter than individual spin dephasing times and then thermalization -2 -0.01f AN
times). The RHS figure show the result of one of the simulations. g :gg; R

%J, -0.04|
We showed both theoretically and experimental how collective and £ -005¢
coher- ence effects arise in a double domain nuclear spin ensemble 0.06) : : ‘ . ‘
coupled to the Nambu-Goldstone boson in a GaAs semiconductor. 10° 10* 10" 10 10" 10°
The NG bosons long wavelength means both nuclear spin ensembles Dwell time (s)

couple see the same mode. This leads to superradiant like decay Figure 3: Plot of the total
event when our system is operating in the regime (h~wns < kg 7). magnetization of the double do-
Further it is likely that the short time dynamics will show main nuclear spin vs the interaction
entanglement between the two en- sembles. This work opens up the (dwell) time

possibility for the exploration of novel collective behavior in solid

state systems where the natural energies associated with those spins are much less than the thermal energy (this
work was published in Phys. Rev. B 104, L121402 (2021)).

Next, we explored an open system quantum battery protocol using super radiance and absorption. This quantum-
battery protocol using dark states to achieve both super extensive capacity and power density, with noninteracting
spins coupled to a reservoir. Quantum correlations are essential for this to be achieved. Further, the power density
scales with the number of spins N in the battery. While connected to the charger, the charged state of the battery
is a steady state, stabilized through quantum interference in the open system. This work was published in Phys.
Rev. Applied 13, 024092 (2020).
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We also continued our exploration of HQS for quantum simulation. More

specifically we use our simulator to explore discrete time crystals, a novel state of

matter, emerging in periodically driven quantum systems (ensembles of qubits).
Here, we introduced a method to describe, characterize, and explore the physical i@,
phenomena related to this phase of matter using tools from graph theory. The N

analysis of the graphs allows to visualizing time-crystalline order and to analyze 2

features of the quantum system. For example, we explored in detail the melting e
process of a minimal model of a period-2 discrete time crystal and describe it in ) :
terms of the evolution of the associated graph structure. We showed that during the
melting process, the network evolution exhibits an emergent preferential
attachment mechanism, directly associated with the existence of scale-free as seen
in Fig 4. This work was published in Sci. Adv. 6, eaay8892 (2020).

Figure 4: Graph of the network
from the melting time crystal



Year 3: In the third year of the project our primary focus was on the exploration of multiple ensembles coupled
to single/multiple baths to determine whether superradiance / superabsorption can enhance energy transport
through a network in a truly quantum regime. The transfer of energy through a network of nodes is fundamental
to how both nature and current technology operate. Traditionally, we think of the nodes in a network being coupled
to channels that connect them, in which energy is passed from node to channel to node until it reaches its targeted
site. Here we introduce an alternate approach to this, where our channels are replaced by collective environments
which interact with pairs of nodes. We show how energy initially located
at a specific node can arrive at a target node—even though that i
environment may be at zero temperature. Energy is not flowing from node
to node. Instead, our initial state is not symmetric with respect to the
collective coupling to the reservoirs and so different parts of the quantum
wave function decay at different rates (or not at all). This results in
populations arising in nodes which were initially unoccupied. Combining \
this behavior with superradiant decay and absorption, we show the |t
apparent flow of energy from node to node in the network (Fig 5). Further, = o ;
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we show that such a migration occurs on much faster timescales than the .|
damping rate associated with a single spin coupled to the reservoir. Our
approach shows the power of being able to tailor both the system and
environment and the symmetries associated with them to provide new
directions for future quantum technologies. This work was published in
Phys. Rev. B 104, L140303 (2021).
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Figure 5: Illustration of a dissipatively
coupled chain of spin domains

The second focus on the project this year was the exploration of driven HQS to understand their potential for
quantum simulation tasks. Here we showed a scheme to perform universal simulation in the low frequency regime
using a quantum system with one-dimensional nearest-neighbor coupling that are commonly available in the
NISQ era HQS’s. Computational problems are encoded in the effective Hamiltonian of the quantum systems under
the effect of external driving. We illustrated how the computation works through two examples from NP complete
problems and quantum chemistry simulation. This work was published in Phys. Rev. B 105, 075140 (2022).

Finally, we also wrote a perspective article for Applied Physics Letters [Applied Physics Letters 119, 110501
(2021)] where we detailed the importance of rigorous establishing the presence of entanglement in HQS composed
of several spin ensembles and presented an approach for achieving this. Fundamentally, it would demonstrate that
a single qubit state could be stored and retrieved from a macroscopic ensemble with of more than a trillion spins.
It would further show that two diamonds, two macroscopic object, can be entangled over centimeter distance.
This shall enhance the understanding of entanglement manipulation for macroscopic objects.

Year 4:

In the last year of the project our primary focus was to explore whether ad | /7 g . ‘ﬁ e @
quantum correlations can be transported via this HQS nonlinear effects 0.15 /
(Eig 6). We have shown that by. u.ti.lising reservoir engineering, and L | ,’ ”' o @7
with a completely separable initial state, entanglement can be 010 I @ R A
generated between two spins which are not coupled to each other or o5
even coupled to the same reservoir. We had focused mostly here on the 14
case where the two spins collectively decay into different reservoirs 000Ls
with a single common spin domain collectively decaying into both
reservoirs. For this case, the entanglement is maximised for a large
number of spins in the central domain. The speed of entanglement
generation is also maximised for a larger spin population in the central
domain and shows a super radiant like enhancement. This in principle allows on to overcome the effects of
dephasing present in each of the individual ensembles. Further entanglement generation via this mechanism is not
limited to the three spin-domain case, but can also occur between qubits in the outer domains of four and five
domain systems as well. This work was submitted to publication to Physical Review A in late March 2023.

Figure 6: Entanglement transport

Research Output: Over the entire project 11 papers were published including 1 Science Advances, 2 Physical
Review Letters and 2 Physical Review B Letters. Further 1 keynote, 11 invited and 13 contributed talks were
given at international conferences. Finally, a book chapter entitled “Collective Effects in Hybrid Quantum Systems”
was published in 2022 in the Springer Quantum Science and Technology series book Hybrid Quantum Systems
whose editors were Y. Hirayama, K. Ishibashi and K. Nemoto.
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