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Quantum sensing is a quantum technology for ultrasensitive detection, which is particularly useful for sensing weak signals at the nanoscale. Nitrogen vacancy centers in diamond, thanks to their superb quantum coherence under ambient conditions and the stability of the material in extreme and complicated environments, have been demonstrated as promising quantum probes in multi-parameter sensing. Their spin properties make them particularly sensitive to magnetic fields, but they are insensitive to temperature, electric field, pressure, etc., and even immune to some bio-parameters (e.g., pH and glucose concentration). Recently, hybrid quantum sensing has emerged as a promising avenue for further enhancing the capabilities of diamond sensors. Different techniques can potentially improve the sensitivity, range of detectable parameters, and sensing frequencies of diamond sensors. This review provides an overview of hybrid quantum sensing using diamond. We first give a brief introduction to quantum sensing using diamond, and then review various hybrid sensing schemes that have been developed to enhance the sensing capabilities of diamond sensors. Finally, the potential applications and challenges associated with hybrid quantum sensing in diamond are discussed.
Keywords: quantum sensing, NV center in diamond, hybrid sensing, spin dynamics, multi-modal sensing, nanoscale sensing
1 BACKGROUND AND INTRODUCTION 
Quantum sensing [1] describes the use of a quantum system, quantum properties, or quantum phenomena to perform a measurement of physical quantities. It is a new technology that can detect weak signals beyond the classical limit. It is particularly useful for sensing weak signals at the nanoscale. With unprecedented sensitivity and nanoscale resolution, quantum sensing has become a powerful probe in varieties of applications. For instance, the discovery of new materials with intriguing physical phenomena, such as van der Waals materials [2–4], topological insulators [5, 6], and complex oxide interfaces [7], has increased the need for local and non-perturbative magnetic field sensors. Such a nano-magnetometer would enable the characterization of the growing number of correlated and topological systems, as spins and moving charges generate stray fields in those systems. In addition, temperature fluctuations at the nanometer scale pose a significant role in several scenarios, including temperature-induced control of gene expression [8–10], temperature heterogeneities in living cells [11, 12], and heat dissipation in integrated circuits [13, 14]. Sensitive detection of these fluctuations is highly desirable but challenging. A thermometer with microkelvin temperature resolution, operating across a wide temperature range and offering nanoscale spatial resolution, would greatly benefit researches in physics, biology, and chemistry.
Nitrogen-vacancy (NV) centers in diamond have gained significant attention as promising quantum sensors due to their superb quantum coherence under ambient conditions and nanoscale spatial resolution. NV centers have been demonstrated to be excellent quantum magnetometers [15–17], with the ability to operate across temperatures ranging from 350 mK [18] to 1000 K [19], magnetic fields ranging from ∼10 [image: image] [20–22] to several tesla [23–25], and pressures up to 140 GPa [26, 27]. They have a dynamic sensing range that spans from direct current to gigahertz frequencies. Moreover, diamond, the host material for NV centers, offers excellent biocompatibility, the highest thermal conductivity among solids, and the stabilities in extreme environments. These characteristics are essential to NV centers in diamond as quantum probes for nanoscale sensing.
NV centers in diamond possess spin properties with unprecedented magnetic field sensitives. However, compared with magnetic field sensing, they are insensitive to other parameters, such as temperature [28–31], pressure [26], and electric field [32–34]; and even immune to many biochemical parameters (such as glucose or enzyme concentration, and pH). In order to enhance the sensitivities of parameters with a weak or even no spin response, hybrid quantum sensing has emerged. Insensitive or immune physical or biological parameters can be converted to magnetic signals and then detected by the NV center spin. This approach enables the detection and measurement of a broader range of parameters, extending the capabilities of diamond quantum sensing. Hybrid quantum sensing in diamond has already been demonstrated experimentally in recent years, showcasing the potential in multidisciplinary research.
This review focuses on recent advances on hybrid quantum sensing in diamond. We begin with an introduction to the fundamental properties and working principles of diamond quantum sensing. Hybrid sensing schemes are then discussed, with a particular emphasis on the enhanced sensitivities and broadened ranges of detectable parameters. Finally, the review finishes with outlooks for the potential applications and challenges of hybrid quantum sensing in diamond.
2 BRIEF INTRODUCTION TO DIAMOND QUANTUM SENSING
NV center in diamond consists of a substitutional nitrogen atom and a vacancy [35–37] at the nearest neighborsite, as depicted in Figure 1A. When negatively charged, NV center can be treated as spin-1 system. The positively charged and neutral NV centers, however, are not of interest for quantum sensing due to the absence of magnetic resonance signals. Hereafter, all NV centers mentioned in this article refer to the negatively charged type. The energy levels of the NV center are illustrated in Figure 1B. By utilizing phonon-assisted optical absorption, the NV electron spin can be excited off-resonantly from its spin-triplet ground states to spin-triplet excited states using a 532 nm laser. The [image: image] sublevels of the excited states preferentially couple to the non-radiative ISC channel, then to the singlet states, and finally to the [image: image] sublevels of the ground states. Owing to this spin-selective optical pumping process, the spin can be initialized to the [image: image] sublevel of the ground states through continuous optical cycling. Consequently, the intensity of photoluminescence when the NV center is at the ground states [image: image] sublevels is ∼30% lower than that of sublevel [image: image], allowing distinguishing the [image: image] spin state from [image: image] states at room temperature.
[image: Figure 1]FIGURE 1 | Nitrogen-vacancy (NV) center in diamond. (A) The atomic structure of NV center in diamond. The NV center consists of a substitutional nitrogen and a nearby vacancy. (B) Energy levels of an NV center. The spin is pumped into [image: image] by continuous excitation, and the [image: image] excited states can decay through metastable singlet states. The spin states can be optically detected by spin-dependent photoluminescence as [image: image] state is brighter than [image: image] states.
The Hamiltonian of the ground states of an NV center gives the sensing principle and is written as
[image: image]
where [image: image] is the zero-field splitting at ground states; [image: image] is the spin-1 Pauli operator, [image: image] is the gyromagnetic ratio of the electron spin; [image: image] is the magnetic field applied on the NV center; [image: image] and [image: image] are the parallel (axial) and the transverse (nonaxial) components of electric-field coupling strengths [32], respectively. Given that crystal strain [38–40] can be treated effectively as a local static electric field [image: image], it combines with the external electric field [image: image] to give the total effective field [image: image] at the NV center.
NV centers are primarily sensitive to magnetic fields, as manifested in the Zeeman term of Eq. 1 with a coupling strength [image: image]. NV centers are responsive to magnetic noise in a wide frequency range, from direct current up to ∼100 GHz [23–25]. There are three main magnetic sensing protocols. The first one is continuous-wave optically detected magnetic resonance (ODMR) measurement. The energy level difference between the [image: image] and [image: image] sublevels is lifted by [image: image] ([image: image] is the magnitude of the axial magnetic field). By continuously polarizing the spin states with a 532 nm laser and sweeping the microwave frequencies, the resonant frequencies [image: image] can be obtained. The second protocol is based on transverse spin relaxations, which involves preparing a superposition state, periodically flipping its phase using microwave [image: image] pulses, then coding the accumulated phase to spin population by an additional [image: image] pulse, and finally reading out the spin population through photoluminescence (such as spin echo measurements, CPMG sequences and other dynamical decoupling methods [41–43]). It is sensitive to magnetic fields at the spin-flip frequency. The third protocol is longitudinal spin relaxation ([image: image] relaxometry), where a spin eigenstate is prepared and the spin population is monitored as a function of time. NV [image: image] relaxometry is sensitive to magnetic field power spectra density [image: image], where [image: image] are the resonant frequencies between [image: image] and [image: image]. Furthermore, by tuning the external magnetic field, the final technique makes NV centers capable of sensing magnetic noise at frequencies up to 100 GHz [23–25]. The filter functions, sensing-frequency ranges, and together with sensitivities of the three types of protocols are summarized in Table 1.
TABLE 1 | Summary of the filter functions, sensing frequencies, and sensitivity for the three types of sensing protocols. For the transverse spin relaxation measurements, Ramsey, spin echo and CPMG-N (N is the number of the flip pi pulse) are listed as examples. [image: image], NV spin resonance frequency; [image: image], NV dephasing time; [image: image] free evolution time; tacq, acquisition time; tπ, the π-pulse length; c, the normalization constant. upper sign for even N and lower sign for odd N in the filter equation of CPMG-N.
[image: Table 1]NV centers are also responsive to temperature, pressure, and electric fields, although the sensitivity is much lower than magnetic fields. The zero-field splitting [image: image] is related to the structural distortions that can affect the dipole-dipole coupling, which can be induced by temperature changes and pressure. The corresponding responses to temperature and pressure changes are -[image: image] [28] and [image: image] [26], respectively. When an electric field is applied, NV center also shows shifts in energy levels due to the stark effect [32]. However, the electric-field coupling strength [image: image] and [image: image] [32] are much smaller than the magnetic-field coupling, leading to rather low sensitivity of the electric field. Despite low sensitivities to theses parameters, NV sensors have advantages such as high thermal diffusivities, and stability in bio-environments or extreme environments which are desirable for thermal characterizations, or in vivo monitoring of living organisms, etc. Therefore, developing methods for improving the sensitivity to multiple physical parameters is crucial.
3 HYBRID DIAMOND QUANTUM SENSING
Hybrid sensing is a strategy for accurately measuring insensitve parameters by detecting a different parameter to which the NV center is highly sensitive [48]. This section reviews recent advances in hybrid sensing using NV centers in diamond, for measurement of temperatures, pressure, and bio-parameters, as well as further boosted sensitivity to magnetic fields compared with pristine NV centers.
3.1 Temperature sensing
NV thermometry has been attractive for the past 10 years due to its nanoscale spatial resolution, high thermal diffusivity (fast thermal response), and the wide working temperature ranges from cryogenics to 1000 K. In particular, the good bio-compatibility also ensures its application in probing thermal behaviors in biological systems [31, 49–51]. The temperature response of NV centers was first reported in 2010 [28]. The zero-field splitting [image: image] decreases with the increasing temperature with the coefficient of −74 kHz/K. Various temperature sensing protocols are then proposed, including delicate design of pulse sequences [29–31] for precise measurement of the temperature-dependent [image: image], as well as all-optical methods that characterizes the fluorescence spectroscopy without microwave modulations [52, 53]. Based on these thermometry protocols, NV in diamond has been successfully applied for in situ monitoring the thermal behavior of living systems [31, 49–51]. Typically, the sensitivity to temperature of a single NV center in bulk diamond with 13C natural abundance is on the order of several [image: image]. Unfortunately, there is a trade-off between temperature sensitivity and spatial resolution. For example, when using NV centers in nanodiamonds, the temperature sensitivity is only [image: image] due to the shorter coherence time, even with delicate design of pulse sequences and optimized experimental conditions (e.g., optimized laser power, microwave intensity, and photoluminescence collection efficiency). Probing temperature in living systems is even more challenging because strong laser and microwave excitations are not feasible, and the sensitivity is reduced to approximately [image: image] [50, 51].
Hybrid schemes have been proposed and demonstrated to improve the sensitivity of temperature sensing by using magnetic nanoparticles (MNPs). Two hybrid schemes have been proposed and demonstrated, both of which convert temperature variations into magnetic field changes that can be detected by NV centers. The first scheme is based on magnetic criticality enhancement [54]. In this configuration, a single Cu1-xNix alloy MNP is combined with a nanodiamond containing ensemble NV centers, as illustrated in Figure 2A. The magnetization of the MNP can be used to monitor the local temperature, and this mechanism becomes highly sensitive when the temperature is close to the magnetic phase transition point (i.e., critical point) of the MNP, as shown in Figure 2B. This results in a sensitivity of [image: image] under ambient conditions [Figure 2C], which marks a significant step forward compared to the previous sensitivity record of 130 [image: image] without hybrid sensing. By using a single NV in a diamond pillar that can provide both bright photon counts and long coherence time, it is predicted that the sensitivity can be further improved to [image: image] [54]. Later experimental demonstrations using diamond nanopillars achieved a sensitivity of [image: image] [56]. This strategy by converting temperature variations to magnetization signals is also implemented in a fiber sensor based on bulk diamond coupled to a permanent magnet, with a sensitivity of 1.6 [image: image] [57].
[image: Figure 2]FIGURE 2 | Hybrid diamond nano-thermometry. (A) Schematic of a hybrid nanosensor, composed of a fluorescent nanodiamond and a magnetic nanoparticle (MNP). (B) The magnetic moment M (black solid line) of the MNP decreases dramatically with temperature increasing to the ferromagnetic-paramagnetic transition, with the temperature susceptibility dM/dT (red dotted line) peaking at the critical temperature [image: image]. The transition frequencies of the NV center spin in the nanodiamond depend sensitively on the magnetic moment of the MNP and hence the temperature. (C) The temperature sensitivity measured experimentally by three-point ODMR measurements. The inset is the transmission electron microscopy (TEM) image of the hybrid system. Reproduced from Ref. [54] with permission from [APS], Copyright [2018]. (D) Schematic of an ND@hydrogel–MNP hybrid sensor. (E) Chemical structure illustration and TEM image of the hybrid sensor. (F) Sensitivities of the ND@pNIPAM–Ni hybrid sensor. Reproduced from Ref. [55] with permission from [Nature], Copyright [2018].
The second scheme involves the use of both MNPs and a functional hydrogel [55], as depicted in Figures 2D, E. In this configuration, a stimulus-responsive hydrogel acts as a spacing transducer between a nanodiamond with NV centers and MNPs. The volume phase transition of the hydrogel, triggered by temperature stimulation, leads to a sharp variation in the separation distance between the MNPs and nanodiamonds. This results in a magnetic field change that can be detected by NV centers. Using this scheme, a temperature sensitivity of [image: image] has been achieved, as shown in Figure 2F. These schemes demonstrate the potential for improving the sensitivity to temperature through hybrid sensing.
Both of these methods rely on thermally responsive phase changes to achieve high sensitivity to temperature. However, sensing range of temperature is limited by the phase change point and dynamics. In the case of the magnetic criticality enhanced hybrid nano-thermometer, the working temperature range is within ∼20 K below the Curie temperature. Although the working range can be increased by applying an external magnetic field, it will compromise the temperature sensitivity as the magnetic susceptibility becomes less responsive to temperature under external magnetic field. The limited sensing range can be mitigated by tuning the Curie temperature of magnetic nanoparticles through alloying to meet the requirement of different scenarios. For example, the Curie temperature of the copper-nickel magnetic nanoparticles can be continuously tuned from 4 K to 600 K by manipulating the nickel composition [54]. For hybrid sensing based on volume phase changes of hydrogels, the working range is within only ±7 K near the critical temperature [55]. The utilization of hydrogel also limits the applications in higher temperature sensing due to the solvent evaporation.
3.2 Pressure sensing
Hybrid sensing schemes have also been proposed and demonstrated to improve the sensitivity of pressure and force sensing using diamond. One approach is to deposit a piezomagnetic film, such as Tb0.27Dy0.73Fe2 (Terfenol-D), onto a bulk diamond as a signal transducer, as shown in Figure 3A [58]. The piezomagnetic film exhibits high magnetostrictive effects, allowing the external stress to be converted into a magnetic field change. Simulation results show that the sensitivity for measuring stress (and force) can reach [image: image] (tens of [image: image]) under ambient conditions with state-of-the-art experimental capabilities, as shown in Figure 3B. Recently, an experimental work demonstrated a hybrid sensing scheme for pressure and force using a combination of in-plane magnetized SmFe2 as a magnetostrictive (MS) layer and diamond with [111]-oriented NV centers [59], depicted in Figure 3C. This configuration enables the detection of pressure-to-magnetic field conversion. The achieved pressure coefficient approaches 8.2 kHz/kPa, which is 500 times greater than that of bare NV centers, as shown in Figure 3D, almost comparable with the simulated coefficient of about 10 kHz/kPa reported in Ref. [58].
[image: Figure 3]FIGURE 3 | Hybrid diamond pressure sensing. (A) The model hybrid system of diamond (brown) and piezomagnetic film (green). (B) Simulation results of the shot-noise-limited sensitivity for the measurement of stress (and force) as a function of the integration time ([image: image], free evolution time in Ramsey measurement chosen for sensing, details in Ref. [58]). The yellow and purple lines are the simulation results for [image: image] and [image: image] respectively, where [image: image] is the distance between the NV center and piezomagnetic film as illustrated in (A). Reproduced from Ref. [58] with permission from [Nature], Copyright [2014]. (C) Experimental setup for imaging the magnetic response to external magnetic field using the hybrid structure. Pressure is applied by calibrated weight through a rivet with a diameter of 2 mm into SmFe2. Gel is placed between the SmFe2 layer (100 nm) and foot of the rivet to homogenize the pressure. The distance between the NV centers and the SmFe2 layer is at least 30 μm. CCD camera is used to images the photoluminescence from NV centers. (D) Distribution of the pressure coefficient. Maximum pressure coefficient is (8.2 ± 0.9) kHz/kPa. Reproduced from Ref. [59]with permission from [APS], Copyright [2023].
However, there remain some issues to be addressed for applications. For instance, the pressure coefficient is correlated with magnetic domain structures, as shown in Ref. [59]. This correlation could lead to an inhomogeneous pressure response in wide-field pressure imaging, which requires complicated calibration efforts. The authors also proposed that using magnetic disk arrays could potentially address these issues, which could be explored in future research [59].
3.3 Bio-parameter sensing
Hybrid sensing can enable accurate detection of bio-parameters which NV centers show no spin response. A recent theoretical work proposed that [image: image] relaxometry can be used to detect RNA of SARS-CoV-2 from magnetic fluctuations from magnetic species like the Gd3+ ion complexes [60], as shown in Figure 4A. In this proposed scheme, functionalized nanodiamonds containing NV centers coated with cationic polyethyleneimine (PEI) polymers are loaded into microfluidic channels containing solution to be tested, as shown in Figure 4B. When there are no SARS-CoV-2 RNA molecules in the liquid, the Gd3+ complexes remain attached to the c-DNA on the functionalized diamond surfaces, and a strong magnetic noise can be detected by [image: image] relaxometry. In contrast, the presence of RNA would lead to the detachment of c-DNA-DOTA-Gd3+ from the nanodiamond surface, resulting in weaker magnetic signals. Considering a single NV center in the center of a nanodiamond with a diameter [image: image], the simulation results of relaxation [image: image] as a function of the surface density of Gd3+ complex molecules are presented in Figure 4C, where the presence of RNA corresponds to a low density of Gd3+ complex molecules and vice versa. To enhance the sensitivity, an ensemble of NDs is used to increase the signal-to-noise ratio. This method is predicted to have a sensitivity down to a few hundred RNA copies with a false negative rate (FNR; false positive rate, FPR) of less than 1%, as shown in Figure 4D [60] which is the result of 5,000 NDs with one NV in each. Similar protocols can also be used to monitor changes in pH or redox potential at the sub-micron scale using microfluidic channels that mimic cellular environments [61, 62]. By attaching paramagnetic gadolinium complexes to nanodiamonds through surface engineering, their responses to pH and redox changes can be effectively measured, as shown in Figures 4E, F [61], respectively. Overall, combining functionalized nanodiamonds and magnetic species can serve as a general hybrid sensing platform with potential applications ranging from catalytic chemistry to cell biology and physiology. However, these sensors are one-time indicators that cannot perform several measurements without replacement, which limits their application in real-time monitoring of bio-signals.
[image: Figure 4]FIGURE 4 | Hybrid diamond bio-sensors. (A) Overview of the diagnosis protocols. (B) Mechanism of magnetic noise quenching. In the presence of virus RNA, the base-pair matching of c-DNA and RNA leads to the detachment of c-DNA-DOTA-Gd3+ from the nanodiamond surface, resulting in weaker magnetic interaction between Gd3+ complex and NV centers inside the nanodiamond. (C) Simulation of relaxation time [image: image] as a function of the surface density of Gd3+ complex molecules. Here is the performance of a single NV center at the center of a single ND with diameter [image: image] ([image: image] respectively). (D) FNR (inset: FPR) as a function of the number of SARS-CoV-2 RNA copies associated with ensemble NDs (5,000 NDs with one NV each and the NV position is random in a sphere of 20% of the ND radius, and the average surface c-DNA-DOTA-Gd3+ density is 0.1 nm−2) with different diameters [image: image] ([image: image] respectively). The solid (dashed) curves show the worst (optimal) case. Reproduced from Ref. [60] with permission from [ACS Publications], Copyright [2022]. (E) pH-sensors sensing mechanism and NV response (time-dependent fixed [image: image] measurements) to pH changes. (F) Redox-sensors sensing mechanism and NV response ([image: image] measurement) to redox changes. Reproduced from Ref. [61] with permission from [Nature], Copyright [2017].
3.4 Ultrasensitive magnetic field sensing
Hybrid sensing strategies can further enhance the sensitivity to magnetic fields. For example, the sensitivity to magnetic field can be dramatically enhanced by placing a ferromagnetic (FM) particle between the NV center and a target spin. In this theoretically proposed scheme, the target spin resonantly drives magnetization of the FM particle, which can be regarded as a macrospin that amplifies signal detected by the NV center. The magnetic sensitivity is potentially capable of detecting a single nuclear spin with milliseconds of data acquisition [63]. Another approach is to combine NV centers with magnetic flux concentrators (MFCs) with high magnetic permeability to magnify the magnetic fields [64, 65], as shown in Figure 5A. The measured sensitivity can reach 0.9 [image: image] as shown in Figure 5B [64]. By optimizing the geometry of MFCs and using ensemble NVs, magnetic field sensitivity can be further improved to [image: image] [image: image] [65]. However, improved sensitivity using MFCs compromises the spatial resolution of the NV probes, and miniaturization of MFCs is necessary.
[image: Figure 5]FIGURE 5 | Hybrid schemes to enhance magnetic field sensing. (A) MFC structures is combined with ensemble NVs in bulk diamond. The magnetic material here is MN60 ferrite with a permeability of [image: image]. (B) A comparison of the magnetic noise spectra of a commercial magnetoresistive magnetometer (Twinleaf VMR), flux-gate magnetometer (SENSYS FGM-100) and the NV-MFC (ferrite) magnetometer shown in (A) with dual-resonance measurement. The measured highest magnetic field sensitivity of NV-MFC magnetometer is 0.9 pT/Hz1/2. Reproduced from Ref. [64] with permission from [APS], Copyright [2020]. (C) Sketch of the setup. A diamond with implanted 10–20 nm NV centers is placed onto a film of yttrium iron garnet (YIG, thickness 235 nm). The signal and pump microwaves are delivered through the microstrip to excite spin waves in YIG. The spin-wave mixing enables detection of the signal field by converting its frequency to the NV electron spin resonance frequency. (D) Energy diagram of four-wave mixing and the normalized NV PL vs. [image: image]. (E) Spin-wave comb observed in the PL versus [image: image] and [image: image]. Upper inset: Spectrum to illustrate the detection of the idlers I-III (black: pump, orange: signal, blue: idlers). Lower inset: Linecut along the black line at the star in the main panel, showing idlers up to the tenth order. Reproduced from Ref. [66] with permission from [Nature], Copyright [2023]. (F) ODMR spectrum of a single NV center coupled to a nearest 13C nuclear spin with a magnetic nanoparticle placed in the proximity. (G) Populations in the states [image: image] (red), [image: image] (navy), and [image: image] (gray) as functions of the time after initialization. The strong hyperfine coupling enabling sensing noise frequencies around the transition frequencies [image: image] GHz. The transition rates between different states can be obtained from the spin populations through rate equation, details for the deduction are in Ref. [20]. Reproduced from Ref. [20].with permission from [APS], Copyright [2022].
In addition, the sensing frequency range of NV centers in microwave regimes can be broadened through hybridization with other systems, such as nuclear spins, thin film magnets, and others. Current literature mainly relied on the tuning of electron spin resonance frequencies using a bias field for manipulating the sensing frequency range. However, the bias field can affect the properties such as permeability, magnetic domain structures, and others, of the samples. To address this, one approach is to interface NV centers in diamond with a thin-film magnet [66]. By applying a local pump field, microwave signals can be converted to the NV spin frequency via the non-linear spin-wave dynamics of the magnet, as shown in Figures 5C, D. This allows for the detection of microwave signals that are detuned by several GHz from the NV resonance frequency, enabling the characterization of spin-wave band structures and non-linear spin-wave dynamics, as shown in Figure 5E. Another approach is to couple NV centers with 13C nuclear spins [20]. This coupling can enable multi-frequency sensing at microwave frequencies. By manipulating the states of both the NV center and the 13C nuclear spins, it is possible to probe and measure different frequencies simultaneously, as shown in Figures 5F, G. These hybridization techniques open up new possibilities for NV centers to be used as versatile quantum sensors in a wider range of frequencies and applications.
Finally, hybrid sensing can also be achieved by coupling NV centers with surface quantum excitations. For example, the photoluminescence of NV centers can be largely boosted by coupling NV centers to gold/silver plasmonic nanostructures [67, 68]. The microwave-spin interaction can also be enhanced by coupling NV centers with surface magnons by employing focused electromagnetic fields using a hybrid nanowire-bowtie antenna [69].
4 OPPORTUNITIES AND CHALLENGES
Hybrid sensing significantly enhances the sensing capabilities of NV centers in diamond (a comparison between bare NV sensing and hybrid NV sensing is summarized in Table 2), opening up exciting possibilities for advancing diamond quantum sensing applications. Among these, precise nanoscale temperature sensing emerges as a particularly promising avenue. Given the tight thermoregulation of cellular compositions, gaining insights into temperature variations within living cells is imperative for unraveling the mechanisms governing temperature-dependent biological processes. The hybrid nanothermometer, leveraging magnetic criticality enhancements, offers an impressive boost in sensitivity up to two orders of magnitude, which is promising for resolving the long-standing controversies in understanding temperature heterogeneities within living cells. By choosing magnetic nanoparticles with Cuire temperatures around 37°C, the working temperature range of hybrid sensors can be used for in vivo thermal characterizations of living cells, although the calibration can be complicated. One possible approach to solving the aforementioned challenge is to conduct the in vivo measurement and then perform the calibration after the death of the cell, which involves real-time three-dimensional tracking of the sensors [70, 71].
TABLE 2 | A comparison between bare NV sensing and hybrid sensing for different sensing parameters. For magnetic field sensing, only sensing frequency around GHz is listed and compared.
[image: Table 2]Hybrid sensing opens up the possibilities of using quantum probes for understanding bio-processes in the future. In microreactors such as living cells, hybrid quantum sensors can be used to study the nanoscale variations in pH and concentration of species playing a pivotal role in biochemical reactions, such as ATP synthesis and the release or consumption of neurotransmitters. However, many reported hybrid bio-sensors are one-time indicators as discussed above, and developing sensors that can achieve real-time monitoring of bio-signals can be a fruitful direction.
As for sensing magnetic fields, the enhanced sensitivities achieved with NV diamond quantum sensors and MFCs are approaching to those of established technologies like superconducting quantum interference devices and atomic vapor-based sensors. However, the spatial resolution is also reduced at the same time when MFCs are introduced. In principle, miniaturizing the MFC could potentially improve spatial resolution to some extent. However, the enhancement factor depends on the magnetic permeability of the material and the geometry of the MFCs. Therefore, search for magnetic materials with suitable permeability and the optimization of the MFC design geometry should be paid enough attention in future researches. This enhanced magnetic field sensitivity opens up possibilities of future applications in precision navigation, geoscience, and medical imaging, where accurate detection and measurement of magnetic fields are crucial.
Although this article is focused on NV centers in diamond, the hybrid sensing schemes summarized in this review can also be used in other defects in solids as well, such as SiV [72, 73] and GeV [74, 75] in diamond, SiV [76, 77]and divacancy centers [78, 79] in silicon carbide, and defect centers in 2D materials [80–82].
To conclude, past decade witnessed rapid progresses in developing hybrid quantum sensors, and we expect hybrid quantum sensing will impact multidisciplinary research in fields such as non-equilibrium thermodynamics in bio-systems, heat dissipation in nanodevices, and bio-signal detection in disease diagnostics, and many others. Furthermore, future practical implementation and commercialization of quantum hybrid sensors require interdisciplinary efforts, involving techniques in quantum information science, condensed matter physics, and technology for sensor development, as well as expertise from various other fields (biology, chemistry, engineering, etc.).
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