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ABSTRACT 

Nitrogen—vacancy diamond (NVD) quantum sensors are an emerging 

technology that has shown great promise in areas like high-resolution thermometry and 

magnetometry.  Optical fibers provide attractive new application paradigms for NVD 

technology.  A detailed description of the fabrication processes associated with the 

development of novel fiber-optic NVD probes are presented in this work.  The 

demonstrated probes are tested on paradigmatic model systems designed to ascertain 

their suitability for use in challenging biological environments. 

Methods employing optically detected magnetic resonance (ODMR) are used to 

accurately measure and map temperature distributions of small objects and to 

demonstrate emergent temperature-dependent phenomena in genetically modified living 

organisms.   These methods are also used to create detailed high resolution spatial maps 

of both magnetic scalar and magnetic vector field distributions of spatially localized 

weak field features in the presence of a noisy, high-field background. 
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1. INTRODUCTION  

Optical methods of thermometry and magnetometry have been used for decades 

to explore interesting phenomena in a biological setting.  In particular, optical 

thermometry has seen many developments over the years aimed at producing high 

accuracy biocompatible thermometers for use in research and clinical settings.  

Minimally invasive thermometers such as fiber-optic gallium-arsenide (GaAs) [1] and 

radiation thermometers [2-4] have been used in medicine to test for and control 

hyperthermia and hypothermia since the early 1980s.  MRI compatible fiber-optic Bragg 

grating thermometers, developed in the late 1990s [5], have been used to measure the 

temperature of tissues in the pancreas and other organs undergoing laser ablation with 

high resolution [6-7].  Fluoroptic sensors employing fluorescence decay time resolved 

thermometry [8-9] have also shown promising applications in high resolution tissue 

temperature diagnostics during MRI guided laser ablation [10].  Non-invasive optical 

thermometry techniques primarily involve forward looking infrared (FLIR) imaging, 

which has demonstrated the ability to thermally discriminate between skin cancer lesions 

and healthy tissue [11]. 

Optical magnetometry has also been of critical importance in the drive for 

detailed study of biomagnetic fields.  Atomic vapor magnetometers are one technology 

at the forefront of this effort.  They possess extreme magnetic field sensitivity and have 

been a valuable tool in the field of high resolution spatially-resolved 

magnetocardiography [12-15]. 
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The negatively charged nitrogen—vacancy (NV) center in diamond has been 

known for 40 years to possess unique quantum mechanical properties [16-17] which 

have been an invaluable tool for both magnetometry and thermometry in a diverse array 

of experimental settings.  An NV center in diamond is formed when two adjacent 

diamond-lattice carbons are replaced with a nitrogen atom and a lattice vacancy 

occupied by a trapped electron.   This system possesses optically addressable spin-state 

transitions whose fluorescence amplitude is sensitive to the magnetic field and 

temperature environment in which the nitrogen—vacancy diamond (NVD) resides. 

NVD thermometers possess superior performance compared to other industry 

standard optical thermometry techniques [1-11, 18], with accuracies exceeding 20 mK 

and response times in the K/ms range [19-20]. 

With AC magnetic field sensitivities better than 3 fT √Hz⁄  [21] and DC field 

sensitivities of up to 60 pT √Hz⁄  [22], NVD magnetometers have sensitivities that are 

competitive with state of the art superconducting quantum interference devices (SQUID) 

[23] and atomic vapor magnetometers [24].  The solid-state, biocompatible form-factor 

of the NVD provides a potential for miniaturization that can engender high-sensitivity, 

ultra-high spatial resolution magnetic field and magnetic gradient imaging in a platform 

suitable for diagnostics in an in vivo setting [22, 25-29]. 

The objective of this dissertation is to demonstrate dual use monolithic fiber-

optic NVD sensors capable of high-sensitivity, high-resolution magnetometry and fast, 

high-accuracy thermometry amenable to in vivo biological environments. 
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The structure of this dissertation reflects the design evolution of fiber-optic NVD 

probes towards the goal of in vivo bio-sensing of spatial temperature distributions and 

magnetic fields under the supervision of Professor Aleksei Zheltikov at Texas A&M 

University. 

The first part (section 2) is devoted to the design, fabrication, testing, and 

implementation of fiber-optic NVD thermometer probe technology with up to 30 µm 

spatial resolution and better than  100 mK accuracy suitable for in situ cellular 

thermometry. 

The second part (section 3) is devoted to the design evolution, demonstration, 

and application of fiber-optic NVD magnetogradiometer probes with sensitivities on the 

order of 100 nT √Hz⁄  and spatial resolutions of up to 6 µm  for future use in the 

characterization of biomagnetic fields. 
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2. FIBER-OPTIC THERMOMETRY WITH NITROGEN—VACANCY CENTERS IN 

DIAMOND* 

Modern optics offers a vast arsenal of tools for temperature measurements under 

hostile conditions and in remote sensing arrangements.  Coherent Raman spectroscopy 

[30] is widely used for thermometry of combustion, flames, and plasmas, [31-32] 

enabling a remote online monitoring and diagnostics of internal combustion engines and 

flames in reaction chambers.  Fiber-optic sensors provide indispensable instruments for 

temperature measurements in harsh and corrosive environments and for medical 

diagnostics using magnetic resonance imaging and nuclear magnetic resonance systems 

[33-34].  The temperature sensitivity of magnetic-resonance spectra of NV centers in 

diamond [35] has enabled new regimes of optical thermometry, allowing temperature 

measurements with a milli-kelvin accuracy and nanometer-scale spatial resolution [36], 

thus offering a unique tool for a thermometry of living cells [37].  By coupling a NVD to 

an optical fiber with an integrated microwave transmission line, it is possible to create a 

compact, monolithic probe simultaneously capable of optical thermometry and 

magnetometry [19, 38] that is ideal for use in in vivo thermometry.  

                                                 

* Parts of this section are reprinted with permission from, “Fiber-based thermometry using optically 

detected magnetic resonance” by I. V. Fedotov, S. Blakley, E. E. Serebryannikov, N. A. Safronov, V. L. 

Velichansky, M. O. Scully, and A. M. Zheltikov [19] and adapted from, “Fiber-optic control and 

thermometry of single-cell thermosensation logic” by I.V. Fedotov, N.A. Safronov, Yu.G. Ermakova, 

M.E. Matlashov, D.A. Sidorov-Biryukov, A.B. Fedotov, V.V. Belousov, and A.M. Zheltikov [37].  The 

work adapted from ref. [37] is copyrighted under the Creative Commons Attribution 4.0 International 

license (https://creativecommons.org/licenses/by/4.0/) 
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2.1 THERMOMETRY WITH NITROGEN—VACANCY CENTERS IN DIAMOND 

 

In the early 90s [39], the energy level structure of the NV center was determined 

to possess a fluorescent dipole transition whose ms = ±1 spin-triplet excited state 

sublevels selectively couple via an inter-system crossing and a low amplitude fluorescent 

infrared (IR) singlet-singlet dipole transition to an intermediate metastable singlet state. 

The metastable singlet state itself couples to the ms = 0 triplet ground state sublevel via a 

second inter-system crossing, creating a mechanism for transferring population between 

the ms = ±1 and ms = 0 ground state sublevels without contributing to the triplet-state 

transition fluorescence amplitude (Fig. 2.1 (a)) [19]. 

This decay path decreases overall fluorescence intensity of the NV center by as 

much as 20% for transitions involving the ms = ±1 sublevels, thereby providing optical 

means for interrogating the NV center’s spin state. By exciting the NV center with green 

laser excitation and applying microwave radiation with frequency targeted at the Zeeman 

induced level splitting between the ms = 0 and ms = ±1 sublevels, one can exploit the 

spin-state fluorescence contrast to create a plot of the fluorescence intensity versus 

applied microwave frequency, known as an ODMR spectrum [38].  The ODMR 

spectrum contains information on the temperature of the NVD and the sensitivity of the 

probe to temperature.  In the absence of external magnetic fields, the ms = 0 and ms = ±1 

states are split by Ωs ≈ 2.87 GHz (Fig. 2.1 (a)).  This resonance is observed as a well 

resolved feature in the photoluminescence intensity IPL measured as a function of the 

microwave frequency Ω. Even in the absence of external magnetic fields, a local strain 



 

6 

 

removes the degeneracy of this resonance, giving rise to two well-resolved features in 

IPL(Ω) ODMR spectra (Fig. 2.1 (b)). As the temperature of diamond increases, this 

profile of the zero-external-magnetic-field resonance is shifted toward lower microwave 

frequencies at a rate of approximately -75 kHz/K.  In these experiments, this method of 

thermometry is implemented in a fiber format. 

 

 

 

Fig. 2.1 (a) Diagram of energy levels of NV- centers with a temperature-dependent 

splitting Ω(T) of the ms = 0 and ms = ±1 states in the spin-triplet ground state. Optical 

excitation and photoluminescence processes are also shown. (b) Zero-field magnetic-

resonance spectra measured for two different temperatures T1 > T2. The blue line shows 

a rectangular modulation of the microwave frequency. The red line shows the 

differential photoluminescence signal. 
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2.2 FABRICATION OF NITROGEN—VACANCY DIAMOND PLATFORM FIBER-

OPTIC THERMOMETERS 

  

The fiber-optic NVD thermometers demonstrated in the following sections were 

fabricated in a three stage process that involves attachment of the NVD to a cleaved fiber 

tip with an optically transparent adhesive (Fig. 2.2 (a)-(b)), followed by the 

incorporation of a two-wire microwave transmission line by first forming a wire loop 

around and then affixing the remainder of the two-wire transmission line to the optical 

fiber body with another adhesive (Fig. 2.2 (c)-(d)). 

 

 

 

Fig. 2.2 (a) A diamond is placed on the tip of the fiber, (b) diamond is affixed to fiber tip 

with an optical adhesive, (c) two wire transmission line is bent into a loop in preparation 

for attachment to fiber, (d) two-wire transmission line is affixed to fiber body with loop 

wrapped around fiber tip. 
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The first step in this process (Fig. 2.2 (a)) was accomplished by first stripping the 

desired optical-fiber of its polymer jacket using a razor blade.  Additional sonication in 

an acetone solution for 5 minutes may be necessary depending on the tenacity of the 

plastic jacket.  An NVD is placed on a glass microscope in a microscope, and the optical 

fiber is taped down to the microscope stage so that the tip of the fiber is immobile with 

respect to the movements of the microscope slide containing the diamond.  The fiber tip 

is brought in proximity to the diamond by translating the position of the microscope 

slide using the microscope’s built-in translation stage. 

 The second step (Fig. 2.2 (b)) is performed by applying a drop of optical 

adhesive to the tip of the optical fiber using a needle.  The diamond is then moved onto 

the fiber tip using the microscope translation stage.  This glue is allowed to dry before 

the next step is performed. 

 The third step (Fig. 2.2 (c)) involves bending a straight segment of wire into the 

shape of a loop by wrapping it around the head of a needle whose outer diameter 

approximately that of the outer diameter of the optical fiber.  Straight segments of the 

wire that will run along the body of the fiber are bent from the wire loop using the 

pointed tip of the needle, so as to form a 90 degree angle with the plane of the wire loop. 

 The fourth step (Fig. 2.2 (d)) involves attaching the newly manufactured 

microwave transmission line to the fiber body using an optical adhesive. 
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2.3 FIBER-BASED THERMOMETRY USING OPTICALLY DETECTED MAGNETIC 

RESONANCE 

 

In this section, it is demonstrated that recently developed fiber-optic probes 

coupled with NV centers in diamond and integrated with a microwave transmission line 

can enable fiber-format optical thermometry with an accuracy of 0.02 K and spatial 

resolution limited by the size of a diamond crystal attached to the tip of an optical fiber. 

The electron spin of NV centers in a diamond microcrystal attached to the tip of this 

fiber probe is manipulated by a frequency-modulated (FM) microwave field and is 

initialized by laser radiation transmitted through the optical tract of the fiber probe. The 

photoluminescence (PL) spin-readout return from NV centers is captured and delivered 

by the same optical fiber [38,40], allowing the spatial temperature profiles to be mapped 

with a high speed and high sensitivity by applying a properly optimized differential lock-

in detection technique.   

To demonstrate fiber-based thermometry, a compact probe that integrates an 

optical fiber, an NV-diamond quantum sensor, and a microwave transmission line is 

used [25, 38]. For the NV-diamond sensor, high-pressure high-temperature commercial 

diamond microcrystals were used.  These diamond microcrystals were enriched with NV 

defects by irradiation with mega-electron volt (MeV) electrons on an accelerator and 

annealing at a high temperature, yielding a density of NV centers up to 1016 cm-3. A 

diamond microcrystal with a diameter of 250 µm was attached (Fig. 2.3) to the tip of an 

optical fiber with a core diameter of 200 µm and a numerical aperture NA ≈ 0.2 with a 
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mechanical manipulator under an optical microscope and fixed on the fiber tip with ethyl 

cyanoacrylate glue. 

 

 

 

Fig. 2.3 Diagram of the experimental setup: PD, photodetector; DAC, digital-to-analog 

converter; PC, computer. 

 

 

The electron spin of the ground-state triplet of NV centers is manipulated by this 

sensor through the electron spin resonance with a microwave field, which is delivered to 

the diamond microcrystal with NV centers through a two-wire transmission line, running 

along the optical fiber (Fig. 2.3) and consisting of a pair of copper wires 50 µm in 

diameter each. The two-wire transmission line is short-circuited with a loop, winding 

around the fiber tip (Fig. 2.3) and inducing a microwave field distribution with a 

maximum at the location of diamond microcrystal. 
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Optical polarization and initialization of NV centers in diamond are provided by 

the 5 mW, 532 nm second-harmonic output of a compact cw Nd:YAG laser, which is 

delivered to the diamond microcrystal on the fiber tip through the 200 µm diameter core 

of the fiber probe (Fig. 2.3), and is transmitted through this fiber to the detection system, 

consisting of a silicon photodiode, a low-noise preamplifier, and a lock-in amplifier (Fig. 

2.3). 

For high-speed, high-sensitivity temperature measurements, the electron spin of 

NV centers is manipulated in these experiments with a FM microwave field (Fig. 2.1 

(b)), following the method of real-time magnetic-field sensing earlier demonstrated by 

Schoenfeld and Harneit [41].  In this scheme, a compact voltage-controlled oscillator 

(VCO) delivers a microwave field within a frequency range from 2.3 to 3.1 GHz with a 

power of 5 dBm and a linewidth of less than 1 kHz. A programmable digital-to-analog 

converter is used to apply a rectangular frequency modulation to the VCO output [blue 

line in Fig. 2.1 (b)], Ω(𝑡) = Ωm + 𝛥 for 𝑛 𝜈m⁄ < 𝑡 < (𝑛 + 1 2⁄ ) 𝜈m⁄ and Ω(𝑡) = Ωm − 𝛥 

for(𝑛 + 1 2⁄ ) 𝜈m⁄ < 𝑡 < (𝑛 + 1) 𝜈⁄ , where Ωm is the central frequency of the 

microwave field, Δ is the amplitude of frequency modulation, νm is the frequency 

modulation rate, and n is an integer. 

The central frequency of the FM microwave field Ωm is chosen in such a way as 

to coincide with the central frequency Ωs of zero-field magnetic resonance at Tz = 306 K. 

The modulation frequency is set at νm ≈ 1330 Hz. Modulation at the same frequency is 

also applied to a reference signal used for lock-in detection. With the amplitude of 

frequency modulation chosen equal to Δ ≈ 5.5 MHz, the difference between the PL 
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signals IPL (Ω1 = Ωm − Δ) and IPL (Ω2 = Ωm + Δ) at Tz is zero [dashed curve in Fig. 2.1 

(b)]. As the magnetic resonance is shifted in response to temperature variations, the lock-

in amplifier delivers a signal (red line, Fig. 2.1 (b)) proportional to the difference of PL 

intensities at the frequencies Ωm ± 𝛥 (solid curve, Fig. 2.1 (b)). 

The diamond microcrystal on the fiber tip is heated by 532-nm laser radiation 

delivered through the optical tract of the fiber (Fig. 2.3). The increase in the laser power 

P delivered to the diamond microcrystal shifts the zero-field magnetic resonance in the 

IPL(Ω) spectra toward lower microwave frequencies (Figs. 2.4 (a)-(b)), indicating a 

heating of diamond and allowing the temperature of diamond to be retrieved from the 

spectral shift of the zero-field magnetic resonance (Fig. 2.4 (c)). 

Moreover, within a broad range of laser powers (up to 40 mW in Figs. 2.4 (a)-

(b)), the frequency shift of the zero-field magnetic resonance and, hence, the temperature 

of diamond retrieved from this shift are accurately fitted with a linear function of the 

laser power. Within this range of laser powers, the central frequency of the zero-field 

magnetic resonance Ωs is also accurately fitted by a linear function of temperature T with 

𝑑Ω𝑠 𝑑𝑇⁄  ≈ 74 kHz K⁄  (Fig. 2.4 (c)), which agrees well with the results of earlier 

studies. [36] 
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Fig. 2.4 (a) Intensity of photoluminescence from NV centers in a diamond microcrystal 

attached to the fiber tip measured as a function of the frequency of the microwave field 

delivered to the fiber tip through the microwave transmission line for different laser 

powers. (b) Zero-field magnetic-resonance profiles measured as a function of the laser 

power. (c) The temperature of a diamond microcrystal on the fiber tip retrieved from the 

shift of the zero-field magnetic resonance as a function of the laser power. 

 

 

The validity of this calibration of the NV-diamond fiber thermometer was 

verified within a broad range of temperatures through a series of test experiments 

reproducing canonical cases of standard heat conduction theory, based on the heat 

conduction equation 𝑐𝑝𝜌𝜕𝑇 𝜕𝑡⁄ = 𝛼𝑟−𝑚 𝜕(𝑟𝑚 𝜕𝑇 𝜕𝑟⁄ ) 𝜕𝑟⁄ , where cp is the heat 
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capacity, ρ is the density, m = 1 for a cylindrically symmetric geometry and m = 2 for a 

spherically symmetric arrangement, 𝑇 = 𝑇(𝑟, 𝑡) is the temperature, r is the cylindrical 

radial coordinate for m = 1 and the spherical radial coordinate in the case of m = 2, t is 

the time, and α is the thermal conductivity.      

 In the first experiment, the diamond microcrystal on the tip of the fiber was 

heated by laser radiation until a stationary level of the PL signal was achieved, 

whereupon laser radiation was switched off, and the temperature decrease of a cooling 

diamond was measured using the above-described experimental procedure. Results of 

these measurements are presented by dots in Fig. 2.5 (a). These measurements are 

analyzed by using the heat conduction equation with m = 2, r understood as the spherical 

radial coordinate, and a diamond microcrystal on the tip of the fiber approximated by a 

spherical particle with a typical radius Rd ≈ 150 µm. This heat conduction equation is 

solved separately for diamond, with αd ≈ 2000 W/(mK), cp,d ≈ 500 J/(kgK), and ρd ≈ 

3500 kg/m3, air, with αa ≈ 0.026 W/(mK), cp,a ≈ 1005 J/(kgK), and ρa ≈ 1.225 kg/m3, and 

silica (fiber material), with αs ≈ 1.38 W/(mK), cp,s ≈ 2052 J/(kgK), and ρs ≈ 2200 kg/m3. 
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Fig. 2.5 (a) The temperature of the diamond microcrystal as a function of time: (circles) 

measurements performed with the use of the fiber thermometer, (solid line) solution of 

the heat-conduction equation. (b) Heat-conduction equation analysis of the evolution of 

the temperature gradient off a heated copper wire in the air: the temperature of the air at 

a distance of 300 µm from the wire (blue line) and temperature gradients 0.1 s (black 

line), 0.5 s (purple line), 1.0 s (green line), and 1.5 s (red line) following the turn-on of 

the heater. (c) and (d) Maps of temperature distribution around the copper wire (c) 

calculated by solving the heat-conduction equation and (d) measured with the NV-

diamond fiber thermometer. 

 

 

Since the thermal conductivity of silica in the fiber is much higher than that of 

air, the cooling of laser-heated diamond occurs predominantly through the diamond–

silica interface. The solutions to the heat conduction equation in diamond and silica 

should meet the fourth-kind boundary conditions, dictated by the experimental 

geometry, requiring the equality of temperatures and heat fluxes on the surface of the 
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diamond microcrystal. Solution to the heat conduction equation, as can be seen from Fig. 

2.5 (a), provides an accurate fit for the experimental results, reproducing a rapid 

decrease in the temperature of the diamond microparticle on the fiber tip to the steady-

state temperature on a subsecond time scale.      

 In a second experiment, the NV-diamond fiber thermometer was used to measure 

a temperature distribution at a certain distance from a copper wire with a radius R0 ≈ 0.1 

mm, heated by a temperature-controlled soldering iron. The heated wire was mounted on 

a three-dimensional translation stage and scanned relative to the fiber probe. Results of 

these measurements were analyzed by solving the heat conduction equation in the 

cylindrical geometry, with m = 1 and r understood as the cylindrical radial coordinate, 

for the air. Since the thermal conductivity of copper (≈ 400 W/(mK)) is much higher 

than the thermal conductivity of atmospheric air, the heat conduction equation is solved 

for atmospheric air with the first type boundary condition defined on the surface of the 

metal wire, 𝑇(𝑅0, t) = 𝑇0, where T0 is the temperature of the wire, which is kept 

constant by an external heat source. For the conditions of these experiments, T0 was set 

to approximately 390 K. 

Heat conduction equation analysis shows that the temperature gradient induced 

by the copper wire in the experimental setup reaches its steady-state profile on a time 

scale of about 1 s (Fig. 2.5(b)). The map of the steady-state temperature distribution 

measured along the copper wire is shown in Fig. 2.5(c). The temperature profile 

predicted by the heat conduction equation agrees very well with experimental 

measurements (cf. Figs. 2.5 (c)-(d)). Since the plane of the heated wire is tilted with 
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respect to the plane of scanning by 1.2°, the separation between the fiber probe and the 

metal wire increases as the fiber probe is scanned from the center of the wire to its ends. 

As a result, the temperature measured by the fiber probe lowers. This tendency is also is 

in full agreement with the heat conduction equation analysis.  

In a separate experiment, the stability of temperature measurements was studied 

as a function of the integration time τ of the lock-in amplifier. In these experiments, the 

diamond microcrystal on the tip of the fiber was irradiated by laser light with a constant 

peak power, helping to keep diamond at a constant temperature, T0 ≈ 296 K. 

Temperature measurements with an integration time τ = 1 s yield a trace (Fig. 2.6 (a)) 

with a typical standard deviation σ ≈ 0.06 K (dashed line, Fig. 2.6 (a)), which sets a limit 

on the accuracy of temperature measurements. Increasing the integration time up to τ = 

10 s helps to reduce fluctuations on experimental temperature traces (Fig. 2.6 (b)), 

lowering the standard deviation of temperature measurements down to σ ≈ 0.02 K 

(dashed line, Fig. 2.6 (b)). 
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Fig. 2.6 Variations of temperature readings from the NV-diamond fiber thermometer 

with time with an integration time of the lock-in amplifier set equal to τ = 1 s (a) and 10 

s (b). Dashed lines show the standard deviation σ. 

 

 

To summarize, this section has shown that fiber-optic probes coupled with NV 

centers in diamond and integrated with a microwave transmission line enable fiber-

format optical thermometry with a spatial resolution limited by the size of the diamond 

crystal attached to the tip of an optical fiber. Temperature measurements with an 

accuracy of 0.02 K have been performed by combining this NV-diamond fiber 

thermometer with a properly optimized differential lock-in detection technique. Due to 

the unique combination of a high accuracy and high spatial resolution, the fiber 

thermometer developed in this work offers a powerful tool for on-line temperature 

measurements in hostile environments and in vivo monitoring of heat-related contrasts in 

biological systems.  
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2.4 FIBER-OPTIC THERMOGENETICS 

 

In this section, a literature review of work by Professor Aleksei Zheltikov’s 

group at Moscow State University covering the application of the fiber probes discussed 

in section 2.3 to problems in thermogenetics is presented [37]. This work is summarized 

below.           

 Optogenetic methods have been employed to select and modulate light sensitive 

channels expressed in genetically modified cells in a spatially precise manner [42-48], 

offering the opportunity to study phenomena that control memory, learning, and 

cognition at a cellular level.  Thermogenetics offers a complementary control regime to 

that of optogenetics by employing ion channels sensitive to thermal modulation that are 

robustly active even at low levels of gene expression [49-59].  In order to realize the 

potential of optogenetics, a biocompatible probe is needed that is capable of 

simultaneously delivering a precisely controlled thermal stimulus and accurately 

measuring the temperature of a cell under study with high spatial resolution.  The 

compact NVD fiber probes described in section 2.3 are particularly well suited for 

application to thermogenetics.       

 The group at Moscow State University prepared the test environment used to 

demonstrate the feasibility of fiber-optic thermogenetics by transfecting Human 

Embryonic Kidney 293 (HEK-293) cells with vectors expressing the G-GECO 1.2 

calcium indicator [60] and a thermally sensitive TRPA1 calcium channel [55]. 
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The HEK-293 cells were cultured in a petri dish according to guidelines 

established in [61].  In previous work, cells under study were heated using the 

microwave radiation emanating from the microwave transmission line around the tip of 

the fiber-optic NVD thermometer probes presented in section 2.3 [62]. 

In the present work, microwave power is deliberately kept low in order to avoid 

unintended heating of nearby cells.  Instead, laser heating of the diamond microcrystal 

on the tip of a fiber NVD thermometer is used to increase the temperature of a nearby 

HEK-293 cell beyond the thermal activation threshold of the TRPA1 calcium channel. 

The channel opens once the activation temperature has been reached and allows 

calcium to flow into the cell, thus activating the G-GECO1.2 calcium indicator and 

causing it to fluoresce when exposed to 473 nm light (Fig. 2.6). 



 

21 

 

 

Fig. 2.6 Laser heating of the diamond induces a localized temperature distribution 

around the cell. When the temperature is increased to a level higher than that of the TRP 

channel activation threshold, Ca2+ ions flow through the TRP channel, causing the G-

GECO 1.2 Ca2+ indicator to emit green fluoresce in the presence of 473 nm laser 

excitation. Adapted with permission from [37].   
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The petri dish was placed on a translation stage and imaged with a microscope 

system capable of delivering the 473 nm laser excitation and collecting the signal 

fluorescence from the G-GECO 1.2 calcium indicator. 

The laser-heated tip of an NVD fiber-optic thermometer was placed in the petri-

dish and the temperature was increased in a stepwise fashion.  The temperature increase 

of each step was allowed to diffuse in a radial fashion throughout the petri-dish for 100 

seconds, and a second fiber-optic NVD thermometer connected to the ODMR detection 

setup described in section 2.3 was used to measure the temperature at a grid of points in 

the petri-dish using the lock-in detection technique described in refs. [25,41] (Fig. 2.7). 

The fluorescence of the cells under study was recorded at each temperature step 

(Fig. 2.8 (a)) in order to determine the activation temperature of each cell (Fig. 2.8 (b)-

(c)). 
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Fig. 2.7 The experimental setup used to demonstrate fiber-optic thermogenetic 

manipulation of HEK-293 cells.  The ODMR signal acquisition system consists of a 

coupling objective (Obj), a dichroic mirror (DM), a photodiode (PD), a signal pre-

amplifier, a lock-in amplifier referenced to a modulated microwave source (MW source), 

and a digital acquisition card (ADC) connected to a personal computer (PC).  473 nm 

laser excitation from the second harmonic of a Neodymium YAG laser (Nd:YAG SH) is 

focused onto the sample using an objective.  The fluorescence of the cells under study 

was imaged with a microscope onto a CCD camera through a dichroic mirror.  The 

spherical temperature distribution (T1, T2, T3) induced by laser-heating the diamond 

probe tip was characterized using a second NVD fiber-thermometer to measure 

temperature at various points in a grid-fashion across the petri dish. Adapted with 

permission from [37].   

 

 

In Fig. 2.8 (a), the fluorescence intensity of a group of nine HEK-293 cells is 

recorded by the CCD camera at four laser power settings, corresponding to four different 

diamond temperatures.  As the temperature increases with each higher laser power 
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setting, measurable changes in the fluorescence intensity of the cells in closest proximity 

to the heat source are detected between panel 1 in Fig 2.8 (a) and panel 2 in Fig 2.8 (a).   

 

 

 

Fig. 2.8 (a) Images of cells under study taken using CCD camera for 532 nm excitation 

powers P0 ≈ 18 mW (panel 1), 56 mW (panel 2), 68 mW (panel 3), and 88 mW (panel 

4). The scale bar [bottom right, panel 4] is 50 μm. The laser-heated fiber NVD 

thermometer tip is located in the top left corner of each image at a distance of 325 μm 

above the plane of the images. Red concentric dotted lines denote isotherms emanating 

from the NVD heat source. Temperature values for these isotherms measured with a 

second NVD sensor are indicated in red above the images. (b) The G-GECO 1.2 

fluorescence intensity is plotted as a function of measured temperature for one cell in the 

field of view of the microscope. Dashed lines correspond to the background fluorescence 

level at temperatures beneath the activation threshold. The dash—dotted line describes a 

linear fit to the rising segment of the G-GECO 1.2 fluorescence intensity for 

temperatures near to and beyond the activation threshold. The point of intersection for 

these lines defines the activation threshold Ta of the cell. (c) Activation thresholds Ta 

(blue) and Tm (red) for the nine cells under study. Dashed lines denote mean values of 

these thresholds. Adapted with permission from [37].   
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Cells further from the heat source begin to fluoresce more intensely (panels 3 and 

4, Fig. 2.8 (a)) with higher laser powers, indicating that the activation temperature of 

these more distant cells has been reached.  In Fig. 2.8 (b), the activation temperature of a 

single cell in the petri dish was measured from a plot of fluorescence amplitude versus 

temperature.  The activation threshold temperature Ta of this cell was determined by 

finding the intercept between the average background fluorescence level at a temperature 

beneath the activation threshold (blue dashed line, Fig. 2.8 (b)) and the linear fit line to 

the rising edge of the fluorescence curve for temperatures beyond the activation 

threshold (blue dashed-dotted line, Fig. 2.8 (b)), where Tm denotes the median 

temperature point of the slope in the activation threshold curve.  At temperatures more 

than 1°C beyond the activation threshold, the TRP channel is fully open and the 

fluorescence signal begins to saturate (signal at T > 29°C, Fig. 2.8 (b)).  This technique 

was used to determine the activation temperatures for the remaining eight cells in the 

field of view of the microscope (Fig. 2.8 (c)).  The average values and standard 

deviations for Ta and Tm for the nine cells under study were Ta ≈ 27.3 ± 0.6 °С and Tm ≈ 

28.0 ± 0.5 °С.  The standard deviation in activation temperatures not only describes 

measurement errors innate to the fiber NVD thermometer probes, but also captures the 

innate variations in threshold temperature for TRP channels between each cell.  This 

provides insight into the extent to which collections of cells can be thermally controlled 

as a whole. To summarize this section, thermogenetic activation of individual cells has 

been demonstrated and characterized using the fiber-optic NVD thermometers developed 

in section 2.3.   
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3. FIBER-OPTIC MAGNETIC GRADIOMETRY WITH NITROGEN—VACANCY 

CENTERS IN DIAMOND* 

NV centers in diamond [63–67] offer unique opportunities for high-sensitivity 

magnetic-field measurements at room temperature with unprecedented spatial resolution 

[26, 28-29] and potentially attainable sensitivities [21] comparable to those of SQUID 

magnetometers. While the highest sensitivities of NV-diamond-based magnetic-field 

sensing and gradiometry have been achieved using confocal microscopy [36], optical 

fibers have been recently shown [19, 25, 38] to offer a missing link for a practical 

implementation of NV-diamond-based sensing in a variety of environments, including 

magnetic-field and temperature measurements in biological systems.  In real-life 

applications, weak magnetic fields from objects under study, e.g., a beating heart or 

firing neurons, need to be detected against a strong, noisy background due to the 

magnetic field of the Earth or technogenic environment. Atomic coherent effects in 

alkali-metal vapors have been shown to enable the creation of innovative ultrahigh-

sensitivity magnetic gradiometers [13-14], allowing the magnetic field of the heart to be 

mapped with a high accuracy from outside the body [14-15].  The limited spatial 

resolution of this technique motives the search for an all-solid-state design of a highly 

sensitive biocompatible optical magnetometer for use in an in vivo environment.  

                                                 

* Parts of this section are reprinted with permission from “Room-temperature magnetic gradiometry with 

fiber-coupled nitrogen—vacancy centers in diamond” by S. M. Blakley, I.V. Fedotov, S. Ya. Kilin, and 

A.M. Zheltikov [22] and from “Fiber-optic vectorial magnetic-field gradiometry by a spatiotemporal 

differential optical detection of magnetic resonance in nitrogen—vacancy centers in diamond” by S. M. 

Blakley, I.V. Fedotov, L. V. Amitonova, E. E. Serebryannikov, H. Perez, S. Ya. Kilin, and A.M. Zheltikov 

[27] 
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3.1 MAGNETOMETRY AND GRADIOMETRY WITH NITROGEN—VACANCY 

CENTERS 

 

The presence of a magnetic field in the environment around the NV center 

induces energy level splitting of the ms = ±1 ground-state sublevels as a function of the 

projection of the field magnitude along the NV center axis.  NV centers oriented in the 

direction of the local magnetic field couple more strongly, thus inducing a larger 

Zeeman splitting in the sublevels.  It is therefore possible to determine the direction and 

magnitude of an unknown local magnetic field by comparing the separation of the 

frequency values of successive pairs of ODMR peaks from their zero-field values.  The 

frequency values associated with these peaks can be found by fitting the peaks in the PL 

spectrum with a Lorentzian function.   

To determine the magnitude and direction of the magnetic field from the ODMR 

spectrum, the Hamiltonian for this system must first be solved: [28] 

Ĥ =
µBg

h
𝐁𝐒 + D [SZ

2 −
S(S+1)

3
] + E(SX

2 − SY
2) 

In the expression for the Hamiltonian, B is the magnetic field to be measured, 𝜇𝐵is the 

Bohr magneton, g is the Landé g-factor (g≈2 for the electron), D and E are system 

dependent frequency parameters, and Sj (j=X, Y, Z) is the spin-state projection on the 

various spatial axes.  Solving the Hamiltonian yields a third order characteristic equation 

[28]:  
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The parameters of the characteristic equation are defined as: β =
µBgB

h
, and for D >> E,  

∆ ≅ D cos 2θi, where θi is the polar angle between the quantization axis of the ith (i = 

1,2,3,4) NV center and the magnetic field respectively (Fig. 3.1).  Solving the 

characteristic equation results in equations describing the magnetic field magnitude and 

direction as a function of the frequency value of the location parameter of the Gaussian 

fit [28]:  

B = √
h2

3µB
2g2

(Ω1i
2 + Ω2i

2 − Ω1iΩ2i − D2 − 3E2) 

cos 2θi ≅
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2 +Ω2i
2 ) − 5Ω1iΩ2i − 9E

2]

9D(Ω1i
2 +Ω2i
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+
−3D(Ω1i

2 + Ω2i
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2)

9D(Ω1i
2 + Ω2i
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In Eqs. 3.3-3.4, Ω1i and Ω2i are the frequencies of the peaks in the PL spectra 

corresponding to the ith NV orientation axis in the diamond lattice.  The angles θi also 

obey the identity:  

∑cos θi

4

i=1

= 0 

The projection of the magnetic field onto the four NV quantization axes yields 

expressions for the angle between B and each quantization axis as a function of the polar 

(θ) and azimuthal (φ) angles of B with respect to the z-axis of the NVD lattice frame 

(Fig. 3.1): 

(3.3) 

(3.4) 

(3.5) 
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cos θ1 = cos
α

2
sin θ sinφ − sin

α

2
cos θ

cos θ2 = cos
α

2
sin θ sinφ + sin

α

2
cos θ

cos θ3 = −sin
α

2
sin θ cosφ − cos

α

2
sin θ sinφ

cos θ4 = sin
α

2
sin θ cosφ − cos

α

2
sin θ sinφ }

 
 

 
 

 

Solving for θ and 𝜑 as a function of 𝜃𝑖 yields:  

θ = cos−1 (
cosθ1−cosθ2

2 sin
α

2

)

φ = sin−1 (
cosθ1+cosθ2

2 cos
α

2
sinθ

)
} 

 

 

 

Fig. 3.1  Local coordinate frame of NV centers in diamond lattice.  Blue arrows 

represent quantization axes of NV centers (i = 1, 2, 3, 4) in the tetragonal diamond lattice 

separated by an angle α ≈ 109.4°.  Red arrow represents z-axis of local coordinate frame.  

Green arrow represents direction of local magnetic field, where θ is the polar angle 

displacement of B from z-axis and φ is the azimuthal displacement from the x-axis of the 

projection of B into the x-y plane. 

(3.6) 

(3.7) 
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In order to determine the experimental magnetic field sensitivity, the 

approximation E << D is used in Eq. 3.3 to determine that Ω1i – D = D - Ω2i, and thus 

that Ω2i = 2D - Ω1.  This result is substituted into Eq. 3.3 to yield:  

B ≈
h

µBg
√(D − Ω1i)2 − E2 

Eq. 3.8 is Taylor expanded to first order around small variations in Ω1i, called δω, to 

yield the expression for the limit of experimental magnetic field sensitivity: 

ΔB ≈
h

μBg
δω [

D − Ω1i

√(D − Ω1i)2 − E2
] 

As long as δω << E, Eq. 3.9 is a valid approximation to the experimental magnetic field 

sensitivity.  Applying the earlier approximation E << D to Eq. 3.9, the equation for 

sensitivity as a function of frequency shift δω becomes:  

ΔB ≈
h

µBg
δω 

 When a magnetic field is measured at two points in space it is possible to 

calculate the magnetic field gradient between the two points (henceforth known as field 

gradient or gradient).  When a scalar gradient measurement is desired, it is sufficient to 

divide the difference between the two field magnitudes at the two measurement points 

by the spatial separation between the two measurement points: 

|∇B| =
|B1⃗⃗⃗⃗  ⃗|−|B2⃗⃗⃗⃗  ⃗|

d
 

In Eq. 3.11, Bi refers to the magnetic field at ith point in space and d refers to the distance 

between points i and i+1. 

(3.8) 

(3.9) 

(3.10) 

(3.11) 
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 A vector gradient can be calculated approximately by taking finite differences 

between components of the two vectors of interest, forming a rank 2 tensor whose 

elements obey the following relation: 

∇⃗⃗ B⃗⃗ = G⃗⃗ ⃗⃗ = δjk
ΔBi

dxj
ei⃗⃗   ek⃗⃗  ⃗ 

The repeated indicies (i, j, and k each with values of 1, 2, and 3) in Eq. 3.12 obey the 

rules of Einstein summation notation.  δjk represents the Kronecker delta function on 

indicies j and k, ΔBi is the difference between the ith component of the two vectors B1⃗⃗⃗⃗  

and B2⃗⃗⃗⃗ , dxj is the distance between the two measurement points in the ith coordinate axis 

(e.g. dx1 = dx, dx2 = dy, and dx3 = dz), and ek⃗⃗  ⃗ is the unit vector along the kth coordinate 

axis. 

 In order to calculate gradient of a vector in all three coordinate axes in the matrix 

G⃗⃗ ⃗⃗ , magnetic vector measurements must be made at four points spanning all three 

coordinate axes.  This property generalizes to n-dimensions, where n+1 magnetic vector 

measurements are required to calculate the vector gradient in n-dimensions. 

 The differential nature of the gradient measurement has the feature that it 

excludes any contribution of field components that are approximately constant with 

respect to the order of the gradient, e.g. a first order gradient will cancel effects of field 

components that are approximately constant in space: if BTot = B0(x) + BSignal(x), 

where B0 is a bias field with the property that it varies by less than the magnetic field 

sensitivity (δB) (and are thus indistinguishable from noise) over the distance between 

measurement points x1 and x2, and BSignal is the field of interest that varies by more than 

(3.12) 
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δB over the region of interest, then ∇BTot = (B0(x1) – B0(x2) + BSignal(x1) – BSignal(x2))/(x1 

– x2) = ∇BSignal.  In this way, a gradiometer is capable of measuring weak, spatially 

localized fields in the presence of arbitrarily strong spatially homogeneous bias fields 

provided that the near field of the object under study changes by more than the magnetic 

field sensitivity over the minimum spatial resolution. 

 The fundamental limit of a magnetic gradiometer’s spatial resolution is defined 

as the distance between two measurements at which the field varies by exactly the 

sensitivity of the magnetometer.  Thus the fundamental resolution limit is constrained by 

both δB and the field profile as a function of distance; e.g. if the field difference (ΔB) is 

equal to δB over a distance of 1 µm, then the limit of resolution is 1 µm. The real 

resolution (δr) of each gradient measurement is limited by these two factors and one 

additional factor: the smallest distance between measurement points (Δr) that the system 

can make.  If the field varies by δB over a distance larger than Δr, then δr > Δr.  If the 

field varies by the sensitivity over a distance smaller than the minimum distance between 

measurements, then δr = Δr.  
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3.2 FABRICATION OF NITROGEN—VACANCY DIAMOND FIBER-OPTIC 

MAGNETIC GRADIOMETER PROBES 

 

The fiber-optic magnetic gradiometer probes demonstrated in the following 

sections were fabricated in two different regimes.  The first fabrication regime involves 

the creation of a dual-fiber NVD gradiometer, used in sections 3.3 and 3.4.  This was 

accomplished by applying an optical adhesive to the tip of a cleaved 200 µm diameter 

optical fiber and using a three-axis translation stage to adjust the position of each fiber 

until it was in the correct position on the diamond.  As a result, two parallel fibers with a 

core-to-core separation of 480 µm were affixed to a 1 mm diameter bulk NVD crystal 

(Fig. 3.2 (a)).  The second fabrication regime involves the creation of a dual-core 

photonic crystal fiber (PCF) NVD gradiometer using a dual-core PCF with 4 µm core-

to-core separation (Fig. 3.2 (b)-(c)).  This was accomplished by manipulating a glass 

slide bearing a ~40 µm diamond microcrystal onto the surface of the cleaved tip of the 

PCF using a three-axis translation stage so that the diamond bridged both cores.  Once 

the diamond bonded with the fiber tip via electrostatic forces, two different techniques 

were attempted to form a permanent bond between the fiber tip and the NVD.  The first 

technique involved applying a drop of optical adhesive to the fiber-NVD junction with a 

needle.  This technique proved to be inadequate because surface tension of the optical 

adhesive would pull the NVD off of the core region.  Thus a second technique was 

developed that involved evaporating the optical adhesive located on a sheet of metal 

underneath the fiber-NVD junction with a heating element.  This allowed the adhesive to 



 

34 

 

build up in the junction over the course of several minutes forming a permanent bond 

between the two.  The gradual buildup of the adhesive prevented a drop from forming on 

the tip, thus avoiding the problem of surface tension pulling the diamond off of the core 

region. 

 

 

 
 

Fig. 3.2  (a) Dual-fiber NVD probe fabricated by affixing two parallel 200 µm diameter 

optical fibers to a single 1 mm NVD crystal at a core-to-core separation of 480 µm.  (b) 

The dual-core PCF used to fabricate the dual-core PCF gradiometer probe.  The cladding 

of this fiber consists of a 9 by 9 grid of air holes with two holes replaced with solid glass 

in the 5th row at columns 4 and 6.  (c) A ~40 µm diamond microcrystal affixed to the 

fiber surface bridging the two cores with an optical adhesive.  Laser excitation 

illuminates the diamond in the two regions covering the core.  

(a) 

(b) (c) 



 

35 

 

3.3 ROOM-TEMPERATURE MAGNETIC GRADIOMETRY WITH FIBER-COUPLED 

NITROGEN—VACANCY CENTERS IN DIAMOND 

 

In this section, a versatile high-spatial-resolution solid-state magnetic 

gradiometer that operates on a fiber platform using the optically detected magnetic 

resonance in NV centers of diamond is demonstrated. An ultracompact design of this 

fiber-based magnetic gradiometer is achieved by integrating an NV-diamond magnetic 

sensor with a two-fiber opto-microwave interface, which couples NV centers to 

microwave and optical fields, used to resonantly drive and interrogate the spin of NV 

centers. This fiber-based magnetic gradiometer is shown to provide a spatial resolution 

below 0.5 mm and a magnetic-field sensitivity at the level of 60 pT∕Hz1∕2. 

The fiber-optic magnetic gradiometer developed in this work consists of a bulk 

NV-center-enriched diamond particle, a pair of optical fibers attached to this diamond 

particle at two different locations, and a two-wire transmission line for the delivery of 

the microwave field. Two identical optical fibers, each having a core diameter of 200 

μm, are attached, using a mechanical manipulator, to an NV-diamond particle with a 

diameter of about 1 mm (Fig. 3.3). The fibers are fixed to the NV-diamond sensor with a 

core-to-core separation d ≈ 480 μm (Fig. 3.4 (a)). 
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Fig. 3.3 Experimental setup: Nd:YAG SH, continuous-wave Nd:YAG laser with second-

harmonic output; MW source, microwave source; PC, personal computer; PD, 

photodetector. 
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Fig. 3.4 (a) A fiber-based magnetic gradiometer integrating an NV diamond sensor with 

a two-fiber opto–microwave interface. (b) An external magnetic field B versus the x-, y-, 

and z-coordinate axes related to the crystal lattice of diamond, with NV axes 1 and 2 

lying in the xy-plane, the z-axis perpendicular to this plane, and the y-axis chosen along 

the bisector of the angle between NV axes 3 and 4 and belonging to the plane defined by 

these axes. (c) Typical ODMR spectra recorded through one of the two fiber channels of 

the fiber gradiometer in the presence of a homogeneous magnetic field B0 ≈ 4.4 mT (red 

line) and 5.7 mT (blue line). (d) The frequencies Ωj (i=1, 2, 3, 4) of the four pairs of the 

Zeeman-shifted peaks in the ODMR spectra plotted as a function of the magnitude of the 

magnetic field: (data points) experimental results and (solid lines) calculations. (e) 

ODMR spectra recorded through the same fiber channel of the fiber gradiometer probe 

with the spatially inhomogeneous component of the magnetic field switched on (red 

line) and off (blue line) with B0 ≈ 4.1 mT. (f) ODMR spectra recorded through the first 

(blue line) and second (red line) fiber channels of the fiber gradiometer in the presence 

of an external magnetic field B = B0+ Bi. 
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In experiments, the laser pump is delivered by the optical fibers to the NVD 

sensor.  An acousto-optical modulator is used to couple 50 mW of the 532-nm second-

harmonic output of a cw Nd:YAG laser into each of the optical fibers attached to the 

NVD sensor, thus providing a parallel optical excitation of NV centers at two different 

locations in diamond. The PL signal from NV centers is then collected by the same 

fibers, enabling differential ODMR measurements (Fig. 3.3). Each optical fiber is used 

to measure the PL signal from NV centers in diamond as a function of the frequency of 

the microwave field delivered through the two-wire transmission line, thus enabling a 

fiber-based differential optical detection of the magnetic resonance (ODMR) of NV 

centers. The gradient of an external magnetic field is then retrieved through a 

comparative analysis of ODMR spectra I1 (Ω) and I2 (Ω) recorded through the first and 

second optical fibers. 

For high-speed, high-sensitivity differential ODMR measurements, a rectangular 

modulation with a frequency fm ≈ 1.13 kHz is applied to the frequency of the microwave 

voltage-controlled oscillator output using a digit-to-analog converter, controlled by 

homemade dedicated software. The frequency of the modulated microwave output 

changes periodically in a rectangular fashion from its minimum at 2.3 GHz to its 

maximum value scanned from 2.5 to 3.1 GHz. A lock-in amplifier is then used to 

retrieve a signal at fm ≈ 1.13 kHz from the overall PL return signal detected by a 

photodiode and boosted by a preamplifier, thus discriminating the modulated spin 

readout against the constant PL background. A 14-bit analog-to-digital converter (ADC) 

was used to digitize the results of measurements and analyze the recorded I (Ω) spectra. 
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Fig. 3.4 (c) presents typical ODMR spectra recorded through one of the two fiber 

channels of the fiber gradiometer in the presence of a homogeneous magnetic field B0 

induced by a homebuilt solenoid, made of a 25.4-mm-diameter iron cylinder wrapped 

with 187 turns of 20-gauge copper magnet wire. The magnetic field induced by this 

solenoid is controlled by varying the dc current through the copper wire up to a 

maximum of 3 A. The ODMR spectra exhibit four well-resolved peaks at the 

frequencies of magnetic resonance, Ωj (j = 1, 2, 3, 4), corresponding to four possible 

orientations of NV centers relative to the lattice of diamond (Fig. 3.4 (b)).  As the 

external magnetic field is increased by increasing the electric current through the 

solenoid, all these magnetic resonances are shifted toward higher frequencies. As can be 

seen from Fig. 3.4 (d), the frequencies Ωi of the peaks in the ODMR spectra measured as 

functions of the external magnetic field B (data points in Fig. 3.4 (d)) agree very well 

with the magnetic-resonance frequencies Ωi calculated by solving the characteristic 

equation for the Hamiltonian Hs (solid lines in Fig. 3.4 (d)), providing an accurate 

calibration curve for magnetic field measurements. 

In the magnetic gradiometry mode, the fiber probe is employed to perform 

differential ODMR measurements in the presence of an external magnetic field 

consisting of a strong spatially homogeneous magnetic field B0 from the above-

described solenoid and a weak spatially inhomogeneous magnetic field Bi induced by a 

magnetized 1-mm-diameter metal needle. Fig. 3.4 (e) contains a plot of ODMR spectra 

recorded through the same fiber of the fiber probe with the spatially inhomogeneous 
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component of the magnetic field switched on and off. The field Bi is seen to give rise to 

detectable changes in the ODMR spectra. 

 Fig. 3.4 (f) contains ODMR spectra I1 (Ω) and I2 (Ω) recorded through two fiber 

channels of the fiber gradiometer in the presence of an external magnetic field 𝐁 = 𝐁0 +

𝐁𝑖. In this experiment, the fiber magnetometer is placed at a distance of about 1 cm from 

the tip of the magnetized needle and oriented in such a way that only the magnitude of 

the magnetic field, but not its direction, changes from one fiber channel to another. The 

magnitudes of the magnetic field retrieved from the I1(Ω) and I2(Ω) ODMR spectra 

presented in Fig. 3.4 (f) are B1 ≈ 0.35 mT and B2 ≈ 0.41 mT, corresponding to a 

magnetic field gradient |Δ𝐵 𝑑⁄ | ≈ 0.12 mT∕mm. 

Figs. 3.5 (a)–(d) display the results of experiments, where the fiber gradiometer 

was placed at a distance of 1–2 mm from the tip of the magnetized needle. In such an 

experimental arrangement, not only the magnitude, but also the direction of the magnetic 

field changes from one fiber channel of the fiber gradiometer to another. Measurements 

performed with and without the spatially homogeneous component of the magnetic field 

are shown by red and blue lines, respectively. The spatially inhomogeneous component 

of the magnetic field retrieved from the ODMR spectra is Bi ≈ 1.4 mT, θi ≈ 3.2°, φi ≈ 50° 

(Figs. 3.5 (a),(c)) and Bi ≈ 1.1 mT, θi ≈ 80°, φi ≈ 2.0° (Figs. 3.5 (b),(d)) for 

measurements performed through the first fiber channel and Bi ≈ 1.2 mT, θi ≈ 7.4°, φi ≈ 

67° (Figs. 3.5 (a),(c)) and Bi ≈ 1.3 mT, θi ≈ 60°, φi ≈ 7.4° (Figs. 3.5 (b),(d)) when 

measured through the second fiber channel. The magnetic fields retrieved from the 
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ODMR spectra and the respective field gradients agree very well with the results of 

calculations for the magnetic field B induced in this experimental geometry.  

 

 

 

Fig. 3.5 ODMR spectra recorded through the first (a), (b) and second (c), (d) fiber 

channels of the fiber gradiometer in the presence of an external magnetic field B= B0+ Bi 

consisting of a spatially homogeneous component with B0 ≈ 0 (blue lines) and B0 ≈ 4.4 

mT, θ0 ≈ 78°, φ0 ≈ 11° (red lines) and a spatially inhomogeneous component with Bi ≈ 

1.4 mT, θi ≈ 3.2°, φi ≈ 50° (a), (c) and Bi ≈ 1.1 mT, θi ≈ 80°, φi ≈ 2.0° (b), (d) at the 

location of the first fiber channel. 
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The limiting sensitivity of magnetic-field detection provided by the fiber 

gradiometer demonstrated in these experiments is estimated as 𝛿𝜂 =

𝜎ℎΔ𝜈(𝐶𝑔μ𝐵)
−1𝑅−1 2⁄  [68], where σ is the line shape factor, Δν is the full width at half-

maximum of the ODMR line, C is the ODMR contrast, and R is the PL photon count 

rate. 

For the parameters of this system, σ ≈ 0.7, C ≈ 0.05, and Δν ≈ 8 MHz, the 

sensitivity was found to be δη ≈ 60 pT∕Hz1∕2, assuming a laser power of 100 mW, the 

density of NV centers of 3 · 1018 cm−3 , and the numerical aperture of the fiber channels 

N ≈ 0.4. 

At this level of sensitivity, the fundamental features of magnetocardiogram of a 

human heart, whose typical amplitude is about 100 pT, can be detected with an 

integration time τ of less than 1 s. 

For the above-specified set of parameters, the lowest magnetic field gradient that 

can be detected using the fiber magnetic gradiometer demonstrated in this work, that is, 

with a spatial resolution of d ≈ 0.5 mm and with τ ≈ 1 s δB∕d ≈ 120 pT∕mm. 

Even lower magnetic field gradients can be detected at a cost of spatial 

resolution. Specifically, in magnetocardiography of human heart, where a resolution of 

5–6 mm would be adequate, magnetic field gradients as low as 10–12 pT∕mm could be 

detected, offering an attractive alternative to magnetic gradiometers based on alkali 

metal vapor cells. 



 

43 

 

In summary, a versatile high-spatial-resolution solid-state magnetic gradiometer 

that operates on a fiber platform using the optically detected magnetic resonance in NV 

centers of diamond was demonstrated. 

An ultracompact design of this fiber-based magnetic gradiometer is achieved by 

integrating an NV-diamond magnetic sensor with a two-fiber opto–microwave interface, 

which couples NV centers to microwave and optical fields, used to resonantly drive and 

interrogate the spin of NV centers. 

This fiber-based magnetic gradiometer is shown to provide a spatial resolution 

below 0.5 mm and a magnetic-field sensitivity at the level of 60 pT∕Hz1∕2. 

The techniques and ideas developed in this section will be utilized in the 

following sections to develop a suitable biocompatible magnetic gradiometer probe.  
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3.4 FIBER-OPTIC VECTORIAL MAGNETIC-FIELD GRADIOMETRY BY A 

SPATIOTEMPORAL DIFFERENTIAL OPTICAL DETECTION OF MAGNETIC 

RESONANCE IN NITROGEN—VACANCY CENTERS IN DIAMOND 

 

In this section, the two-fiber NV-diamond magnetometer scheme presented in 

section 3.3 [22] was used for highly sensitive room-temperature vectorial magnetic-field 

gradiometry. For the highest sensitivity and noise immunity, differential ODMR 

measurements in both space and time were implemented, with magnetic-field gradient 

measurements supplemented with differential ODMR signal detection in the time 

domain, allowing efficient cancellation of low-frequency magnetic-field fluctuations and 

providing a sensitivity of magnetogradiometry at the level of 10−7 nT (nm Hz1 2⁄ )⁄ . 

ODMR measurements are performed (Fig. 3.6) with a fiber probe consisting of 

two fibers with a center-to-center separation of approximately 480 μm attached to an NV 

diamond particle 1 mm in diameter [22]. For the highest sensitivity of magnetic-field 

gradiometry, this two-fiber magnetometer is used in combination with a second 

reference fiber probe, where a single optical fiber is attached to an identical 1-mm-

diameter NV-diamond (left, Fig. 3.6). Optical interrogation of NV centers in diamond 

was provided by a 50-mW, 532-nm second-harmonic output of a Nd: YAG laser. 

Magnetic-resonance excitation of the spin of NV centers was provided by a 3-W 

microwave field, which was delivered to the NV diamond particles via a two-wire 

microwave transmission line integrated into each of the fiber probes [38]. A homebuilt 

solenoid was used to induce a spatially homogeneous bias magnetic field. The bias 
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magnetic field induced by the solenoid, applied normally to the fiber axes, provided a 

comfortable peak separation in ODMR spectra, thus improving the precision of 

magnetic-field measurements, and served as a spatially homogeneous component of the 

magnetic field for magnetic-field gradient measurements. 

 

 

 

Fig. 3.6 Fiber-based magnetogradiometry: (left) the first modality, with two optical 

fibers attached to bulk NV-diamond magnetic-field sensors; (right) the second modality, 

with two optical fibers attached to a bulk NV-diamond magnetic-field sensor: Nd: YAG 

SH, Nd; YAG laser with a second-harmonic output; Preamp, preamplifier; MW source, 

microwave source; PD, photodetector. A microscope image of a two-fiber NV-diamond 

sensor is shown in the central part. 

 

 

This experimental scheme enables two modalities of fiber-format ODMR 

measurements. In the first modality, ODMR measurements are performed using two 

spatially separated NV-diamond sensors coupled to optical fibers, as shown in the left 
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part of Fig. 3.6. In this experimental arrangement, the sensitivity of magnetic-field 

gradient measurements can be improved by increasing the distance between the fiber 

probes, albeit at the expense of the spatial resolution. The data acquisition system in this 

modality includes a photodiode for the detection of the PL signal, a preamplifier, a lock-

in amplifier, and a 14-bit ADC. For a higher sensitivity of magnetic-field gradient 

measurements, the frequency of the microwave field applied to NV centers is modulated 

at 1 kHz, while the resulting electric signal is amplified by a preamplifier, digitized with 

a high-resolution ADC, and detected with a lock-in amplifier. 

In the second modality, ODMR measurements are performed by simultaneously 

probing two sites an NV-diamond sensor through a two-fiber interface connected to the 

NV diamond sensor (right, Fig. 3.6).  In this scheme, laser radiation is delivered by both 

fibers to optically interrogate simultaneously two sites in NV diamond. The PL signal is 

then delivered by the same fibers and is imaged onto a camera in real time.  This 

modality provides a high spatial resolution and a high immunity to noise and temporal 

field fluctuations, which can be efficiently canceled by differential ODMR 

measurements in the time domain. 

With the magnetic field read out in this field-sensing scheme simultaneously 

through two fibers, the results of these measurements are then used to compose a 

vector 𝑮 = (Δ𝐵𝑥 𝛿⁄ , Δ 𝐵𝑦 𝛿⁄ , Δ𝐵𝑧 𝛿⁄ ), where Δ𝐵𝑖 = 𝐵𝑖(𝜉 + 𝛿) − 𝐵𝑖(𝜉), Bi (ζ) is the 

projection of the magnetic field B(ζ) onto the ith coordinate axis (𝑖 = 𝑥, 𝑦, 𝑧) read out at 

the point ζ, and δ is the separation of the two field readout points, defined by the distance 

between the fiber tips in the fiber probe. Reconstructing the full gradient of the magnetic 
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field [69] will then require two-point measurements with two other orthogonal 

orientations of the fiber gradiometer. 

The sensitivity limit of magnetic-field measurements implemented in these 

experiments is determined by the frequency shift δω of a magnetic resonance that can 

still be reliably detected when measured against the instrumental noise. In this 

experiment, ODMR measurements are performed around the frequency ω0 

corresponding to the maximum steepness ∂IPL∕∂ω of the magnetic-resonance contour IPL 

(ω) [25].  The δω parameter can be defined as the change in the microwave frequency 

that shifts the noise trace of the PL signal by at least one standard deviation. A pair of 

typical noise traces of the PL signal from NV diamond measured through the reference 

fiber probe, where a single optical fiber is attached to a 1-mm-diameter NV-diamond 

sensor, is shown in Fig. 3.7 (a). The black trace in this figure corresponds to a 

microwave frequency of 2.861 GHz. The red trace is measured with the microwave 

frequency shifted by 1 kHz. The solid green and blue lines show the mean value of the 

PL signal for these traces. The standard deviation, shown by the dashed lines in Fig. 3.7 

(a), is estimated as σ ≈ 35.7 nT. The sensitivity of magnetic-field measurements 

determined from these measurements is 35.7nT Hz1 2⁄⁄ . 
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Fig. 3.7 (a) A pair of typical noise traces of the PL signal from the NV diamond 

measured through the reference fiber probe, where a single optical fiber is attached to a 

1-mm-diameter NV-diamond sensor. The black trace corresponds to a microwave 

frequency of 2.861 GHz. The red trace is measured with the microwave frequency 

shifted by 1 kHz. The solid green and blue lines show the mean value of the PL signal 

for these traces. The standard deviation is shown by the dashed lines. (b) The PL traces 

recorded through the first (red) and second (blue) fibers of the two-fiber NV-diamond 

magnetogradiometer. The magnetic field is changed in a stepwise fashion at t= 5 s, 8 s, 

13 s, and 17 s by varying the electric current through the solenoid. The trace of the 

differential signal is shown by the black line. 

 

 

Experiments presented in Fig. 3.7 (b) demonstrate that unwanted variations in the 

magnetic field can be canceled in ODMR measurements performed with the two-fiber 

magnetic-field gradiometer (right, Fig. 3.6).  In these experiments, variations in the 

external magnetic field are induced by varying the electric current through the solenoid. 

At t = 4 s, the current through the solenoid is increased by 0.1 A in a stepwise fashion 

and kept at a high level during 3 s, where upon the initial level of the electric current 

through the solenoid is restored. Within the time interval from 13 to 17 s, the electric 



 

49 

 

current is increased again, this time by 0.2 A. The traces of the PL signal measured 

through both fibers attached to the NV-diamond sensor (blue and red curves in Fig. 3.7 

(b)) are seen to follow each other closely. The black curve in Fig. 3.7 (b) shows that 

variations in the magnetic field have been efficiently canceled in the differential signal. 

This experiment proves that high-frequency variations in the magnetic field are canceled 

in the differential signal delivered by the two-fiber NV-diamond magnetogradiometer, 

which reduces the overall noise and eventually improves the sensitivity of magnetic-field 

gradient measurements. A typical sensitivity of fiber-optic magnetogradiometry 

achieved with two fiber-coupled NV-diamond sensors separated by a distance of 5 cm in 

first-modality experiments is on the order of 10−7 nT (nm Hz1 2⁄ )⁄ . 

In experiments presented in Figs. 3.8 (a)-(b), an NV-diamond sensor attached to 

two optical fibers is used for ODMR measurements on an inhomogeneous magnetic field 

induced by the magnetized needle with and without the solenoid-induced homogeneous 

bias field B0 ≈ 2 mT. The magnetic field gradients retrieved from the ODMR spectra 

recorded through the first and second fibers of the two-fiber probe in the presence (Fig. 

3.8 (a)) and in the absence (Fig. 3.8 (b)) of the homogeneous bias magnetic field are 1.46 

and 1.48 nT/nm, respectively. These results show that the background homogeneous 

magnetic field has been canceled in the differential signal with an accuracy of 0.02 

nT/nm.  The ability of this two-fiber NV-diamond sensor to detect steep profiles of 

weak, spatially inhomogeneous magnetic fields is demonstrated by experiments where a 

magnetized needle is used as a source of a rapidly decaying magnetic-field profile (Fig. 

3.6). To illustrate the vectorial properties of the magnetic field and its gradient in such an 
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experimental arrangement, the magnetic field induced by a uniformly magnetized 

cylinder is calculated, whose diameter (0.5 mm) and length (3 cm) are taken in such a 

way as to match the sizes of the magnetized needle used in these experiments. In 

cylindrical coordinates ρ, φ and z, such a magnetic field has two nonzero components, Bρ 

= -μ0∂Φ∕∂ρ and Bz = −μ0∂Φ∕∂z, where Φ is the magnetic scalar potential, B = −μ0∇Φ, 

and μ0 is the vacuum permeability.  Fig. 3.9 (a) contains a map of the vectorial properties 

of the magnetic field (arrows) and its magnitude 𝐵 = (𝐵𝜌
2 + 𝐵𝑧

2)
1 2⁄

 (color coding). As 

can be seen from this map, as well as from Fig. 3.9 (b), the field magnitude B rapidly 

decays with the distance 𝑟 = ((𝜌 − 𝜌0)
2 + (𝑧 − 𝑧0)

2)1 2⁄  from the tip of the magnetized 

needle, located at a point with coordinates ρ0 and z0.  Figs. 3.9 (c)-(d) show the behavior 

of the individual components of the magnetic field, Bρ and Bz (solid lines), and the radial 

part of their gradients, ∂Bρ ∕∂r and ∂Bz/∂r (dashed–dotted lines), calculated as functions 

of the distance r along the lines connecting the points where the field was measured in 

experiments with the tip of the magnetized needle (dashed lines, Fig. 3.9 (a)). 

 

 

 

Fig. 3.8 Spectra of optically detected magnetic resonance measured through the first (red 

line) and second (black line) fibers of the two-fiber NV-diamond magnetogradiometer 

with (a) and without (b) a homogeneous bias magnetic field B0 ≈ 2 mT. 
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Fig. 3.9 (a) The map of the vectorial properties of the magnetic field (arrows) and its 

magnitude (color coding) induced by a uniformly magnetized needle (also shown). The 

dashed lines show the lines connecting the points where the field was measured in 

experiments with the tip of the magnetized needle. (b) The magnitude of the magnetic 

field B (circles and solid lines) and the radial part of its gradient, ∂B∕∂r (circles and 

dashed–dotted lines), as a function of the distance r: (circles) experiment and (solid and 

dashed–dotted lines) calculations. (c), (d) The radial and longitudinal components of the 

magnetic field, Bρ (c) and Bz (d), shown by circles and solid lines, and the radial part of 

their gradients, ∂Bρ∕∂r (c) and ∂Bz∕∂r (d), shown by circles and dashed–dotted lines as 

functions of the distance r: (circles) experiment and (solid lines) calculations (solid and 

dashed–dotted lines). Calculations are performed along the lines connecting the points 

where the field was measured in experiments with the tip of the magnetized needle 

(dashed lines in (a)). 
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The gradients of the Bρ and Bz projections of the magnetic field are retrieved in 

these experiments from the components of the G vector, composed of two-point 

magnetic field readings, as described above. In three representative measurements 

performed with the fiber probe positioned at three different locations in the plane of Fig. 

3.9 (a) at distances r1 = 4.5 mm, r2 = 3.2 mm, and r3 = 1.8 mm from the tip of the needle, 

the G vector sampling gives G1 = (0.29, 0.34, 0.11) mT∕mm, G2 = (−0.87, 0.66, −0.015) 

mT∕mm, and G3 (−0.78, 2.7, −2.4) mT∕mm. As can be seen from Figs. 3.9 (b)-(d), the 

results of these measurements, presented by circles, are in a perfect agreement with the 

calculations, shown by the solid lines for B, Bρ and Bz and by the dashed–dotted lines for 

the radial parts of their gradients, ∂B∕∂r, ∂Bρ ∕∂r, and ∂Bz ∕∂r.  Small discrepancies 

between experimental results and calculations are attributed primarily to deviations of 

the needle from the cylindrical shape and inhomogeneities in needle magnetization. 

To summarize this section, highly sensitive room-temperature vectorial 

magnetic-field gradiometry using ODMR in fiber-coupled NV centers in diamond was 

demonstrated. With a bulk NV-diamond magnetometer coupled to a pair of optical fibers 

integrated with a microwave transmission line, the differential ODMR measurements are 

implemented in both space and time, with magnetic-field gradient measurements 

supplemented with differential ODMR signal detection in the time domain, allowing 

efficient noise cancellation and providing a magnetic gradient sensitivity at the level of 

10−7 nT (nm Hz1 2⁄ )⁄ .   
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3.5 QUANTUM STEREOMAGNETOMETRY WITH A DUAL-CORE PHOTONIC-

CRYSTAL FIBER 

 

In sections 3.3 and 3.4, a dual-fiber regime for measuring magnetic field 

gradients against a high-field background was demonstrated.  The spatial resolution of 

this technology is limited by the core-to-core separation of the two fibers, which is a 

function of the fiber diameter.  In order to improve the spatial resolution of the probe, a 

smaller core-to-core separation is necessary, thereby necessitating either the use of 

smaller fibers or another technology all together.  Commercially available index guided 

fibers are not a viable option due to their large diameters (on the order of ~125 µm) and 

lower acceptance angles.  Thus a single fiber solution in the form of the dual-core PCF 

described in section 3.2 was employed to achieve the requisite higher spatial resolution. 

This type of PCF, known as a “holey fiber,” functions in much the same way as a 

step-index fiber.  The periodic microstructured cladding creates a lower effective index 

of refraction in the cladding region than in the core region [70-72].  This property 

enhances the index contrast, and hence the numerical aperture (NA) of these kind of 

fibers.  The NA is related to the acceptance angle θa, the core index of refraction nco, and 

the cladding index ncl via the relation 𝑁𝐴 = √𝑛𝑐𝑜2 − 𝑛𝑐𝑙
2 = sin 𝜃𝑎.  The NA of PCFs can 

be much higher than the NA in a commercial non-microstructured fiber [73].  The 

acceptance angle of these fibers is therefore larger, and they are able to collect light from 

larger angles than a standard index-guided fiber.  However, the signal collected from 

spatially incoherent light sources like an NVD tends to fall as a function of decreasing 
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core diameter.  This is because the fraction of signal collected within the acceptance 

angle of the fiber is related to the number of spatial modes that the fiber can accept.  The 

number of modes M at a given wavelength λ, fiber core diameter d, and numerical 

aperture NA is described in Eq. 3.13 [70]: 

M ≈
[
πd

λ
NA]

2

2
     (𝑀 ≥ 1) 

In Eq. 3.13, it is obvious that the larger NA of a photonic crystal fiber results in 

more guided modes at a fixed core diameter.  Thus a PCF can operate with a smaller 

core diameter than an index-guided fiber without sacrificing signal collection efficiency.  

This has been exploited in previous work to enhance the signal from NVDs coupled to a 

small core diameter PCF [74]. 

Due to the core-to-core separation of 6 µm, the dual-core PCF probe described in 

section 3.2 is able to characterize weak magnetic fields at ultra-high spatial resolution in 

a room-temperature environment.  This dual-core PCF NVD gradiometer combines all 

of the advantages of the dual-fiber NVD gradiometer demonstrated in sections 3.3-3.4 

into a monolithic biocompatible package that is capable of discriminating weak, spatially 

localized field features against a high-field background. 

A magnetic field gradient is calculated in the same manner as in sections 3.3-3.4 

by collecting an ODMR spectrum from two distinct locations on the NVD surface within 

the proximity of the two cores of the dual-core PCF.  A beam splitter (Fig. 3.10) is used 

to simultaneously couple 5 mW of the 532 nm second-harmonic output of a cw Nd:YAG 

laser into both channels [right inset Fig. 3.10] of the dual-core PCF NVD probe.  A 

microwave wire wrapped around the probe tip provides modulated microwave excitation 

(3.13) 
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necessary for lock-in assisted ODMR measurements.  The PL signal from both cores is 

imaged onto a photodiode coupled to a lock-in amplifier that is referenced to the 

microwave modulation frequency. 

 

 

 

Fig. 3.10 Gradiometer setup consisting of a 300 mW frequency doubled Nd:YAG laser 

and a dual-core PCF NVD gradiometer probe with a core-to-core separation of 6 µm.  

Using a beam splitting optical regime that allows for independent spatial control of each 

beam’s focal spot on the PCF, 5 mW of laser power is coupled into both cores of the 

PCF.  AM/FM microwave excitation (MW Source) is delivered by a two-wire 

transmission line wrapped around the tip of the fiber-probe.  PL signal from the probe is 

collected using a photodiode (PD) coupled to a lock-in amplifier referenced to the 

AM/FM modulation frequency and analyzed with a 14-bit ADC.  A bias field from a 

custom solenoid supplied with 5 A of current is used to induce splitting of the ODMR 

peaks in order to aid data analysis.  A 40 µm copper wire supplied with 195 mA (I) 

provides the field under study and is translated step-wise in approximately 25 µm 

increments in the x-z plane at a fixed distance from the wire of approximately 104 µm in 

the y-axis. 
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The magnetic field sensitivity of the probe is measured using the noise trace 

technique described in section 3.4 [41] by amplitude modulating (AM) the PL signal 

from one core with variable width FM microwave excitation centered at the point of 

highest slope on one peak in the ODMR spectrum (Fig. 3.11 (a)-(b)).  The calculated 

magnetic field sensitivities were approximately 170 nT √Hz⁄  and 360 nT √Hz⁄  for core 

1 and core 2 respectively. 

 

 

 

Fig. 3.11 Magnetic field sensitivities measured using the noise trace technique, 

corresponding to a magnetic field sensitivity of (a) 170 𝐧𝐓 √𝐇𝐳⁄  and (b) 360 𝐧𝐓 √𝐇𝐳⁄  

measured with core 1 and core 2 respectively.  Solid straight line indicates average PL 

amplitude, dashed straight line indicates standard deviation of PL amplitude. 

 

 

ODMR spectra from each core are obtained by amplitude modulating the PL 

signal of that core with a 100 Hz AM microwave source swept in frequency between 2.6 

GHz and 3.1 GHz and coupling the PD output to a lock-in amplifier referenced to the 

(a) (b) 
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AM frequency.  The output of the lock-in amplifier is collected by the ADC and plotted 

versus microwave frequency to generate the ODMR spectrum.  A static bias field from a 

custom built solenoid driven with 5 Amps at a fixed distance from the probe tip is 

provided to separate the ODMR peaks in the ODMR spectrum by a degree sufficient to 

allow analysis of each peak.  The eight ODMR peaks in the ODMR spectrum are each fit 

with a Lorentzian function in order to determine the central frequency of each peak.  

These frequencies are used in Eqs. 3.3-3.7 to determine the magnitude and direction of 

the applied magnetic field measured by each core.  An ODMR spectrum was measured 

through with cores in order to characterize the static bias field in the absence of any 

contributions from the wire.  The bias field was found to have a magnitude of 6062 ± 3 

µT measured by the first core of the gradiometer probe and a magnitude of  6083 ± 3 µT 

measured by the second core, corresponding to a calculated cross-core gradient of 3.5 ±  

0.5 µT/µm induced by the bias field.  Given the presence of a measurable magnetic field 

gradient induced by the bias solenoid, it is important to exclude all orders of the bias 

field contribution to the magnetic field gradient from the gradient induced by the wire 

alone.  Because the location and orientation of the bias field is fixed with respect to the 

NVD on the probe tip, the contribution from the bias field is cancelled by subtracting out 

the bias field measurements from measurements in the presence of both the bias field 

and the wire field.  Thus ODMR spectra are recorded with both cores in the presence of 

both field sources over a 4 by 4 grid of points in the x-z plane at a fixed distance in the 

y-axis.  One additional measurement is made with both cores in close proximity to the 
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wire in the y-axis.  ODMR spectra at this location and at one point in the 4 by 4 grid are 

compared in Fig. 3.12 (a)-(b).  
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Fig 3.12 ODMR spectra recorded at (a) 104 ± 2 µm and (b) 47 ± 0.3 µm radial 

separation from the wire with core 1 (solid black curves) and core 2 (dashed red curves). 

 

 

The total magnetic field magnitude and direction is calculated from the ODMR 

spectra, and the contribution of the bias field is subtracted out.  The radial displacement 

ρ of each measurement point is calculated from the measured field value by using the 

equation the following equation for the magnetic field of a current carrying wire: 

B =
µ0I

2πρ
 

In Eq. 3.14, B represents the scalar magnetic field magnitude, µ0 corresponds to 

the permeability of free space, I is the wire current of 195 mA, and ρ is the radial 

displacement of the measurement point from the wire.  The calculated magnetic field of 

the wire measured from core 1 (solid black curve, Fig. 3.12 (a)) was 371 ± 9 µT and 

(3.14) 

(a) (b) 
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from core 2 (dashed red curve, Fig. 3.12 (a)) was 362 ± 7 µT, corresponding to a radial 

probe displacement of 104 ± 2 µm from the wire. The calculated magnetic field of the 

wire measured from core 1 (solid black curve, Fig. 3.12 (b)) was 824 ± 7 µT and from 

core 2 (dashed red curve, Fig. 3.12 (b)) was 818 ± 8 µT, corresponding to a radial probe 

displacement of 47 ± 0.3 µm from the wire.  Given the translational symmetry of the 

field of a current carrying wire, a z-axis field-profile obtained by averaging the fields 

along the z-axis is used to measure the scalar magnetic field gradient that exists between 

measurements made by core 1 (open circles, Fig. 3.13 (a)) and core 2 (filled circles, Fig. 

3.13 (a)) at each step in the x-axis.  The measured cross-core scalar gradient was 3.6 ± 

5.7 µT/µm (red circles, Fig. 3.13 (a)), 3.2 ± 1.9 µT/µm (orange circles, Fig. 3.13 (a)), 2.5 

± 1.7 µT/µm (green circles, Fig. 3.13 (a)), and 2.1 ± 1.3 µT/µm (blue circles, Fig. 3.13 

(a)) for probe positions of (0 µm,104 µm), (26 µm,108 µm), (53 µm,115 µm), and (81 

µm,109 µm) in the x-y plane respectively.  The locations of these measurements in the 

x-y plane are calculated using the full 3-D vector magnetic field data extracted from the 

ODMR spectra at each point in the vector field equation of a wire: 

Bxx̂ + Byŷ =
μ0I

2π
(−x̂

y

x2 + y2
+ ŷ

x

x2 + y2
) 

In Eq. 3.15 Bx and By are the measured x and y field components of the wire, and x̂ and 

ŷ are the unit vectors in the direction of the x-axis and y-axis.  A scalar gradient along 

the radial axis was also calculated using both cores by taking finite differences between 

the magnetic field values at each of the points in Fig. 3.13 (a) divided by their radial 

separation and plotted versus radial displacement, and was found to obey the appropriate 

-1/ρ2 dependence described by the fitting function (grey dashed line, Figs. 3.13 (b)-(c)). 

(3.15) 
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Fig. 3.13 (a) z-axis average scalar magnetic field values versus radial displacement 

measured with core 1 (open circles) and core 2 (filled circles). Data points colored red, 

orange, green, and blue represent magnetic field measurements performed with the probe 

at (x,y) locations (0 µm,104 µm), (26 µm,108 µm), (53 µm,115 µm), and (81 µm,109 

µm) in the x-y plane respectively. Wire field fit as a function of radial displacement of 

probe represented by dashed grey curve.  Inset figure demonstrates separation in ODMR 

peaks (blue arrows) between core 1 (black curve) and core 2 (red curve) for 

measurements taken at (26 µm, 108 µm). (b), (c) Radial magnetic field gradient 

measured by core 1 (black squares) and core 2 (red squares).  Gradient of wire field fit as 

a function of radial displacement of probe represented by dashed grey curve.  (d) Graph 

of scaled magnetic field vectors measured by core 1 (solid arrows) and core 2 (dashed 

arrows).  Vector colors correspond to measurement locations described in (a), with the 

addition of the color violet corresponding to a measurement at the (x, y) location of (10 

µm, 46 µm).  Location of measurement points measured in µm displacement from scale 

model of wire (grey disk), colored circles represent location of measurement points.  

Current flows through wire into the page.  Black dashed lines are radial separation 

between center of wire and approximate position of probe (black circles). 
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If the location of two measurement points is within a standard error in radial 

displacement from the source, the scalar gradient fails to be an effective tool at 

measuring an inhomogeneous field with high resolution, as seen in measurements in (red 

circles, Fig. 3.13 (a)).  However, a vector field measurement can often overcome this 

limitation because the field at points equidistant from an inhomogeneous source can still 

have measurably different vector components.  A z-axis profile of the magnetic vector 

field around the wire demonstrates the utility of vector measurements in measuring a 

field with high resolution.  In Fig. 3.13 (d), the violet vector arrows corresponding to the 

magnetic field vectors associated with the measurement in Fig. 3.12 (b) lie within an 

error in position of each other but have measurably different components (Bx,By,Bz): 

(810±9 µT,-148±8 µT,-10±6 µT) and  (788±9 µT,-218±8 µT,3±6  µT)  for vectors 

measured by core 1 in (solid curves, Fig. 3.12 (b)) and core 2 in (dashed curves Fig. 3.12 

(b)) respectively.  

To summarize this section, a PCF-platform monolithic magnetic vector 

gradiometer with 170 nT √Hz⁄  of magnetic field sensitivity capable of measuring 

magnetic field gradients with 6 µm resolution and accuracies of up to 10 µT in the 

presence of a bias field three orders of magnitude larger than the field under study was 

demonstrated. 
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4. CONCLUSION 

The ultimate objective of this research is to create minimally invasive 

biocompatible fiber probes for in vivo temperature and magnetic field diagnostics.  To 

that end, a step by step guide to the fabrication of ultra-compact NVD fiber-optic 

thermometers, magnetometers, and gradiometers has been presented; their unique 

properties have been demonstrated and these probes have been tested in real world 

environments where high spatial resolution and high sensitivity are requisite. 

A high accuracy fiber-optic thermometer was developed by incorporating an 

NVD onto the tip of an optical fiber with integrated microwave transmission lines.  The 

NVD was interrogated optically through the fiber and an ODMR measurement regime 

was used to make temperature measurements and demonstrate an accuracy of up to 20 

mK.  By decreasing the diameter of the NVD used to create the probe, it is possible to 

produce a fiber-optic thermometer capable of performing temperature measurements 

with a spatial resolution on the scale of 30 µm.  Resolutions on this order are necessary 

to determine temperature gradients across individual cells in a living tissue. 

Dual-fiber magnetic gradiometer probes with a maximum sensitivity of 40 

nT √Hz⁄  were developed by attaching a single bulk NVD to the tip of two optical fibers 

with an integrated microwave transmission line.  The NVD was interrogated optically 

through both fibers using the ODMR technique in order to measure the magnetic field at 

two points on the diamond.  These measurements were used to calculate magnitude and 

direction of the magnetic field gradient across the diamond, allowing for magnetic 

gradient measurements with 480 µm spatial resolution. 
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The demonstrated magnetic field gradient measurements are free of spatially 

homogeneous magnetic field noise.  Elimination of temporal noise has also been 

demonstrated.   These gradient measurements allow for discrimination of weak magnetic 

fields against magnetically noisy environments inherent to the in vivo nature of the 

desired realm of applications. 

Finally, a dual-core PCF NVD gradiometer with a maximum sensitivity of 

approximately 170 nT √Hz⁄  and a 6 micron spatial resolution was demonstrated.  This 

probe presents a convergence of ongoing efforts towards the development of a high-

sensitivity, high spatial resolution vector stereomagnetometer in a monolithic, 

biocompatible platform. 
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