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Abstract

This bibliometric study presents a comprehensive analysis of research trends in hybrid optical-
mechanical readout systems for magnetic resonance applications from 1950 to 2025. Using
Scopus database with keywords "Optical-Mechanical" and "Magnetic Resonance," we analyzed
publication patterns, collaboration networks, journal impact distributions, and research topic
clustering. The analysis reveals exponential growth in publications until 2020, with machine
learning forecasts predicting stabilization around 100-120 annual publications. Network
analysis identified distinct research communities with strong international collaboration
patterns, particularly between USA, China, and Europe. Eight major research clusters emerged,
focusing on biomedicine, materials science, nanotechnology, and quantum sensing
applications. High-impact publications concentrate in Nature and Science journals, while
specialized journals show consistent moderate impact. The field demonstrates increasing
interdisciplinary convergence, with optically detected magnetic resonance (ODMR) and
optomechanical sensing representing key frontier areas (Babashah et al., 2023; Oh et al., 2024).
This analysis provides strategic insights for researchers and institutions to navigate
collaboration opportunities and identify emerging research niches in this rapidly evolving field.

Keywords: Bibliometric analysis, Optical-mechanical readout, Magnetic resonance, ODMR,
Quantum sensing, Research trends

1. Introduction

The intersection of optical and mechanical systems with magnetic resonance has emerged as a
transformative research frontier, enabling unprecedented sensitivity and spatial resolution in
quantum sensing applications (Babashah et al., 2023; Tang et al., 2023). This hybrid approach
combines the high spatial resolution of optical detection with the magnetic field sensitivity of
resonance phenomena, creating powerful platforms for applications ranging from biomedical
imaging to quantum information processing (Chorakkunnath et al., 2024; Hao, 2024).

Hybrid optical-mechanical readout systems have revolutionized magnetic resonance by
overcoming traditional limitations of inductive detection methods. These systems exploit
optically detected magnetic resonance (ODMR) principles, where spin states are optically
initialized and read out through spin-dependent photoluminescence (He et al., 2024; Stier et al.,
2024). The integration of optomechanical platforms further enhances sensitivity by coupling
light to mechanical motion, enabling detection of extremely small forces and displacements
(Tang et al., 2023; Pelka & Xuereb, 2025).
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Recent advances have demonstrated remarkable capabilities across diverse platforms, from
nitrogen-vacancy (NV) centers in diamond to emerging defects in molecular systems (Oh et al.,
2024; Li et al., 2025). These developments have opened new possibilities for quantum sensing
applications, including single-spin readout, magnetic field imaging, and biological sensing at
the nanoscale (He et al., 2024; Chowdhury et al., 2025).

Given the rapid expansion and interdisciplinary nature of this field, a comprehensive
bibliometric analysis is essential to understand research patterns, identify collaboration
networks, and predict future directions. This study addresses this need by analyzing publication
trends, author collaborations, journal distributions, and thematic evolution in hybrid optical-
mechanical magnetic resonance research.

2. Literature Review
2.1 Evolution of Optical-Mechanical Systems in Magnetic Resonance

The development of optical-mechanical readout systems for magnetic resonance has its roots
in early optically detected magnetic resonance experiments. Traditional magnetic resonance
techniques relied on inductive detection, limiting sensitivity and spatial resolution. The
introduction of optical detection methods marked a paradigm shift, enabling single-spin
sensitivity and nanoscale resolution (Babashah et al., 2023; Oh et al., 2024).

Recent bibliometric studies in related fields have demonstrated the value of quantitative
analysis in understanding research landscapes. Analyses of functional magnetic resonance
imaging (fMRI) applications have revealed key research hotspots and collaboration patterns,
while studies of quantum sensing technologies have mapped the emergence of new platforms
and applications.

2.2 Optomechanical Quantum Sensing Platforms

Optomechanical systems have emerged as powerful platforms for quantum sensing, exploiting
the coupling between optical and mechanical degrees of freedom (Tang et al., 2023; Hao, 2024).
These systems achieve exceptional displacement sensitivity, enabling detection of forces at the
quantum limit. The integration of quantum defects with optomechanical platforms has created
hybrid sensors with enhanced capabilities for magnetic field detection and quantum information
processing (Oh et al., 2024; Pelka & Xuereb, 2025).

2.3 Applications and Impact

The applications of hybrid optical-mechanical magnetic resonance span diverse fields, from
biomedical imaging to fundamental physics research. In biomedicine, these techniques enable
high-resolution imaging of biological processes and disease mechanisms. In quantum
technology, they provide essential components for quantum computing and communication
systems (Chowdhury et al., 2025; Li et al., 2025).

3. Methodology

3.1 Data Collection and Search Strategy

This bibliometric analysis utilized the Scopus database as the primary data source due to its
comprehensive coverage of peer-reviewed literature and robust metadata. The search strategy
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employed two primary keywords: "Optical-Mechanical" and "Magnetic Resonance," combined
using Boolean operators to capture relevant publications.

Search Query: TITLE-ABS-KEY("Optical-Mechanical" AND "Magnetic Resonance") OR
TITLE-ABS-KEY("Optomechanical" AND "Magnetic Resonance") OR TITLE-ABS-
KEY ("Optically Detected Magnetic Resonance")

Inclusion Criteria:
e Peer-reviewed journal articles and conference proceedings
o Publications in English language
e Time period: 1950-2025
o All subject areas and document types
Exclusion Criteria:
e Non-peer-reviewed publications
o Editorials, letters, and errata without substantial research content
e Duplicate entries
3.2 Data Processing and Analysis Tools
The analysis employed multiple complementary approaches:
Quantitative Analysis:
o Publication trends with polynomial regression forecasting
e Year-over-year growth rate calculations
o Citation distribution analysis using power law fitting
Network Analysis:
e Author collaboration networks using community detection algorithms
o International collaboration mapping
o Co-authorship strength distribution analysis
Content Analysis:
e Research topic clustering using K-means algorithm (k=8)
e Dimensionality reduction with t-SNE and UMAP
o Keyword co-occurrence analysis
Impact Assessment:
o Journal impact factor correlation with citation metrics
e H-index analysis for top contributors

o Citation burst detection for emerging trends
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3.3 Machine Learning Applications
Advanced analytics included:
e ARIMA time series modeling for publication forecasting
e Random Forest regression for citation prediction (R? =0.73)

e Power law analysis for citation distribution (o = 0.90, R* = (.766)

4. Results and Discussion

4.1 Publication Trends and Growth Patterns

Historical Publication Trends (1950-2025) Publication Forecast Using Polynomial Regression
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The analysis reveals distinct phases in the evolution of hybrid optical-mechanical magnetic
resonance research. From 1950-1980, publication activity remained minimal, reflecting the
early stage of optical detection technologies. A gradual increase began in the 1980s,
accelerating significantly from 2000 onwards with exponential growth until 2020.

The most striking observation is the dramatic growth from 2015-2020, with publications
increasing from approximately 50 to 145 annually. This surge corresponds to major
breakthroughs in quantum sensing technologies and the emergence of commercially viable
ODMR systems (Babashah et al., 2023). The 2025 data point shows apparent decline, but this
reflects partial year data collection rather than an actual trend reversal.

Machine Learning Forecast Analysis: The polynomial regression model predicts stabilization
around 100-120 publications annually through 2030, suggesting the field is transitioning from
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rapid growth to steady maturity. This stabilization pattern is typical of emerging technologies
reaching broader adoption and standardization phases.

4.2 Global Collaboration Networks and Geographic Distribution

Author Collaboration Network
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The author collaboration network analysis reveals a highly connected research community with
distinct clustering patterns. The network exhibits small-world characteristics, with average path

lengths of 3.2 degrees between researchers and clustering coefficients indicating strong local
collaboration.

Key Findings:

e Productivity Distribution: The vast majority of authors (>7000) publish only 1-2 papers,
following a typical power law distribution characteristic of scientific collaboration
networks

e Super-connectors: A small number of highly prolific authors (>5 publications) serve as
bridges between research communities

o Community Structure: Eight distinct research clusters emerged, suggesting specialized
expertise areas within the broader field

Geographic Analysis: International collaboration patterns show strong trans-Atlantic and trans-
Pacific connections. The USA-China-Europe triangle forms the primary collaboration axis,
with emerging contributions from Australia, Singapore, and Canada. Notably, significant
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potential exists for expanding collaborations with underrepresented regions in South America
and Africa.

4.3 Journal Impact and Publication Quality

Journal impact Analysis
(Size = Yotal Citations, Color = h-index} Citation Distribution (Power Law Anafysis)
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The journal impact analysis reveals a characteristic pattern of scientific publishing, with a few
high-impact journals dominating citations while numerous specialized journals contribute to
knowledge dissemination.

Top-tier Impact: Nature leads with over 8000 total citations, followed by Science, Nature
Communications, and other prestigious multidisciplinary journals. These journals typically
publish breakthrough discoveries and comprehensive reviews that attract broad attention.

Specialized Excellence: Journals like Biosensors and Bioelectronics, ACS Applied Materials
and Interfaces, and Chemistry of Materials show strong performance in their specialized
niches, indicating healthy diversity in publication venues.

Power Law Distribution: The citation distribution follows a power law with exponent a = 0.90
and R? = 0.766, confirming the typical "rich-get-richer" phenomenon in scientific citations
where highly cited papers attract disproportionate additional citations.
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4.4 Research Topic Clustering and Thematic Evolution

Research Topics Visualization (6-SMNE + K-Means) Reseorcn Topics Visvalization (UMAP + €-Means)
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The research landscape divides into eight major thematic clusters, each representing distinct
application domains and methodological approaches:

Cluster Analysis Results:

e Cluster 4 (Dominant): 393 papers focusing on core ODMR and quantum sensing
methodologies

e Cluster 5: 322 papers emphasizing materials science and solid-state platforms
o Cluster 6: 254 papers in biomedical applications and imaging
e Cluster 7: 216 papers covering nanotechnology and device engineering

Research Impact by Topic: Cluster 1 demonstrates the highest average citations per paper
(75.4), indicating fundamental research with broad influence. This cluster likely encompasses
theoretical foundations and breakthrough experimental demonstrations that influence multiple
application areas.

Emerging Themes: Recent publications show increasing focus on:
e Molecular systems for quantum sensing (Chowdhury et al., 2025; Li et al., 2025)

e Optomechanical enhancement of sensitivity (Tang et al., 2023; Hao, 2024)
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o Integration with photonic structures (Oh et al., 2024)

e Room-temperature molecular systems (Chowdhury et al., 2025)

4.5 Technological Convergence and Innovation Patterns

Geoprnphic DIsErintion of Pubilicatens
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Country Productivity vs Impact Analysis
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The bibliometric analysis reveals several converging technological trends:

Interdisciplinary Fusion: Traditional boundaries between optics, mechanics, and magnetic
resonance are dissolving, creating hybrid approaches that leverage advantages of each domain.

Platform Diversification: Beyond the dominant NV-diamond platform, research is expanding
to silicon carbide defects, molecular systems, and novel optomechanical architectures (Oh et
al., 2024; Li et al., 2025).

Integration Advances: Increasing emphasis on integrating quantum sensors with classical
instrumentation and communication systems (He et al., 2024; Pelka & Xuereb, 2025).

4.6 Predictive Modeling and Future Projections

The Random Forest citation prediction model (R? = 0.73) identifies key factors determining
research impact:

Primary Predictors:
1. Journal impact factor (highest importance)
Number of co-authors (collaboration breadth)

International collaboration presence

Eal

Specific keyword combinations related to quantum sensing
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5. Timing within technology adoption cycles

Strategic Implications: Researchers can optimize impact by targeting high-quality journals,
fostering international collaborations, and focusing on applications in emerging quantum
technologies.

5. Strategic Recommendations
5.1 For Individual Researchers

Collaboration Strategy: Establish partnerships across geographic and disciplinary boundaries,
particularly leveraging connections between established USA-Europe-China networks and
emerging hubs in Asia-Pacific regions.

Publication Strategy: Balance high-impact general journals for breakthrough discoveries with
specialized journals for technical developments. The analysis suggests optimal timing for
submitting quantum sensing advances to multidisciplinary venues.

Research Focus: Consider specialization in underexplored intersections, particularly
optomechanical enhancement of molecular systems and integration with emerging photonic
platforms (Li et al., 2025; Tang et al., 2023).

5.2 For Institutional Planning

Investment Priorities: Support interdisciplinary programs combining quantum physics,
materials science, and bioengineering expertise. The data suggests highest returns from
collaborative research infrastructure.

International Engagement: Develop strategic partnerships with leading institutions in
complementary research clusters, using network analysis to identify optimal collaboration
targets.

Talent Development: Recruit researchers with expertise spanning multiple clusters, as these
individuals show highest collaboration potential and research impact.

5.3 For Funding Agencies

Portfolio Diversification: While core ODMR research remains important, significant
opportunities exist in underinvested areas such as molecular quantum sensing and
optomechanical platforms (Chowdhury et al., 2025; Hao, 2024).

Geographic  Equity: Encourage  North-South  collaboration initiatives to engage
underrepresented regions and expand the global research network.

Emerging Technology Support: Prioritize funding for quantum sensing applications in
healthcare, environmental monitoring, and national security applications.

6. Limitations and Future Perspectives
6.1 Methodological Limitations

This analysis is constrained by Scopus database coverage and keyword selection strategies.
Some relevant research may be published in specialized venues not fully indexed, and rapidly
evolving terminology may cause certain recent developments to be underrepresented.
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Database Bias: Scopus favors English-language publications and established journals,
potentially underrepresenting research from non-English speaking countries and emerging
publication venues.

Temporal Constraints: The 2025 data represents partial year information, requiring careful
interpretation of recent trends.

6.2 Future Research Directions

Technical Frontiers: Integration of machine learning with quantum sensing, development of
room-temperature molecular platforms, and scaling to sensor networks for distributed sensing
applications (Pelka & Xuereb, 2025; Li et al., 2025).

Application Expansion: Biomedical applications show particular promise, with potential for
clinical translation of quantum sensing technologies.

Methodological Advances: Real-time bibliometric monitoring systems could provide dynamic
insights into rapidly evolving fields like quantum technology.

7. Conclusion

This bibliometric analysis reveals hybrid optical-mechanical magnetic resonance as a mature
but still rapidly evolving research field characterized by strong international collaboration,
increasing interdisciplinary integration, and promising commercial prospects. The field has
transitioned from fundamental research to applied development, with quantum sensing
applications driving current growth.

Key findings include the dominance of USA-China-Europe collaboration networks,
concentration of high-impact research in multidisciplinary journals, and emergence of eight
distinct research clusters with varying impact patterns. Machine learning forecasts suggest
publication stabilization around 100-120 papers annually, indicating field maturation rather
than decline.

The analysis identifies significant opportunities for expanding geographic diversity,
particularly in emerging markets, and for bridging isolated research clusters through targeted
collaboration initiatives. For researchers and institutions, the data provides actionable
intelligence for strategic planning, partnership development, and research focus optimization.

As quantum technologies transition from laboratory demonstrations to practical applications,
hybrid optical-mechanical magnetic resonance systems are positioned to play crucial roles in
next-generation sensing, computing, and communication technologies (Oh et al., 2024; Stier et
al., 2024). This bibliometric foundation provides essential context for navigating the field's
continued evolution and maximizing research impact in this transformative domain.

Future Outlook: The convergence of quantum sensing, biomedical applications, and advanced
materials science suggests continued growth and diversification. Success in this field
increasingly requires interdisciplinary expertise, international collaboration, and strategic focus
on high-impact applications areas identified through this quantitative analysis.
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