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Abstract 
Hybrid quantum systems that integrate solid-state qubits with superconducting 

circuits have emerged as a promising architecture for scalable quantum 

information processing. Achieving strong coherent coupling between distinct 

quantum subsystems, such as spin ensembles and microwave resonators, 

remains a critical challenge in realizing hybrid quantum technologies. This 

study aims to engineer and characterize a hybrid platform that couples 

nitrogen-vacancy (NV) centers in diamond with a superconducting coplanar 

waveguide resonator. A combination of cryogenic microwave spectroscopy 

and time-domain measurements was employed to evaluate coupling strength, 

coherence times, and collective spin photon interactions at millikelvin 

temperatures. The experimental results demonstrated a vacuum Rabi splitting 

of 22 MHz, confirming the realization of a strong coupling regime between the 

NV spin ensemble and the superconducting resonator. The coherence lifetime 

of the NV centers remained above 100 μs under optimized magnetic field 

alignment, ensuring stable quantum-state transfer. The findings reveal that 

hybrid systems combining spin-based and superconducting components can 

serve as viable interfaces for quantum memory and quantum communication 

nodes. The study concludes that engineering such strong spin–photon coupling 

represents a foundational step toward the development of coherent, scalable 

hybrid quantum networks. 
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INTRODUCTION 

Quantum information science has advanced rapidly over the past two decades, driven 

by the pursuit of scalable quantum systems capable of performing computation, 

communication, and sensing beyond the limits of classical technologies. Among the most 

promising developments is the realization of hybrid quantum systems, which integrate distinct 

quantum platforms to exploit their individual advantages (Bhattacharyya, 2024; Takada et al., 

2025). Superconducting circuits, known for their tunability and strong microwave interactions, 

provide an efficient medium for quantum control and processing, while solid-state spin 

systems, such as nitrogen-vacancy (NV) centers in diamond, offer long coherence times and 

optical accessibility. The integration of these systems into a single hybrid platform forms a 

powerful foundation for constructing coherent interfaces across heterogeneous quantum 

devices. 

The concept of coupling spin ensembles to superconducting resonators has attracted 

increasing attention due to its potential to bridge the gap between fast-processing 

superconducting qubits and long-lived quantum memories. Superconducting resonators can 

store microwave photons that interact collectively with spin ensembles, enabling the exchange 

and storage of quantum information. Nitrogen-vacancy centers, in particular, are uniquely 

suited for such hybrid integration because they combine optical addressability with electron-

spin coherence at cryogenic temperatures (H. Wang et al., 2025; Yan et al., 2024). Engineering 

a strong, coherent interaction between these subsystems represents a crucial milestone toward 

hybrid quantum network architectures. 

The field has evolved from individual quantum platforms toward integrated hybrid 

systems designed to overcome limitations of scalability and decoherence. Hybrid architectures 

are seen as an essential step toward realizing quantum networks capable of long-distance 

communication and distributed quantum computing. Achieving strong coupling between NV 

spin ensembles and superconducting resonators enables quantum state transfer and 

entanglement generation across disparate physical systems, paving the way for hybrid devices 

that combine fast quantum logic with long-term information storage. 

The central problem addressed by this research is the experimental realization and 

precise characterization of strong coupling between a large ensemble of NV centers and a 

superconducting microwave resonator. While both components have been independently 

developed to high standards, achieving a coherent interface between them remains technically 

challenging (Kejriwal et al., 2023; Sun et al., 2023). The disparity in coupling strengths, 

coherence properties, and operational environments between spin ensembles and 

superconducting circuits presents significant engineering and quantum control obstacles. 

Previous attempts to couple spin systems to superconducting resonators have often 

encountered weak coupling regimes where interaction rates are smaller than the decoherence 

rates of the individual subsystems. In such cases, coherent energy exchange between the spins 

and the resonator is suppressed, preventing the observation of hybridized modes and limiting 

the system’s potential for quantum information storage. Overcoming this limitation requires 

fine-tuning of both the spin ensemble density and the resonator’s electromagnetic mode 

volume, alongside careful control of environmental noise and temperature fluctuations. 

Another issue arises from the collective behavior of spin ensembles, which can lead to 

inhomogeneous broadening and spectral diffusion that obscure the observation of coherent 

coupling (Guo et al., 2024; Sun et al., 2023). The challenge, therefore, is not only to achieve 
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strong coupling but also to maintain collective coherence across a large number of NV centers. 

This research seeks to address these challenges through engineering optimization, experimental 

calibration, and precise spectroscopic characterization of the coupling dynamics under 

cryogenic conditions. 

The primary objective of this study is to design, fabricate, and characterize a hybrid 

quantum system that achieves strong coupling between nitrogen-vacancy centers in diamond 

and a superconducting coplanar waveguide resonator. The research seeks to experimentally 

verify the onset of the strong coupling regime by observing vacuum Rabi splitting in the 

transmission spectrum, indicating coherent spin-photon interaction (Kumar et al., 2023; T. Liu 

et al., 2023). By quantifying coupling strength, coherence time, and quality factors, the study 

aims to provide a detailed understanding of the system’s physical and quantum mechanical 

properties. 

A secondary objective is to investigate the effects of spin ensemble density, magnetic 

field alignment, and temperature on coupling strength and coherence behavior. Systematic 

variation of these parameters will allow for the identification of optimal operational regimes 

that maximize coherent interaction while minimizing decoherence and inhomogeneous 

broadening. The goal is to develop an experimentally validated framework for tuning hybrid 

quantum systems toward strong coupling under realistic conditions. Another objective is to 

demonstrate the potential of the coupled NV–resonator system as a prototype for quantum 

interfaces. Such interfaces can serve as essential building blocks for quantum communication 

and hybrid memory systems that bridge microwave and optical domains (R. Liu et al., 2023; 

Pillai et al., 2023). The realization of strong coupling provides the foundation for coherent state 

transfer between solid-state spins and superconducting circuits, establishing the groundwork 

for scalable hybrid quantum networks. 

Existing literature has explored both superconducting quantum circuits and spin-based 

systems extensively, yet the intersection between them remains an area of active development. 

Early studies established the theoretical basis for spin–photon coupling and demonstrated weak 

collective interactions between electron-spin ensembles and superconducting cavities. 

However, achieving experimentally verified strong coupling with solid-state defects has proven 

difficult due to decoherence effects, fabrication imperfections, and thermal noise. This study 

directly addresses these limitations by implementing optimized coupling geometries and 

cryogenic stabilization techniques to enhance coherence and coupling strength. Another gap in 

previous research lies in the limited characterization of dynamic behavior in hybrid quantum 

systems. Most prior studies have focused on static coupling parameters or time-averaged 

spectral features, neglecting the real-time dynamics of coherent energy exchange (Du, Yao, et 

al., 2025; Hei et al., 2023). By employing time-domain spectroscopy in addition to frequency-

domain measurements, the present research captures transient phenomena that reveal the 

underlying physics of collective coupling and decoherence processes. This multidimensional 

approach provides a more complete understanding of hybrid quantum interactions. 

Furthermore, the literature lacks consensus on the scalability and integration potential of hybrid 

architectures involving NV centers. Some studies emphasize their promise for quantum 

networking, while others highlight challenges in maintaining coherence over extended device 

arrays. This research contributes to filling this gap by providing empirical evidence of stable, 

controllable coupling and evaluating scalability parameters that could guide the design of 

multi-node hybrid quantum systems. 
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The novelty of this research lies in the successful experimental engineering of a hybrid 

quantum system operating in the strong coupling regime, using NV centers and a 

superconducting resonator as the interacting subsystems. Unlike previous works that primarily 

achieved weak or intermediate coupling, this study demonstrates clear evidence of coherent 

energy exchange, verified through the observation of vacuum Rabi splitting and coherence 

lifetimes exceeding 100 microseconds (J.-M. Li & Fei, 2025; Sotoma, 2025). The combination 

of cryogenic control, optimized resonator geometry, and precise magnetic alignment represents 

a methodological advancement that extends the frontier of hybrid quantum engineering. 

The research also introduces an innovative methodological integration of frequency-

domain spectroscopy with time-domain measurements, enabling simultaneous characterization 

of coupling strength and decoherence dynamics. This dual-analysis approach provides richer 

data and deeper insights into the system’s quantum behavior, setting a new benchmark for 

future hybrid quantum experiments (Gong et al., 2024; B.-L. Wang et al., 2023). Conceptually, 

the study reinforces the potential of NV–superconductor systems as practical interfaces 

between solid-state and circuit-based quantum technologies, paving the way for hybrid 

quantum memory and transduction applications. 

The justification for this research is grounded in its potential impact on the development 

of scalable quantum networks and distributed quantum computation. Strong spin–photon 

coupling is a prerequisite for efficient quantum state transfer between different quantum 

hardware platforms (Y. Li et al., 2025; Macarios et al., 2024). By demonstrating and 

characterizing such coupling, this study lays the foundation for hybrid architectures that 

integrate microwave and optical quantum technologies. The work contributes not only to 

experimental quantum physics but also to applied quantum engineering, offering a tangible 

path toward coherent, interconnected quantum systems of the future. 

 

RESEARCH METHOD 

This study employed an experimental research design aimed at engineering and 

characterizing a hybrid quantum system that couples nitrogen-vacancy (NV) centers in 

diamond to a superconducting coplanar waveguide resonator. The design focused on verifying 

the presence of strong coupling between the spin ensemble and the resonator field through both 

frequency-domain and time-domain measurements. The research followed a controlled 

laboratory setup under cryogenic conditions, ensuring minimal environmental interference with 

quantum coherence. The approach combined quantitative measurements of coupling strength, 

coherence lifetime, and resonance spectra with qualitative interpretation of system dynamics 

(McLaughlin et al., 2023; Y. Wang et al., 2024). The design enabled systematic manipulation 

of magnetic field orientation, spin ensemble density, and resonator parameters to evaluate their 

collective influence on coupling efficiency. 

The population in this research was defined as all possible realizations of hybrid 

quantum systems integrating spin-based and superconducting subsystems. From this 

population, the selected sample comprised a 2 × 2 × 0.5 mm³ high-purity diamond crystal 

containing an ensemble of approximately 10¹² nitrogen-vacancy centers. The diamond substrate 

was isotopically purified to reduce magnetic noise from ¹³C nuclear spins. The superconducting 

resonator sample consisted of a niobium coplanar waveguide fabricated on a sapphire substrate 

using electron-beam lithography and reactive ion etching. Each fabricated resonator exhibited a 

fundamental resonance frequency of approximately 2.87 GHz, matching the zero-field splitting 
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frequency of the NV centers (Kim et al., 2025; H.-Y. Liu et al., 2024). The selected sample 

configuration was optimized for achieving high collective spin–photon coupling by 

maximizing the overlap between the resonator’s magnetic field and the NV ensemble volume. 

The primary instruments used in this experiment included a dilution refrigerator capable 

of maintaining temperatures below 20 millikelvin, a vector network analyzer (VNA) for 

microwave transmission spectroscopy, and a superconducting vector magnet for controlling the 

magnetic field alignment. The VNA measured the frequency response of the coupled system, 

allowing the identification of vacuum Rabi splitting as a signature of strong coupling. Time-

domain coherence measurements were conducted using a pulsed microwave system integrated 

with a photoluminescence detection setup. Optical excitation at 532 nm was applied through a 

laser source coupled to an optical fiber, while photon emission was collected via an avalanche 

photodiode detector (Fukami et al., 2024; G. Wang et al., 2023). The data acquisition and 

control systems were synchronized through a high-precision timing module, enabling 

consistent temporal resolution across repeated measurements. 

The experimental procedure began with the preparation of the diamond sample, which 

underwent electron irradiation and thermal annealing to generate a high concentration of NV 

centers. The sample was then cleaned and mounted on the superconducting resonator chip 

using a non-magnetic adhesive to avoid field distortions. The combined hybrid system was 

enclosed within a copper shielding cavity and cooled in the dilution refrigerator to minimize 

thermal decoherence. Calibration of the superconducting resonator was performed at cryogenic 

temperature to determine its intrinsic quality factor before coupling with the NV ensemble. 

Following system preparation, transmission spectra were recorded using the vector 

network analyzer across a frequency range encompassing the NV resonance frequency. A static 

magnetic field was applied along the [111] crystal axis of the diamond to tune the Zeeman 

splitting of the NV centers into resonance with the microwave cavity mode. The vacuum Rabi 

splitting was observed in the transmission spectra, indicating the transition from weak to strong 

coupling regimes. Time-domain measurements were subsequently carried out to extract 

coherence times (T₁ and T₂) and to characterize collective spin dynamics. Data were analyzed 

using numerical fitting models based on the Tavis–Cummings Hamiltonian, which describes 

the interaction between a collective spin ensemble and a single resonator mode. The entire 

experimental cycle, including cooling, calibration, measurement, and analysis, was repeated for 

three distinct magnetic field configurations to ensure reproducibility and robustness of results. 

 

RESULTS AND DISCUSSION 

The experimental investigation yielded quantitative evidence of strong coupling 

between the nitrogen-vacancy (NV) center ensemble and the superconducting resonator. 

Frequency-domain measurements using the vector network analyzer revealed a clear vacuum 

Rabi splitting in the transmission spectra at the resonant frequency near 2.87 GHz, 

corresponding to the zero-field splitting of the NV centers. The observed mode splitting was 22 

± 1 MHz, confirming the establishment of a coherent exchange between the spin ensemble and 

the microwave cavity field. The intrinsic quality factor of the resonator (Q₀) was determined to 

be approximately 3.8 × 10⁴ before coupling, decreasing slightly to 3.5 × 10⁴ after coupling due 

to energy exchange with the spin ensemble. 
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Table 1. Summary of Key Experimental Parameters and Measured Coupling Characteristics 

Parameter Symbol Measured Value Unit 

Resonant frequency f₀ 2.87 GHz 

Vacuum Rabi splitting 2g 22 ± 1 MHz 

Quality factor (uncoupled) Q₀ 3.8 × 10⁴ — 

Quality factor (coupled) Qc 3.5 × 10⁴ — 

Spin ensemble coherence time T₂ 102 ± 5 μs 

Temperature T 18 mK 

 

The secondary data from temperature-dependent measurements confirmed that strong 

coupling persisted over the cryogenic range from 15 to 25 millikelvin, although the coherence 

time exhibited minor variations due to thermal population effects. The collective coupling 

strength (gₙ) was consistent with theoretical predictions derived from the Tavis–Cummings 

model, validating the ensemble-based enhancement proportional to √N, where N represents the 

number of coherently coupled NV spins. The results demonstrate that the system operates 

firmly within the strong coupling regime, where the coupling strength exceeds both the spin 

ensemble and resonator linewidths. The vacuum Rabi splitting observed in the frequency 

spectra signifies coherent energy exchange between the two subsystems, confirming that the 

hybrid system behaves as a single, collective quantum oscillator. The reduction in resonator 

quality factor after coupling indicates energy dissipation through spin–photon interaction, 

which is expected in coherent hybrid architectures. 

The temperature stability of the coupling strength provides further evidence of quantum 

coherence preservation under cryogenic conditions. The long spin coherence time (T₂ > 100 μs) 

achieved in this experiment demonstrates the ability of the NV ensemble to function as a 

quantum memory medium. The consistency of these findings with theoretical expectations 

confirms the robustness of the engineered coupling interface and supports its applicability in 

scalable hybrid quantum systems. Time-domain measurements revealed the coherent 

oscillation of energy between the NV ensemble and the superconducting resonator, 

characterized by periodic population exchange. The oscillation frequency corresponded to the 

coupling rate (g/π), aligning with the 11 MHz half-splitting observed in the frequency-domain 

spectra. The decay of oscillation amplitude was fitted using an exponential envelope function, 

yielding a system coherence time of approximately 95 ± 3 μs. These time-resolved 

measurements corroborate the steady-state spectral analysis and validate the establishment of a 

coherent coupling regime. 

Additional analysis of magnetic field alignment indicated that optimal coupling 

occurred when the external field was oriented along the [111] crystallographic axis of the 

diamond. Misalignment by more than 2° led to a measurable decrease in coupling strength, 

with the splitting reduced to 17 MHz. The results confirm that magnetic field orientation 

critically influences the collective coupling efficiency, reinforcing the importance of precise 

alignment in hybrid quantum engineering. Statistical fitting of the transmission data using the 

coupled-oscillator model yielded an average coupling constant of 11.0 ± 0.5 MHz. The fitting 

residuals were below 2%, indicating strong agreement between theoretical and experimental 

values. The cooperativity parameter (C = g² / κγ), where κ and γ represent the resonator and 

spin ensemble linewidths respectively, was calculated to be approximately 45 ± 5, further 
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confirming the strong coupling regime (C > 1). The analysis demonstrated that the hybrid 

system exhibits high spectral purity and minimal decoherence contributions from 

environmental noise. 

Inferential comparison between the experimental and simulated spectra confirmed that 

the measured coupling strength scales as the square root of the number of NV centers, 

consistent with ensemble theory predictions. The linear regression analysis between measured 

splitting and ensemble density produced a correlation coefficient of R² = 0.97, validating the 

collective interaction model. This strong correlation confirms that the observed effects 

originate from coherent ensemble behavior rather than random spin fluctuations. The 

relationship between coherence time and coupling strength revealed an inverse dependence, 

where higher coupling magnitudes correlated with slightly reduced T₂ values due to energy 

exchange between the spin ensemble and cavity photons. This trade-off highlights the necessity 

of balancing strong coupling with decoherence control to optimize hybrid quantum device 

performance. The resonator’s photon lifetime (τc) was estimated at 1.8 μs, significantly shorter 

than the NV spin coherence time, suggesting that the spin ensemble functions effectively as a 

long-lived memory interface. 

The relationship between the applied magnetic field strength and resonance frequency 

shift followed a linear Zeeman effect, with a slope of 28 MHz/mT. This proportionality 

enabled fine-tuning of the NV ensemble into resonance with the cavity mode, allowing precise 

control of the coupling dynamics. These relational insights establish key operational 

parameters for future scalable hybrid systems integrating multiple spin–photon interfaces. A 

representative case study involving a single hybrid device was conducted to validate 

experimental reproducibility. The device was subjected to multiple cooling and measurement 

cycles, revealing consistent coupling characteristics across trials. The average vacuum Rabi 

splitting measured over five cycles remained within ±1 MHz of the mean value, demonstrating 

the mechanical and thermal stability of the hybrid system. The device’s resilience under 

repeated thermal cycling confirms the reliability of the resonator–diamond integration 

technique used in fabrication. 

A supplementary case study explored a modified resonator geometry with an increased 

mode volume. The coupling strength decreased to 15 MHz, consistent with theoretical 

predictions that coupling efficiency scales inversely with mode volume. The coherence time of 

the NV ensemble remained unchanged, indicating that the coupling modification affected only 

the field overlap and not the intrinsic spin dynamics. This comparative case confirms that 

system performance can be predictively tuned through resonator design optimization. The 

analysis of both standard and modified devices underscores the flexibility of hybrid quantum 

systems in achieving tunable coupling regimes. The ability to maintain coherence across 

varying geometries and operational parameters suggests that hybrid quantum engineering can 

adapt to different architectures without significant performance degradation. The experimental 

reproducibility achieved across multiple cooling cycles validates the system’s robustness for 

long-term quantum information processing applications. 

The findings also demonstrate that the superconducting resonator functions as an 

effective intermediary between macroscopic control fields and microscopic spin ensembles. 

The observed stability and tunability position this architecture as a foundational component for 

scalable quantum networks. The results affirm that the integration of NV centers with 

superconducting circuits provides both quantum coherence and engineering practicality. The 
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results conclusively establish that strong coherent coupling has been successfully achieved 

between NV center ensembles and a superconducting resonator, marking a significant 

milestone in hybrid quantum system engineering. The measured coupling strength, coherence 

lifetime, and spectral features align closely with theoretical expectations for the strong coupling 

regime, confirming the effectiveness of the design. The system exhibits high stability, 

reproducibility, and tunability, all of which are essential attributes for scalable quantum 

technologies. 

The overall findings suggest that NV–superconductor hybrid systems hold substantial 

promise for implementing quantum memories and interfaces within broader quantum 

communication and computation frameworks. The experiment demonstrates that hybrid 

quantum engineering can bridge distinct quantum technologies, offering a practical path toward 

coherent and scalable quantum network architectures. The experimental results conclusively 

demonstrated the achievement of strong coherent coupling between the nitrogen-vacancy (NV) 

center ensemble in diamond and a superconducting resonator. The observation of a vacuum 

Rabi splitting of 22 MHz in the transmission spectrum confirmed the hybrid system’s operation 

within the strong coupling regime. The measured cooperativity factor of approximately 45 

indicated that the collective spin–photon interaction dominated over the respective decoherence 

rates, verifying quantum coherence at the macroscopic level. The ensemble coherence lifetime 

exceeded 100 microseconds, providing sufficient temporal stability for coherent information 

exchange between the NV centers and the microwave field. 

The study further confirmed that the coupling strength scaled proportionally with the 

square root of the NV ensemble density, aligning with theoretical expectations of collective 

spin–photon coupling. The hybrid system exhibited excellent reproducibility across multiple 

measurement cycles, demonstrating mechanical and thermal stability. Variations in magnetic 

field alignment revealed a strong dependence of coupling efficiency on the geometric 

orientation of the diamond crystal, confirming that precise field control is essential for 

maximizing coherence. The consistency of these observations across frequency- and time-

domain analyses established the robustness of the hybrid architecture. Additional experiments 

indicated that system performance remained stable under cryogenic temperatures between 15 

and 25 millikelvin, underscoring the reliability of the hybrid configuration in quantum 

operational environments. The results also demonstrated tunable coupling characteristics by 

modifying resonator geometry and NV ensemble concentration. These findings collectively 

validate the hybrid system as a controllable and scalable platform for quantum interfacing, 

bridging spin-based and superconducting quantum technologies. 

The study’s data confirm that coherent spin–photon interaction can be engineered with 

precision, laying the foundation for quantum communication and hybrid quantum memory 

systems. The consistent observation of long-lived coherence and stable coupling reinforces the 

feasibility of utilizing NV–superconducting hybrids for large-scale quantum information 

processing. The findings align with earlier studies that explored hybrid coupling mechanisms 

between spin ensembles and superconducting cavities but extend the experimental boundary by 

reaching a more pronounced strong coupling regime. Research conducted by Kubo et al. (2010) 

and Amsüss et al. (2011) reported vacuum Rabi splittings in the range of 10–12 MHz under 

similar conditions, whereas the present study achieved a higher coupling strength through 

optimization of NV density and resonator field confinement. This enhancement confirms that 
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engineering precision in resonator geometry and magnetic field alignment plays a decisive role 

in achieving superior hybrid performance. 

The present results differ from those of earlier weak coupling experiments, where 

energy exchange between spin ensembles and resonators was overshadowed by decoherence 

effects. By minimizing inhomogeneous broadening through isotopic purification of the 

diamond substrate, this study achieved a twofold improvement in coherence time compared to 

previous reports. The integration of both frequency- and time-domain measurement 

methodologies also represents a methodological advancement, offering complementary 

verification of strong coupling beyond static spectral analysis. Comparison with other hybrid 

quantum platforms, such as magnons coupled to superconducting resonators, reveals both 

parallels and distinctions. Similar to magnonic systems, NV centers exhibit collective coupling 

phenomena, yet they offer the added advantage of optical addressability and room-temperature 

operability in certain configurations. The current work therefore highlights NV–superconductor 

hybrids as more versatile candidates for scalable quantum interfaces due to their dual spin and 

optical characteristics. In contrast with the cavity quantum electrodynamics (cQED) studies 

employing atomic vapors, the solid-state implementation demonstrated here offers higher 

integration potential for chip-based architectures. The coherence performance achieved in this 

experiment surpasses many atomic systems in terms of practical stability, making NV-based 

hybrid systems more adaptable for integration into existing superconducting quantum circuits. 

The results signify an important milestone in the ongoing evolution of hybrid quantum 

technologies, representing a transition from theoretical modeling toward experimentally 

validated hybrid coherence. The clear manifestation of strong coupling between NV centers 

and a superconducting resonator provides empirical proof that spin-based systems can be 

coherently integrated with superconducting circuits. This outcome demonstrates that disparate 

quantum subsystems, operating under distinct physical mechanisms, can interact coherently 

within a unified architecture. The findings symbolize the materialization of quantum 

interoperability the ability of heterogeneous quantum systems to exchange information 

coherently. Achieving this level of coherence between spins and photons within a cryogenic 

setting validates the conceptual premise that hybrid architectures can combine fast 

computational elements with long-lived quantum memories (Chen et al., 2025; Rezinkina et al., 

2024). The result thus embodies a step toward the physical realization of distributed quantum 

computing frameworks. 

The successful engineering of this system also signifies a paradigm shift in quantum 

hardware development. Instead of pursuing a single dominant qubit technology, the experiment 

underscores the viability of cooperative architectures that harness the strengths of different 

quantum subsystems. This integrative approach mirrors the natural progression of quantum 

technology from isolated prototypes to interconnected, multifunctional devices. The findings 

can also be interpreted as a benchmark in quantum device engineering, demonstrating that 

hybrid systems can overcome limitations traditionally associated with single-platform quantum 

devices. The preservation of coherence across ensemble scales and multiple experimental 

conditions reveals that quantum hybridization is no longer an abstract concept but a tangible 

technological reality. 

The implications of this research extend across several key areas of quantum science 

and engineering. For quantum information processing, the demonstration of strong spin–photon 

coupling validates a viable pathway for constructing hybrid quantum memories that store and 
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retrieve information from superconducting circuits. The hybrid architecture offers a promising 

solution to the long-standing challenge of combining fast quantum logic operations with stable, 

long-term storage. In quantum communication, the results imply that NV–superconducting 

systems could function as transduction nodes linking microwave-based quantum processors to 

optical communication channels. The dual accessibility of NV centers through microwave and 

optical domains makes this platform ideal for quantum repeater and entanglement distribution 

networks (Ji et al., 2023; G.-Q. Liu et al., 2023). Such integration could accelerate the 

development of global quantum internet infrastructure. 

The experimental findings also carry significant implications for the materials science 

and engineering community. The strong coupling observed here demonstrates the importance 

of nanoscale precision in fabrication and alignment, emphasizing that quantum performance is 

intrinsically tied to material purity and geometric optimization. This insight reinforces the need 

for interdisciplinary collaboration between materials engineering, nanofabrication, and 

quantum physics to advance hybrid device design. From an industrial perspective, the 

demonstrated stability and reproducibility of the hybrid system suggest its potential suitability 

for cryogenic quantum hardware applications. The coupling efficiency and coherence stability 

achieved in this work provide critical benchmarks for evaluating hybrid components in next-

generation quantum processors, sensors, and communication modules. 

The superior coupling strength achieved in this research arises from the high collective 

spin density of the NV ensemble and the precise field confinement of the superconducting 

resonator. The coupling enhancement follows the √N scaling law, where N represents the 

number of coherently interacting spins. By optimizing the diamond’s nitrogen concentration 

and minimizing inhomogeneous broadening, the collective coupling was amplified without 

compromising coherence time. The resonator’s geometry was engineered to maximize 

magnetic field overlap with the NV ensemble, further reinforcing the coupling interaction. The 

long coherence times observed in the experiment are attributable to isotopic purification and 

low operating temperatures, which significantly reduce magnetic noise from ¹³C nuclear spins 

and phonon interactions. The cryogenic environment stabilized both the resonator and spin 

ensemble, minimizing thermal decoherence and ensuring phase stability over extended 

measurement durations (Muhammad & Majidi, 2024; G. Wang et al., 2024). This engineering 

precision directly contributed to the clarity and reproducibility of the strong coupling signature. 

The consistent observation of strong coupling across multiple configurations can be 

explained by the robustness of the diamond–superconductor interface. The chemical and 

thermal stability of diamond, coupled with the low loss characteristics of superconducting 

niobium, created an optimal environment for sustaining quantum coherence. The suppression 

of electrical losses and dielectric noise further ensured the integrity of spin–photon interactions. 

The collective behavior of the NV ensemble was instrumental in amplifying the coupling effect 

beyond what could be achieved with single-spin interactions. The experiment demonstrated 

that ensemble-based hybridization can compensate for the weakness of individual couplings, 

paving the way for scalable designs where macroscopic ensembles emulate the behavior of 

high-fidelity quantum nodes. 

The next phase of research should focus on integrating optical coupling mechanisms to 

create fully functional quantum transducers that link microwave and optical domains. Such 

hybrid transducers would enable direct quantum communication between superconducting 

processors and photonic networks, a key requirement for scalable quantum communication 
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systems (Du, Ma, et al., 2025; Liang et al., 2023). Extending this study to include optically 

addressable readout of NV spin states will be crucial for demonstrating end-to-end quantum 

information transfer. Future work should also explore the coupling of single NV centers rather 

than ensembles to achieve higher fidelity and quantum control. Although ensemble coupling 

enhances strength, it introduces inhomogeneous broadening that may limit quantum state 

precision (X. Li et al., 2024; Y. Wang et al., 2023). Developing techniques to achieve strong 

coupling at the single-spin level could open new avenues for deterministic quantum gate 

operations. 

Scaling the hybrid system into multi-node architectures represents another promising 

direction. Arrays of coupled resonators, each integrated with NV ensembles, could form the 

basis for distributed quantum processors or memory grids. Such systems would provide 

valuable insights into collective quantum behavior in multi-resonator networks and facilitate 

the study of quantum synchronization phenomena. In the long term, hybrid quantum 

architectures like the one demonstrated here may underpin the next generation of coherent, 

modular quantum technologies (Liao et al., 2024; Xie & Xu, 2024). Continued advancements 

in fabrication precision, cryogenic engineering, and quantum control techniques will determine 

the pace at which these hybrid systems evolve from laboratory demonstrations to fully 

deployable quantum devices. 

 

CONCLUSION 

The most significant finding of this research is the successful experimental realization 

of strong coherent coupling between a nitrogen-vacancy (NV) center ensemble in diamond and 

a superconducting resonator, verified through the observation of vacuum Rabi splitting and 

coherent energy exchange in both frequency- and time-domain measurements. The achieved 

coupling strength of 22 MHz and cooperativity factor of approximately 45 confirm the hybrid 

system’s operation within the strong coupling regime. This result differs from previous studies 

that reported weaker or transient coupling effects by demonstrating enhanced stability, 

reproducibility, and tunability under cryogenic conditions. The findings provide conclusive 

evidence that coherent spin–photon interaction in solid-state hybrid systems can be engineered 

with precision, bridging superconducting circuit technology and spin-based quantum memory 

architectures. 

The primary contribution of this study lies in its methodological integration of high-

precision resonator engineering, isotopically purified diamond preparation, and combined 

frequency–time-domain analysis. The research introduces an innovative experimental 

framework that quantifies coupling parameters with high accuracy and correlates them with 

material and geometrical factors. This dual-mode characterization approach contributes 

conceptually by providing a more comprehensive understanding of hybrid quantum coherence 

mechanisms and practically by establishing an experimental blueprint for future hybrid 

quantum interface development. The findings thus advance both the theoretical and 

experimental frontiers of hybrid quantum engineering by demonstrating how materials 

optimization and device geometry can be systematically harnessed to achieve stable strong 

coupling. 

The limitations of this study arise primarily from the dependence on ensemble-based 

coupling, which, while enhancing collective strength, introduces inhomogeneous broadening 

and limits control over individual spin states. The current system’s reliance on cryogenic 
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temperatures also restricts its scalability to room-temperature quantum applications. Future 

research should aim to achieve strong coupling at the single-spin level, integrate optical readout 

mechanisms for full quantum transduction, and explore hybrid architectures that maintain 

coherence under higher temperature regimes. The next stage of development lies in expanding 

this architecture toward multi-node quantum networks, leveraging the strong coupling 

demonstrated here as a foundation for constructing coherent, scalable, and multifunctional 

quantum systems. 
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