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研究成果の概要（和文）：複数のスピン集団を環境と集団的に相互作用させたハイブリッド量子システムでは、
ひとつの集団が基底状態に準備したもうひとつのスピン集団を励起させることができる。環境と集団的に相互作
用するスピン集団のネットワークの中でおこるエネルギー（励起子）と相関輸送の両方を考察した。環境との集
団的相互作用がもつ対称性を満たさない初期状態を準備することで、初期時刻に励起していなかったスピン集団
を、単一スピンの減衰率よりもはるかに速い時間スケールで励起することができ、ネットワーク内でのエネルギ
ー輸送が可能であることを示した。これをエンタングルメント精製にも拡張し、また、いくつかの実験的な実装
の可能性を提案した。

研究成果の概要（英文）：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. 

研究分野： Quantum Science and Technology

キーワード： Hybrid Quantum Systems　Quantum Phenomena 　Quantum Thermodynamics　Quantum Simulation 　Supe
rradiance　Quantum Correlations 　Quantum nonlinearity 　Quantum Information
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令和

研究成果の学術的意義や社会的意義
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.

※科研費による研究は、研究者の自覚と責任において実施するものです。そのため、研究の実施や研究成果の公表等に
ついては、国の要請等に基づくものではなく、その研究成果に関する見解や責任は、研究者個人に帰属します。
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１．研究開始当初の背景 (Back ground)  

The 20th century saw the discovery of quantum mechanics, a set of 
principles describing physical reality at the atomic level of matter. 
Quantum physics allows a new paradigm for the processing of 
information where tasks can be performed that are either impossible in 
our classical world [1]. We have reached the stage where we have 
sufficient control over quantum systems so they can be used to perform 
interesting but predefined tasks with quantum advantage. The properties 
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.  

Hybrid quantum systems [2] are seen as a way to design composite 
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.  

Nonlinear systems, whose outputs are not directly proportional to their 
inputs, are well known to exhibit many interesting, important and counter-
intuitive phenomena. Such phenomena have profoundly changed our 
technological landscape [7]. Our ability to engineer new quantum 
metamaterials through hybridization has given us the ability to explore 
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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[5] H. Toida et. al, Electron paramagnetic resonance spectroscopy using a direct current-SQUID magnetometer 
directly coupled to an electron spin ensemble, Appl. Phys. Lett. 108, 052601 (2016). 
[6] S. Putz et.al, Spectral Hole Burning in Microwave Photonics, Nature Photonics 11, 3639 (2016) 
[7] D. K. Campbell, Nonlinear physics: Fresh breather. Nature 432: 455–456 (2004). 
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２．研究の⽬的 (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. 

Scientific Research (A)�(General) 1 

1. Research Objectives, Research Method, etc. 
This research proposal will be reviewed in the Medium-sized Section of the applicant’s 

choice. In filling this application form, refer to the Application Procedures for Grants-in-Aid 
for Scientific Research -KAKENHI-.�
In this column, research objectives, research method, etc. should be described within 5 pages.�
A succinct summary of the research proposal should be given at the beginning.  
The main text should give descriptions, in concrete and clear terms, of (1) scientific 

background for the proposed research, and the “key scientific question” comprising the core 
of the research plan, (2) the purpose, scientific significance, and originality of the research 
project, and (3) what will be elucidated, and to what extent and how will it be pursued during 
the research period. 
If the proposed research project involves Co-Investigator(s) (Co-I(s)), a concrete description 

of the role-sharing between the Principal Investigator (PI) and the Co-I(s) should be given. 
 [SUMMARY]  

Hybrid quantum systems are a means to engineer quantum systems with the properties one requires. A 

well-studied case arises from the hybridization of superconducting circuits with electron spins ensembles 

which are inherently nonlinear in nature but current investigations (theoretical & experimental) have operated 

in the linear regime. in the linear regime. The nonlinear regime offers the potential to explore both typical 

phenomena such as bistability, chaos, and superradiance, but also new behavior where the quantum principles 

of non-classicality & entanglement are important. The focus of this proposal will be on the theoretical 

exploration such novel nonlinear phenomena in this superconducting circuit / spin ensemble hybrid system 

in the weak, strong and ultra-strong coupling limits to determine it properties and explore the feasibility of 

potential applications including the maser, quantum sensors and rapid charging quantum batteries. 

 

[MAIN TEXT] 
(1) Background: The 20th century saw the discovery of quantum mechanics, a set of principles describing 

physical reality at the atomic level of matter. Quantum physics allows a new paradigm for the processing of 

information where tasks can be performed that are either impossible in our classical world [1]. We have reached 

the stage where we have sufficient control over quantum systems so they can be used to perform interesting but 

predefined tasks with quantum advantage. The properties 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.  

Hybrid quantum systems [2] are seen as a way to design 

composite 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 
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Fig1: A hybrid system consisting of lumped 
element resonator with diamond sample 
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(3) Research Plan: This theoretical project is composed of three interconnected research themes: 

1. Design of models for hybrid quantum systems involving large ensembles 

The first key step in this project will be to examine the driven Tavis Cumming model [11] in which we have a 

single ensemble of N~1012 spins coupled to a superconducting circuit in the weak, strong and ultra-strong 

regimes. Under ideal conditions this hybrid system should show bistability and superradiance behavior [8,9]. It 

may also exhibit other nonlinear behavior (super absorption, amplitude death, multistablity etc). Simple 

Hamiltonian models will be used to explore whether behavior is possible and in what regimes. Further, we will 

consider more than one ensemble coupled to the superconducting circuit to determine what new nonlinear 

behavior may arise, especially as nonlocal correlations exist. 

 At the same time as the Hamiltonian models are being explored, a large-scale hybrid quantum systems 

simulator will be developed & coded to explore both the temporal and steady state behavior of such systems 

under realistic conditions based on non-Markovian master equations [12] and quantum stochastic trajectory 

techniques [13]. Here we will consider inhomogeneous broadening, inhomogeneous coupling, finite coherence 

times, non-Marconian effects, the spatial distribution of spins with the superconducting circuit etc.  

Method: We will derive a master equation describing the time evolution of the system when dephasing 

and relaxation are included (initially Markovian for simplicity but then including non-Markovian effects [12]). 

These are however difficult to solve numerically due to N being extremely large (and other groups have made 

significant approximations). We propose a new technique to address this where we will determine the evolution 

of the mean field total spin population over time without inhomogeneous broadening. 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 will 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. Preliminary work shows this to be a promising approach and it seems ideally adapted to a GPU 

computer architecture. A backup approach will to be quantum stochastic trajectory techniques which are smaller 

in physical size, but requires significantly more computational time. 

 The milestones for this theme can be summarized as follows: 

• [Milestone 1]: Identification of types of nonlinear phenomena that be expected in this hybrid quantum 

systems involving ensembles of atoms coupled to superconducting circuits (Month 6) 

• [Milestone 2]: Development of 1st generation simulator (Month 12) 

• [Milestone 3]: Full high-performance simulator  
operational on GPU based server (Month 18) 

 

2. Superradiance in hybrid quantum systems 

Superradiance is the archetypical collective phenomenon 

where radiation is amplified by the coherence of emitters and 

plays a prominent role in optics, quantum mechanics, and 

astrophysics [10]. Given its importance in so many fields. our 

hybrid system is a natural candidate to consider to investigate 

the effect – especially as we have the potential to varying the 

Fig2: Experimental dynamics of the hybrid 
system in super radiant configuration. Initially 
both the resonator (red curve) and ensemble 
(blue curve) are in their ground states [xx]. 



•  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．研究の⽅法 ( Research Methods)  
 
This project is designed around the driven Tavis Cumming model in which we have a single ensemble of N~103 
- 1012 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. 

• 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.  

• 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.  

• 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．研究成果 (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 
spin ensemble coupled to the Nambu-Goldstone boson were 
undertaken with realistic parameters (collective relaxation times 
shorter than individual spin dephasing times and then thermalization 
times). The RHS figure show the result of one of the simulations.  

We showed both theoretically and experimental how collective and 
coher- ence effects arise in a double domain nuclear spin ensemble 
coupled to the Nambu-Goldstone boson in a GaAs semiconductor. 
The NG bosons long wavelength means both nuclear spin ensembles 
couple see the same mode. This leads to superradiant like decay 
event when our system is operating in the regime (h ̄ ωns ≪	kB T ). 
Further it is likely that the short time dynamics will show 
entanglement between the two en- sembles. This work opens up the 
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).	

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 
phenomena related to this phase of matter using tools from graph theory. The 
analysis of the graphs allows to visualizing time-crystalline order and to analyze 
features of the quantum system. For example, we explored in detail the melting 
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).  

Estarellas et al., Sci. Adv. 2020; 6 : eaay8892     16 October 2020
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against small errors because the last integral of motion that is destroyed 
by the perturbation is the configuration with the lowest number of 
domain walls; that is, ∣y(0)〉 = ∣2n − 1〉 (see the darkest blue dimer 
on the top right corner of Fig. 2A). From now on, we will use this 
model as an example to illustrate the applicability of our method.

Preferential attachment
Let us now put the focus on the network topology for moderate 
levels of rotation error (ϵ ∼ 0.012). In the previous section, we 
have seen that the quantum terms that appear in Eq. 7 break the 
conservation of number of domain walls. The error lifts the de-
generacies present in the spectrum, and new transitions between 
close states appear. In terms of the graph, the nodes with the same 
or similar number of domain walls connect following a preferen-
tial attachment mechanism. As most nodes in the network have 
n/2 or n/2 − 1 (n: even) number of domain walls, and they have 
very close quasienergies, these nodes easily connect to each other 
with a small value of error. This leads to the appearance of the 

large degree hub nodes as well as the heavy-tailed degree distribu-
tions shown in Fig. 2C. The tail of these distributions can be fit to 
a power law distribution, which is a characteristic of scale-free 
networks. Following the recommendations of Clauset et al. (30), 
we further test the goodness of fit of the power law against the 
lognormal distribution for each of these distributions and observe 
that the power law favors over the lognormal distribution (see the 
“Power law fitting of the degree distributions” section in Methods 
for further details).

In addition, exploring the behavior of the average degree of the 
graph obtained from    H ̂   ϵ,T  eff    further captures the existence of the pref-
erential attachment mechanism and the nontrivial melting process 
of the 2T-DTC. From Fig. 4, we can confirm that the nodes with five 
or six domain walls (where the n = 8 case is considered here) tend to 
acquire neighbors preferentially and have more degree already from 
a small error ϵ < 0.02. This is the region where we can observe the 
scale-free behavior emerging. When the error is increased, the pref-
erential behavior becomes weaker, and eventually most of the nodes 

Fig. 3. Melting of a 2T-DTC using    ̂  H  𝛜,2T  eff   . (A) Graph representation obtained from    H ̂   ϵ,2T  eff    with n = 8 sites and a rotation error of ϵ = 0.012 with the nodes corresponding to 
the configuration basis set of the Hilbert space color-coded according to the number of domain walls of the corresponding state (see color map). For no or moderate 
levels of error, the nodes are decoupled, as shown in the bottom part of the graph, or forming clusters of small size. In (B), we present the effective Hamiltonian    H ̂   ϵ,2T  eff    that 
presents mainly diagonal terms. For moderate levels of error, the nodes form small clusters. Again, they attach to each other according to their number of domain walls. 
In (C), the degree distributions of the corresponding graph of (A) with different system sizes (n = 8–12) averaged over 100 realizations of disorder are shown in both linear 
and logarithmic scale (see the inset), fitted with a Poisson distribution. This indicates that the corresponding graph is a random graph with low connectivity. (D) Graph 
representation obtained from    H ̂   ϵ,2T  eff    with n = 8 and a rotation error of ϵ = 0.1. As we increase the error, the system forms a larger, highly connected cluster. (E) This can be 
seen from the increasing magnitude of the off-diagonal entries in the effective Hamiltonian matrix as well as the presence of a giant component in the graph. In this 
scenario, the time crystal has melted completely. (F) The degree distributions are well approximated to a Poisson distribution in the lower degree region, which is the 
characteristic of highly connected random networks.
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effect involving a quantum/thermal reservoir as well as indi-
vidual nuclear spin dephasing and thermalization, it is quite
natural to model this system by a nuclear spin Born-Markov
type master equation [53] of the form

ρ̇(t ) = −iωns
[
Jz

A + Jz
B, ρ(t )

]

+ γ rel

2
[(n̄ + 1)L([J−

A + J−
B ]ρ) + n̄L([J+

A + J+
B ]ρ)]

+ γ rel

2



(n̄ + 1)
NA,B∑

iA,B=1

L(I−
iA,B

ρ) + n̄
NA,B∑

iA,B=1

L(I+
iA,B

ρ)





+ γ dep

2

[
NA∑

iA=1

L
(
Iz
iAρ

)
+

NB∑

iB=1

L
(
Iz
iBρ

)
]

, (1)

where Jz
A,B =

∑NA,B
iA,B=1 Iz

iA,B
are the collective spin Z-operators

for the domain A (B) with Iz
iA,B

representing the individual
nuclear spin 1/2 z operator. Here NA,B are the total num-
ber of spins included in the domain A and B, respectively
(the combined number of spins in both ensembles is N =
NA + NB). Associated with these are the collective (individ-
ual) raising J+

A,B (I+
iA,B

) and lowering J−
A,B (I−

iA,B
) operators for

the nuclear spins in domain A and B, respectively. The nuclear
spin frequency is given by ωns = γnB where γn being the
gyromagnetic ratio of nuclear spins. Further γ rel (γ dep) in
our master equation represent the damping (dephasing) rates.
Next n̄ = 1/(eh̄ωns/kBT − 1) is the Bose-Einstein distribution
functions at the energy h̄ωns for a given temperature T where
kB is the Boltzmann constant. In (1), the Liouvillian L(Xρ)
is given by L(Xρ) = 2XρX † − X †Xρ − ρX †X with X being
an arbitrary operator.

Our master equation given by (1) describes four basic
phenomena; the Larmor precession of nuclear spins; collec-
tive thermalization, individual thermalization and individual
dephasing (we ignore collective dephasing effects here at
present). Now solving the master equation allows us to ex-
plore the dynamics of the overall system and we should be
able to simply determine if we can reproduce the behavior
observed in Fig. 2(c)—especially as we already know many
of our system parameters including ωns and the fridge temper-
ature T as well as the T1 and T ∗

2 relaxation times, Our interest
here will be in determining the magnetization of the double
domain system which will be proportional (up to an arbitrary
scaling) to the expectation value Sz = 〈Jz

A + Jz
B〉. In Fig. 3,

we show the evolution of the total spin magnetization ver-
sus dwell time for an N ∼ 1012 sized nuclear spin ensemble
(which is much greater than n̄). With our chosen parameters
it is clear that we have a number of distinct behavior arising
over different time scale. Those correspond to time scale less
than 1 ns (yellow shaded region), between 1–1000 ms and
greater than 1 s (red shaded region). The main figure in Fig. 3
is consistent with the experimental observations of Fig. 2(c).

We need to explore these three regions in a little more detail
starting with the short time regime shown in the inset for
a total spin number N = 1012. First and foremost the decay
process we observe here occurs much faster than either the
T ∗

2 or T1 times associated with individual nuclear spins. The
collective thermalization term in our master equation does re-
produce such behavior giving us strong evidence of collective

FIG. 3. Simulation of the total magnetization of the double do-
main nuclear spin vs the interaction (dwell) time, nothing that we
have an arbitrary scaling on the y axis. The results are presented for
a) N = 1012, b) N = 6 × 1012. Here we have used the parameters
ωns/2π = 10 MHz, T = 50 mK, T ∗

2 ∼ 1 ms, and T1 ∼ 40 s. This
implies that n̄ ∼ 110 which is much less than N . Two distinct regions
are shown in the main figure: White (red) where individual spin
dephasing (thermalization) are the dominant behaviours. The yellow
colored inset shows the short time behavior where collective ther-
malization effects dominate. Within the inset the black (red-dashed)
curves correspond to thermal mean photon number n̄ ∼ 110 (zero
temperature n̄ ∼ 0). Little difference is seen for the two n̄ as both are
much less than N .

and coherent effects here. Next the individual dephasing of
the nuclear spins with associated T ∗

2 ∼ 1 ms dominates in the
1–1000 ms temporal region where it destroys all coherence
within and between the nuclear spins leaving the double do-
main system in a separable state. Each of the nuclear spins
are now acting independently of each other and so collective
effects do not arise. At approximately 1 s the effect of individ-
ual nuclear spin thermalization begins and at approximately
100 s the nuclear spins reach their high temperature steady
state (with a magnetization of zero). A similar behavior (blue
curve in Fig. 3) occurs if N decreases but with a different
degree of short time total magnetization is reached. The long
time steady state is the same. Our model naturally explains the
observed experimental behavior and can give us further incites
into our system dynamics.

The particularly interesting temporal behavior arises in the
short time regime where we observe a fast decrease in the total
magnetization to a little well below zero. We only observe
the resultant effect here and not its dynamics which we can
not experimentally measure. We only see the result that this
collective behavior has caused. Our model however can also
be used to explore the short time regime in more theoretical
detail. It is clear from our model (with n̄ = 0 that the rate of
thermalization scales quadratically with N (rather than linear
from individual spin thermalization). This is consistent with
superradiance decay. Next for n̄ ∼ 110, we observe a very
similar quadratic short time behavior, however as n̄ → N we
loss that quadratic behavior. In our experiment we realisti-
cally have N > 1012 which is much greater than the n̄ ∼ 110
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Figure 3: Plot of the total 
magnetization of the double do- 
main nuclear spin vs the interaction 
(dwell) time 

Figure 4: Graph of the network 
from the  mel6ng 6me 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 
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 
apparent flow of energy from node to node in the network (Fig 5). Further, 
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).  
 
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 
quantum correlations can be transported via this HQS nonlinear effects 
(Fig 6). We have shown that by utilising reservoir engineering, and 
with a completely separable initial state, entanglement can be 
generated between two spins which are not coupled to each other or 
even coupled to the same reservoir. We had focused mostly here on the 
case where the two spins collectively decay into different reservoirs 
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.  
 
 
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. 

RESERVOIR-ASSISTED ENERGY MIGRATION THROUGH … PHYSICAL REVIEW B 104, L140303 (2021)

FIG. 2. Normalized collective spin relaxation 〈Jz
i 〉/Ni with dynamics governed by the master equation (3). (a) Two spin domains with

N1 = 40 (solid magenta), N2 = 2 (dashed blue); (b) three domains with N1 = 12 (solid magenta), N2 = 6 (dashed blue), N3 = 2 (dotted gold);
(c) four domains with N1 = 8 (solid magenta), N2 = 6 (dashed blue), N3 = 5 (dotted gold), and N4 = 1 (dot-dashed mint green).

to a resonator; potentially an extension of this work could see
the realization of the multiple spin domain regime.

System dynamics. As we are mostly interested in excitation
migration through the different spin domains, our results will
focus on the situations where the first domain is initialized
with all spins in their excited states while all spins in subse-
quent domains begin in the ground state. Our initial state can
be expressed as

|ψin〉 = |↑ ... ↑〉1 ⊗ |↓ ... ↓〉2 ⊗ · · · ⊗ |↓ ... ↓〉M . (4)

As observed in [41] for the two-domain case, this initial state
(4) is not symmetric under the exchange of the ensembles
1 and 2. It is worth noting that the dissipative terms in the
master equation (3) induce correlations between neighboring
domains i and i + 1 because it describes their collective decay.
The initial state can be decomposed as a superposition of
symmetric and antisymmetric states. As a consequence of the
decay of the symmetric subspace components, the average
number of excitations stays finite at the steady state despite
the presence of the zero-temperature reservoir [see Fig. 1(b)].
Furthermore, the system may relax into a steady state, where
the second domain population of spins in the excited state is
greater than 50%. However, an unbalanced configuration of
domain sizes—specifically, N1 & N2—is necessary for this
situation to occur. For this reason, we restrict ourselves to the
unbalanced configurations where N1 > N2 > · · · > NM and
explore the dynamics of excitation migration from the first to
the last domain.

We are now in the position to explore the dynamics of the
dissipatively coupled spin ensembles. The master equation (3)
represents a series of coupled differential equations which can
be solved in conjunction with the initial conditions (4). The
only parameters governing the dynamics of our collective spin
relaxation are the domain size Ni and the reservoir coupling
γi. For simplicity, we will set all reservoir couplings to be
equal and all results presented in this work use a time axis
that is rescaled with γ /2. In Figs. 2–4, we show the collective
spin relaxation of a system with two, three, and four domains
with initial state |ψin〉 given by (4). For the two-domain sys-
tem [Fig. 2], we set N1 = 40 (magenta) and N2 = 2 (blue),
while for the three-domain system [Fig. 3], we have N1 = 12
(magenta), N2 = 6 (blue), and N3 = 2 (gold). Similarly, for

the four-domain system [Fig. 4], we have N1 = 8 (magenta),
N2 = 6 (blue), N3 = 5 (gold), and N4 = 1 (mint green). Since
we solve Eq. (3) numerically, we are restricted to rather small
ensemble sizes, especially as the number of spin domains in-
creases. Nevertheless, small systems provide valuable insights
into the general dynamics and allow conclusions to be drawn.

It can be seen in Fig. 2 that the decay of the first domain
first leads to the excitation of the second domain as a result of
the reservoir-mediated interaction between the two domains.
In the case of only two domains [Fig. 2], the dynamics comes
to a halt and the system reaches a steady state. Due to the large
imbalance N1 > N2, the first domain (magenta) is (almost)
completely deexcited and the second domain (blue) gets close
to the fully excited state [41]. For more than two domains,
the second domain (at a slower rate) also decays due to the
additional dissipation channel and the ensemble excitation is
transferred to the third domain [Fig. 3]. This process will
continue until the last (smallest) domain absorbs the excita-
tion and the system finally reaches its steady-state solution

FIG. 3. Normalized collective spin relaxation 〈Jz
i 〉/Ni for three

domains using mean-field dynamics. (a) N1 = 106 (solid magenta),
N2 = 104 (dashed blue), and N3 = 102 (dotted gold). (b) N1 = 108

(solid magenta), N2 = 105 (dashed blue), and N3 = 102 (dotted
gold).
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FIG. 1. (a) Illustration of a dissipatively coupled chain of spin domains. Each domain Di contains Ni identical spin-1/2 particles. All spins
have an energy h̄ω0 with associated frequency ω0/2π . Two neighboring domains Di and Di+1 are interacting via a common (zero-temperature)
reservoir mediated by the dissipation rate γi. (b) Schematic representation of the effective excitation transfer from the first domain (with N1 = 3
spins and total angular momentum j1 = 3/2 and 1/2) to the second domain (with N2 = 2 spins and total angular momentum j2 = 1 and 0):
initially, D1 is fully excited while D2 is in the ground state. This corresponds to the (partial) excitation of states with different total angular
momentum (bottom row). Due to the collective decay, which preserves the total angular momentum, the system relaxes down the ladders
and reaches a steady state where D1 and D2 are locally not in their respective ground states. This results in excitations arising in the second
domain—even though it was initially in its ground state.

B initially in a state |ψ〉 = |1〉A|0〉B = |1〉|0〉, which can also
be expressed as

|ψ〉 = 1
2 [|1〉|0〉 + |0〉|1〉] + 1

2 [|1〉|0〉 − |0〉|1〉]. (1)

Under collective decay to a zero-temperature bath, the first
Bell state (a triplet state) decays to |0〉|0〉, while the second
term (a dark state) remains unchanged. This means the mean
population of spin B has increased from zero to n̄B = 1/4 via
that collective coupling to the reservoir. We must emphasize
that there is no direct coupling between the spins, meaning we
are not seeing simple energy transfer. Further, those spins only
collectively couple to a zero-temperature reservoir, meaning
energy is not being given to the second spin from it. This
is a quantum process associated with the collective decay
breaking a symmetry in the system and the symmetries of the
initial state. The triplet (or symmetric) part of the initial state
can decay but the dark (antisymmetric) part cannot. While
this behavior can be seen in two spins [45], similar behavior
can be seen with two ensembles collectively coupled to the
environment [40,41,46]. We would like to highlight that this
process is different from energy transfer in the traditional
sense. Instead, we call this energy migration to distinguish it.

In this Letter, we will build upon Refs. [40,41] and extend
these results to multiple nodes. Additionally, by utilizing the
well-known phenomena of superradiance and superabsorption
[38], we show that our system can facilitate energy migration
as fast as needed between the multiple nodes. Further, we
will show that this energy migration can proceed even if
the reservoirs are at zero temperature. We will discuss how
such a technique can be used to migrate energy around small
networks where each node is an ensemble of spins that are
collectively coupled to an environment.

Our model. Let us begin with a simple mathematical model
of our system which extends a double domain system [40,41]
to the multiple spin domain regime. Our system depicted
in Fig. 1(a) consists of M different noninteracting spin do-
mains Di, each containing Ni identical spin-1/2 particles (with
frequency ω0/2π ). Pairwise, these domains are collectively
coupled to a zero-temperature reservoir. These reservoirs are
modeled as a collection of bosonic modes with frequencies
ωki/2π and bosonic creation (annihilation) operators a†

ki
(aki ).

Importantly, our system is symmetric under the exchange of
any two spins within each domain, but not within the overall
system. Therefore, it is useful to define collective spin oper-
ators for the ith domain Jα

i =
∑Ni

ni=1 Sα
ni

, with α = x, y, z and
where Sα

ni
are the nith spin operators. Further the ith domain

raising and lower operators are given by J±
i = Jx

i ± iJy
i . The

Hamiltonian of the total system with M ensembles and M − 1
reservoirs is

H = h̄ω0

M∑

i

Jz
i +

M−1∑

i

∑

ki

h̄ωki a
†
ki

aki

+
M−1∑

i

∑

ki

[tki (J
+
i + J+

i+1)aki + t∗
ki

a†
ki

(J−
i + J−

i+1)], (2)

where the first and second term represents the Hamiltonian of
the spin ensembles and the bosonic reservoirs, respectively.
The third term is the interaction of the spin ensemble i and
i + 1 with their common reservoir (labeled as i), where tki , t∗

ki

represent emission (absorption) amplitudes that fix the spec-
tral density of the reservoirs, &i(ω) = 2π

∑
ki

|tki |2δ(ω − ωki ).
Within the standard weak-coupling approach (Born-Markov
approximation) and assuming zero-temperature reservoirs, the
Lindblad master equation of the system can be written in the
rotating frame as [14,47]

ρ̇s =
M−1∑

i

γi

2
D[J−

i + J−
i+1]ρs, (3)

where the Lindblad term is D[O]ρ = 2OρO† − O†Oρ −
ρO†O for any operator O. Additionally, the weak-coupling
regime necessarily assumes ω0/γ is very large. The dis-
sipative coupling between the different spin ensembles is
mediated via the rates γi = &i(ω0) = αiω0 in the wide band
limit, where αi is constant. Previous works have used dis-
sipative coupling to induce frustration [48] and quantum
synchronization of oscillators [49] and atomic ensembles
[50]. The work in Ref. [43] experimentally demonstrated a
double spin domain system implemented via two distinct
nitrogen-vacancy ensembles in diamonds collectively coupled
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Figure 5: Illustra6on of a dissipa6vely 
coupled chain of spin domains 

Figure 6: Entanglement transport 
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