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Nanoscale sensing and imaging tools are the most emerging techniques in fields of 

nanoscience research and engineering.  To demonstrate nanoscale sensing and imaging 

tools, it is required to achieve high sensitivity and spatial resolution simultaneously.  

By fulfilling the requirements, this thesis describes mainly two different scanning 

applications employing quantum probes and nanoparticle positioning technique using 

fluid flow control. 

 

   First, we develop a method that can systematically probe the distortion of an emitter’s 

diffraction spot near a nanoparticle in a microfluidic device.  The results provide a 

better fundamental understanding of near-field coupling between emitters and 

nanophotonic structures.  We demonstrate that by monitoring the distortion of the 

diffraction spot we can perform highly accurate imaging of the nanoparticle with 8 nm 

spatial precision. 



  

  Next, we develop a method to perform localized magnetometry in a microfluidic 

device with a 48 nm spatial precision.  We map out the local field distribution of a 

magnetic nanoparticle by manipulating it in the vicinity of an immobilized single NV 

center and optically detecting the induced Zeeman shift with a magnetic field 

sensitivity of 17.5 µT Hz-1/2. 

 

  Finally, we introduce a scanning magnetic field technique that employs multiple NV 

centers in diamond nanocrystals suspended in microfluidic channels.  This technique 

has advantages of short acquisition time over wide-field with nanoscale spatial 

resolution.  The advantages make our technique attractive to a wide range of magnetic 

imaging applications in fluidic environments and biophysical systems. 
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Figure 29: (a) Calculated magnetic field intensity of a magnetic dipole as a function 

of distance.  Open white circles represent experimentally sampled positions of the 

magnetic field.  (b) Measured magnetic field at the various positions represented by 

the open circles in panel a.  Error bars denote the 95% confidence bound of the 

Lorentzian fit to the ESR spectra.  The red curve represents the theoretically 

calculated magnetic field for the magnetic particle, assumed to be a magnetic dipole.
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Chapter 1: Introduction 
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1.1 Motivation 

 

 

  Nanoparticles possess unique properties allowing for use in a wide range of 

applications from science to engineering.  For examples, metal nanoparticles have been 

used in bioimaging [1-3], chemical reactions [4, 5] and plasmonics [6-8].  The reaction 

of magnetic nanoparticles to a magnetic force has been utilized in applications such as 

drug delivery [9, 10], cell sorting [11, 12] and magnetic resonance imaging [10, 13].  

To study and utilize the nanoparticles, it is required to develop nanoscale sensing and 

imaging techniques.  To probe the nanoparticles with high spatial resolution, the size 

of sensors is demanded in nanoscale.  Quantum probes are ideal platforms for the 

nanoparticles due to their size.  To take advantage of the quantum probes, nanoparticle 

positioning techniques are required that can position the interesting nanoparticle to the 

quantum probe with nanoscale precision.  Optically tracking the quantum probe and 

the nanoparticle allows us to explore nanoscale physics.  In this chapter, I discuss the 

super-resolution microscopy which is able to image the nanoparticles with nanoscale 

resolution, the nanoparticle positioning technique using fluid flow control and the 

nitrogen-vacancy color center in diamond crystals. 
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1.2 Super-resolution microscopy 

 

 

  Optical microscopy allows to observe objects that are smaller than we can see with 

simple operation and low expense.  Due to the advantages, the optical microscope has 

become an essential tool to study chemistry, biology and materials science.  The spatial 

resolution of the microscope, however, has reached a fundamental limit due to the 

optical diffraction effect [14].  The minimum feature size which can be resolved with 

the microscope is 

 

 𝑑 =  
𝜆

2𝑛 sin Ө
 (1) 

 

, where 𝜆 is the wavelength of light and 𝑛 sin Ө is the numerical aperture (NA) of the 

objective lens.  Base on the experiment setup used in this thesis, for example, the 

theoretical resolution is expected as good as 214 nm with 𝜆 of 620 nm and NA of 1.45.  

As scientists have focused on extremely small objects such as cells, molecules and 

nanoparticles, this optical diffraction limit has remained to be developed for many 

years. 

 

  Super-resolution optical microscopy has emerged as a technique to overcome the 

diffraction limit of light and provide imaging resolution better than 10 nm [15-20].   

The super-resolution techniques utilize tiny isolated emitters (e.g., quantum dots and 

dyes) placed at or near the object surface.  The fluorescent emission will be formed a 

diffraction-limited spot and projected onto the CCD over multiple pixels [21].  To 
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localize the emitter position, the diffraction-limited images are analyzed by fitting to a 

two-dimensional Gaussian function.  This approach allows us to track the centroid 

position of the individual emitter much better than diffraction limit based on the 

collected photon numbers, the width of diffraction-limited spot, the pixel size and the 

background noise [21, 22].  By repeating the process over many cycles, we can 

construct a high-resolution optical image of the nanoscale object by plotting all of the 

centroid positions. 

 

  This technique has emerged as a versatile approach for attaining sub-wavelength 

information in a broad range of applications in biology [23-26] and chemistry [5, 27-

29].  More recently, a number of works have applied super-resolution imaging 

techniques to probe photonic nanostructures such as metallic hot spots [22, 30, 31], 

nanowires [32, 33], nanoparticles [34, 35] and nanoantennas [36, 37].  These techniques 

have imaged the local density of states of nanostructures with reported spatial precision 

that is finer than 50 nm [33, 38].  In nanophotonic systems, the centroid positions are 

less correlated to the actual position of the emitter due to the near-field coupling 

between the dipole emission and the nanostructure, and will be discussed in more detail 

in the chapter 2. 
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1.3 Microfluidic nanoparticle positioning 

 

 

1.3.1 Overview 

 

 

 

The ability to control position of individual nanoparticles at the nanoscale is of 

substantial interest in nanoscience.  Such a technique is essential for a broad range of 

applications in the fields of nanofabrications [39], electronics [40], photonics [41, 42], 

quantum information [43, 44] and biology [45].  In particular, combining a nanoscale 

manipulation technique with a quantum probe could enable to build nanoscale sensing 

and imaging systems which is emerging field of nanoengineering.  To accomplish 

nanoscale positioning, wide verity approaches have been developed and improved.  

These approaches fall into mainly two categories depending on the requirement of 

physical contacts to the nanoparticles.   

 

In the positioning techniques involving physical contact, sharp mechanical tips are 

used to pick and place nanoparticles [46].  These techniques generally provide high 

resolution AFM images using the same mechanical tip to position the nanoparticles 

[47].  However, the mechanical tips require appropriate chemical electrical properties 

to interact with the nanoparticles and provide limited reproducibility of positioning. 

Moreover, the mechanical contacts can change the properties of the nanoparticles or 

damage the nanoparticles during the positioning [48]. 
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  Optical tweezers use optical gradient forces of a laser to manipulate objects without 

physical contacts [49, 50].  Those optical gradient forces make possible to trap an object 

in the three-dimensional potential, rotate the trapped object along the polarization and 

move it by translating the trap laser.  However, the required trapping force depends on 

the volume of the object [51].  As a result, trapping nanoparticles are challenging due 

to the small size.  The optical gradient force is exerted to the all the nanoparticles in the 

laser beam and aggregate them at the center of the beam.  For nanophotonic 

applications, the trapping laser can complicate the optical measurements.  Furthermore, 

the trapping laser can locally heat up the sample, resulting in unwanted chemical 

interactions and damages to biological samples [52]. 
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1.3.2 Fluid flow positioning 

 

 

  In this thesis, electroosmotic flow technique is adapted to control individual 

nanoparticles suspended in a microfluidic channel [53].  Figure 1 illustrates operation 

principle of the fluid flow positioning.  In microfluidic channel, an electric field 

induced by electrods actuates a layer of ions at the surface of the channel.  The ion 

motion flows the fluid in the microfluidic channel.  This mechanism moves any 

particles suspended in the microfluidic channel along with the surrounding fluid. 

 

  The key advantage of fluid flow techniques is that the manipulation is possible without 

damages to the nanoparticles, since it is the background fluid which drags the 

nanoparticles.  With this technique, manipulation of a variety of nanoparticles is 

 

 

Figure 1: Illustration of operation principle of the fluid flow positioning.  

Electroosmotic flow moves any particles suspended in the fluid. 
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feasible regardless of size and material of the nanoparticles.  A fluid chemistry has been 

engineered to play an important role in the positioning.  By adding rheology modifier 

to the fluid, the viscosity of the fluid is increased to reduce the diffusion motion of the  

nanoparticles [54].  A water-soluble multifunctional acrylic monomer makes the 

nanoparticles confined at the surface of the microfluidic channel [55].  Consequently, 

the fluid flow techniques effectively manipulate the nanoparticles along the surface of 

the microfluidic channel. 
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Two-dimensional positioning is available with a cross shape microfluidic channel 

[56].  Figure 2 illustrates that a nanoparticle is being positioned in the control area of 

the cross microfluidic channel.  There are four electrodes at the end of each channel, 

applying electric fields to the microfluidic channel in four different directions.  

Composing different combinations of the four actuation directions, the microfluidic 

device can position the nanoparticle toward any direction.  

 

  

 

 

 

Figure 2: Schematic of microfluidic device for 2D control of nanoparticles.  The 

cross shape microfluidic channel enables 2D positioning of the nanoparticles 

using four electrodes. 
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1.3.3 Active feedback positioning 

 

 

  In order to achieve active positioning of the nanoparticles, the fluid flow positioning 

techniques combine with a vision-based feedback control system as illustrated in Figure 

3.  The image of interesting nanoparticle is projected onto a CCD camera using a 

microscope.  The tracking algorism determines the current position of the nanoparticle 

 

 

 

Figure 3: Illustration of active feedback positioning system. The control 

algorithm analyzes the image of the nanoparticle and control the nanoparticle by 

applying voltages to the electrodes. 
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in real time by fitting the CCD image to a point-spread function [21].  The control 

algorism, then compares the current position of the nanoparticle to the desired location 

and calculates a combination of four voltages required to actuate the nanoparticle.  By 

applying appropriate voltage to each electrode, the positioning technique is enable to 

move the selected nanoparticle to the desired location [57].  This process can go into a 

continuous loop and repeatedly control the nanoparticle to trace a predefined path or to 

hold at a place with nanometric precision [54]. 
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1.4 Nitrogen-vacancy color center 

 

 

1.4.1 Overview 

 

 

  Diamond is the hardest material due to the tetrahedral structure of carbon atoms.  

There is a wide variety of atomic defects in diamond crystals with unique properties.  

The nitrogen-vacancy (NV) color center is one of atomic defects in diamond crystal 

structure.  Two adjacent carbon atoms are removed from the diamond lattice and a 

nitrogen atom occupies one site while the other site is vacant (Figure 4).  Involving an 

additional electron in the vacancy site, the six electrons associated make the NV center 

as a spin 𝑆 = 1  system.  The negatively charged NV center is notably studied 

throughout this thesis and NV center will refer to the negatively charged state. 

 

  The NV center can occur naturally or artificially in the diamond crystals.  Since 

nitrogen is the most abundant element, nitrogen is also the most common impurity in 

natural diamonds.  To engineer concentration of NV centers in diamond, nitrogen 

impurities are introduced to the diamond crystals by doping the CVD grown diamonds 

[58-60] or ion implantation [61-63].  However, a small fraction of nitrogen impurities 

creates a form of NV centers [64].  Annealing process enhances the probability of NV 

centers by diffusing vacancies to the nitrogen impurities [65, 66]. 
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  The NV center has been extensively investigated due to the remarkable properties.  

The NV center is a single photon emitter and shows reliable photo stability, unlike other 

fluorophores such as quantum dots and dyes [67, 68].  The NV center has a spin-triplet 

state with long spin coherence time, even at room temperature [69, 70].  The spin states 

are optically addressable [71, 72].  There are advantages inherited from diamond such 

as hardness and chemical and thermal stability, which make the NV center 

biocompatible [73].  The NV center can occur in any size and shape of diamond.  These 

 

 

 

Figure 4: Atomic structure of the NV center in diamond lattice. The blue 

spheres with letter of “C” are carbon atoms. The red sphere with letter of “N” 

represents a nitrogen atom and the white sphere with letter of "V" indicates the 

vacancy site.  
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advantages make the NV center as a promising platform for quantum information, 

biotechnology and quantum sensing.  
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1.4.2 Electron spin resonance 

 

 

To understand electron spin properties of the NV center, this thesis discusses a 

simplified energy level structure of the NV center (Figure 5).  The NV center works as 

three level system.  The energy level structure of the NV center is consist of a spin 

triplet ground state, excited bright state and excited dark state.  In the ground state, 

 

 

 

Figure 5: Simplified energy level structure of the NV center.  The ground state is 

a spin-triple and shows a zero-field splitting of 2.87 GHz between the ms = 0 and 

the ms = ±1 states.  The excited bright state is separated from the ground states by 

637 nm.  Zeeman effect splits ms = ±1 states into two directly proportional to the 

external magnetic field B, where the g = 2, electron g-factor and µb is Bohr 

magneton. 
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there is a zero field splitting (D ≈ 2.87 GHz) between the ms = 0 and the ms = ±1 due to 

spin-spin interactions. 

 

  The NV center has a strong optical transition between the ground ms = 0 state and the 

excited bright state with a zero phone line at 637 nm.  However, there is a non-radiative 

transition associated with the excited dark state.  Under optical excitation, electrons 

from the ground ms = ±1 state decay non-radiatively toward the ground ms = 0 state 

through the excited dark state.  As a result, the ground spin state is polarized to the ms 

= 0 state with the unpopulated ms = ±1 state. 

 

  Microwave signal corresponding to the electron spin resonance (ESR) frequency 

pumps electrons from the ms = 0 state to the ms = ±1 state.  This microwave transition 

causes an increase of non-radiative decay through the excited dark state.  Under 

constant power excitation laser, applying microwave signal results in reduction of 

photoluminescence intensity of the NV center due to the non-radiative decay path.  

Therefore, scanning microwave frequency enables to optical detection of the spin 

states.  Figure 6 shows measured fluorescence intensity of the NV center as a function 

of the microwave frequency.  When the microwave signal is on resonance with the NV 

center, the fluorescence intensity is reduced.  
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Figure 6: ESR spectrum of a single NV center without external magnetic fields.  

PL intensity of the NV center is reduced at electron spin resonance frequency of 

2.87 GHz.  The negative peak is separated due to the strain in diamond 

nanocrystal. 
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1.4.3 Optical magnetometry 

 

 

  The two ground ms = ±1 states are indistinguishable and degenerate in energy at zero 

magnetic field.  When external magnetic fields are applied to the NV center along the 

direction of the nitrogen to the vacancy, the degeneracy of two spin states is lifted.  The 

Zeeman effects separate the ground ms = ±1 state into two directly proportional to the 

magnetic field intensity.  There are two electron spin resonance frequencies 

corresponding to the two spin states distinguishable in energy.  Figure 7 shows optically 

detected electron spin resonance with a constant external magnetic field.  The two 

microwave frequencies at the minimum fluorescence intensity indicate the two ground 

 

 

 

Figure 7: ESR spectrum of a single NV center with static external magnetic field.  

PL intensity of the NV center is reduced at two different spin resonance 

frequencies.  The frequency separation between the two negative peaks is 

proportional to the applied magnetic field. 
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spin states split by Zeeman effects.  We can detect the applied magnetic field to the NV 

center by measuring the frequency separation of the two spin states. 

 

  These properties enable highly sensitive NV-based magnetic field sensors with 

nanoscale spatial resolution [74-78], in contrast to other types of magnetic field sensors 

that achieve excellent field sensitivity but whose size is typically on the order of tens 

of microns or larger [79-81].  NV magnetometry has been deployed in a variety of 

applications such as detection of nanomechanical oscillations [82], readout of magnetic 

data [83, 84], monitoring ion concentrations [85-87], and magnetic imaging [88, 89].  

NV centers in diamond are also bio-compatible [90-92] and can thus serve as biological 

sensors [93-95].  This capability has motivated recent efforts to manipulate and control 

a diamond nanocrystal hosting an ensemble of NV centers [96] and a single NV center 

[38] in a liquid environment using optical trapping techniques.  
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1.5 Outline of the Thesis 

 

 

  In this thesis, I present mainly two different applications using quantum probes 

combined with fluid flow nanoparticle positioning technique.  Chapter 2 describes 

super-resolution imaging of a gold nanosphere using distortion information of far-field 

diffraction spot of a single quantum dot.  Chapter 3 introduces a polarization dependent 

tracking technique for super-resolution microscopy of gold nanorods.  Chapter 4 

demonstrates a microfluidic device which is able to map the magnetic field profile of a 

magnetic nanoparticle using a single NV center.  Chapter 5 presents a nanoscale 

magnetic sensing technique using ensemble of NV centers with CCD camera images.  

Chapter 6 concludes by discussing future applications of nanoscale sensing and 

imaging applications in a microfluidic device.  
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Chapter 2: Super-resolution imaging of gold nanosphere 
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2.1 Introduction 

 

 

  Super-resolution imaging of nanostructures often relies on the ability to track an 

emitter near a metallic or high dielectric surface.  Such surfaces can significantly 

complicate the ability to precisely track a particle [97, 98].  Recent work demonstrated 

that near the surface of a silver nanowire, an emitter induces an image dipole that 

significantly distort the tracking accuracy [99].  Nanoparticles can distort the 

diffraction spots in even more ways, because they can efficiently scatter light that is 

hard to distinguish from the emitter itself.  The effect of the nanoparticle on the tracking 

accuracy is difficult to study, however, because the actual position of the emitter is 

usually not known.  For this reason it has been extremely difficult to ascertain the 

magnitude of these distortions. 

 

  In this chapter, we demonstrate that nanoparticles can significantly distort the tracking 

accuracy of a single emitter when performing super-resolution imaging.  We develop a 

method that can systematically probe the distortion of an emitter’s diffraction spot near 

a nanoparticle.  This method allows us to quantitatively examine the distances as well 

as the directions of displacements in the centroid positions.  We show that a 

nanoparticle can displace the diffraction spot of the emitter by more than 35 nm, which 

is much greater than the expected accuracy of the emitter tracking algorithm [100].  

Large position displacement occurs even at distance of up to 300 nm from the 

nanoparticle position.  Somewhat surprisingly, the presence of the nanoparticle causes 

the position of the emitter to appear pushed away from the surface.  This result is 
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contrary to conventional wisdom that the emitter is a strong scattered that will pull the 

emitter’s diffraction spot closer to the surface [36, 101, 102].  We use full-wave finite-

difference time-domain (FDTD) calculations to show that this is indeed the expected 

behavior at large distances from the nanoparticle, while at very small distances the 

diffraction spot is pulled in due to bright nanoparticle scattering.  Finally, we 

demonstrate that by monitoring the distortion of the diffraction spot we can perform 

highly accurate imaging of the nanoparticle.  Our results provide a better fundamental 

understanding of near-field coupling between emitters and nanostructures and offer a 

promising route towards highly accurate super-resolution imaging of nanostructures.  
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2.2 Description of imaging approach 

 

 

  Figure 8 illustrates our measurement approach.  We immobilize a single emitter on 

the surface of a microfluidic channels.  In this way, we can ensure the actual position 

of the emitter.  We manipulate a metallic nanoparticle suspended in the microfluidic 

channels near the immobilized emitter.  In order to position the nanoparticle, we use 

 

 

 

 

Figure 8: Schematic of experimental setup.  A single quantum dot (QD) is 

immobilized on the PMDS surface of a microfluidic device.  A gold nanosphere 

(AuNS) with diameter of 150 nm is controlled near the QD along the PDMS 

surface using fluid flow positioning technique. An objective lens is placed outside 

of the microfluidic device and collects the photoluminescence signals from both 

of the QD and the AuNS.   

 



 

 

25 

 

microfluidic flow control [57].  This technique enables us to position the nanoparticle 

with nanoscale accuracy by controlling the surrounding fluid.  We then track the 

position of the emitter as a function of the position of the nanoparticle.  This 

measurement approach enables us to observe any distortion to the centroid position 

induced by the presence of the nanoparticle.  
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2.3 Experimental procedure 

 

 

  In our experiments, we define microfluidic channels with a molded block of 

polydimethylsiloxane (PDMS) attached on a glass cover slip.  We deposit a dilute 

concentration of quantum dots (CdSe/ZnS) on the PDMS surface by a spin-coating 

method.  We then fill the microfluidic channel with the viscous fluid containing 

suspended gold nanospheres with average diameter of 150 nm.  Our engineered fluid 

pushes the suspended gold nanospheres to the PDMS surface where the quantum dots 

are located.  We employ a vision-based feedback control system to deterministically 

position the gold nanosphere at various locations close to the quantum dot along the 

PDMS surface.  We have described the full details of the microfluidic device and the 

fluid flow control approach in previous works [54, 55, 103].     

 

In order to track the position of the quantum dot and gold nanosphere, we use a home-

built inverted wide field microscope.  We illuminate the sample and collect emission 

with a 100x oil-immersion objective with a numerical aperture of 1.45.  We excite the 

quantum dot with a 532 nm laser and collect the fluorescence emission at around 620 

nm.  We image the nanosphere using a halogen white-light source.  We focus both the 

laser beam and the white light to illuminate a 20 µm diameter spot.  We collect the 

resulting fluorescence with the same objective and project images of the two objects 

onto an electron multiplying charge coupled device (EMCCD) camera.    
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  In order to monitor the distortion of the diffraction spot of the quantum dot induced 

by the gold nanosphere, we must accurately track both objects even when they are 

sufficiently close so that their diffraction spots overlap.  To achieve this crucial 

requirement, we apply a stroboscopic imaging method.  We interleave the white light 

and excitation laser, synchronized with the camera frame rate of 10 Hz, as depicted in 

Figure 9.  When the white light is on and the excitation laser is off, we measure the 

position of the gold nanosphere.  We subsequently turn off the white light and turn on 

the excitation laser to image the diffraction spot of the quantum dot.  Both the excitation 

laser and white light illuminate the sample for a 50 ms duration.  The two continuous 

images taken under different illuminations contribute a single measurement data point.  

By repeating this procedure, we can track the quantum dot and the gold nanosphere in 

 

 

 

Figure 9: Measurement sequence of experiment. CCD camera is synchronized 

with 532 nm laser and white light. CCD camera exposes for 100 ms each frame 

and 532 nm laser and white light are opened for 50 ms. 

 

 



 

 

28 

 

the alternative camera frames and correlate the diffraction patterns of the quantum dot 

with the positions of the gold nanosphere. 

  

  Figure 10a,b are two consecutive camera images of an immobilized quantum dot and 

a nearby gold nanosphere (separated by 335 nm) taken under the excitation laser and 

the white light respectively.  We focus on a 21 x 21 pixel area (~2.7 x 2.7 μm2) around 

the collected emission or scatter signal and then fit each diffraction spot to a two 

dimensional Gaussian point-spread function to determine the centroid position.  We 

indicate the centroid positions of the quantum dot (gold nanosphere) using a cross 

marker in green (blue).  We do not observe any measureable signal from the nanosphere 

 

 

 

Figure 10: CCD camera images of QD and AuNS with excitation laser (a) and 

white light (b), respectively.  Green cross marker represents the centroid position 

of QD and blue cross marker represents the position of AuNS.  Distance between 

the QD and the AuNS is 335 nm.   
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when we image the quantum dot, nor do we observe any emission from the dot when 

imaging the nanosphere.  We can therefore track both particles independently.  

   

  We determine the accuracy of the tracking algorithm by tracking positions of the 

immobilized quantum dot in the absence of gold nanospheres continuously for 4 

minutes.  Figure 11a is a scatter plot showing the accumulated centroid positions of the 

quantum dot in blue.  Figure 11b,c plot a histogram of the measured quantum dot 

positions along the x and y coordinates respectively.  By calculating the standard 

deviation of the histogram distribution, we determine the spatial precision of our 

tracking algorithm to be 8 (9) nm along the x (y) directions.  This spatial precision is 

 

 

 

Figure 11: (a) Scatter plot of tracked positions of immobilized QD without 

AuNS nearby. Red circle represents actual position of QD. (b,c) Histogram of 

(a) along x (y) coordinates. Standard deviation is 8 (9) nm in x (y) axis. 
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limited by system vision noise, which includes a combination of camera read noise and 

multiplication noise, as well as shot noise of the emitter [33].  

  

  In order to probe the diffraction spot distortion induced by a gold nanosphere, we 

raster the position of the gold nanosphere over an area comprising a circle with a radius 

of 500 nm centered on the immobilized quantum dot.  A set of scanning takes typically 

several tens of minutes.  During this raster scanning, the mechanical vibration and the 

sample stage instability can cause slow drift of the microfluidic device resulting in 

inaccurate tracking of the emitter and the nanoparticle.  To correct the sample drift, we 

use an immobilized gold nanoparticle as a position marker which is deposited on the 

PDMS surface prior the filling the microfluidic channels.  We compensate the lateral 

position drift by tracking the position marker along with the quantum dot and the gold 

nanosphere simultaneously.  We eliminate the effect of the vertical drift by filtering out 

the probing data when the position maker is out of focus.  This three dimensional drift 

correction enables us to accurately probe the distortion of the diffraction spot.  We 

apply the correction method throughout the experiment including the data shown in 

Figure 11.  

 

In the tracking, we monitor the quantum dot and the gold nanosphere in alternative 

camera frames.  Therefore, probing accuracy of our approach is highly related to how 

slowly move the gold nanosphere from one location to next location.  We measure the 

positioning speed of the gold nanosphere in our probing measurements.  We note that 

the positioning is performed uniformly over the probing area.  The dominant 
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positioning speed is 7 nm/frame which is finer than the spatial imaging accuracy of 8 

nm.  87 % of overall probing data is taken at the positioning speed slower than 14 

nm/frame.  The results ensure that we can track the quantum dot and the gold 

nanosphere simultaneously with spatial resolution well below the diffraction limit. 
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2.4 Displacement in centroid positions of emitter 

 

 

We monitor the position of the quantum dot and the gold nanosphere to measure the 

diffraction spot displacement caused by the nanosphere.  We define the displacement 

of the centroid position along the x and y axes as ∆𝑥 =  𝑥̃ −  𝑥0  and ∆𝑦 =  𝑦̃ − 𝑦0 

respectively, where 𝑥0 and 𝑦0 are the x and y coordinates of the measured quantum dot 

position when the gold nanosphere is far away, and 𝑥̃ and 𝑦̃ are the x and y coordinates 

of the centroid position of the quantum dot.  Figure 12a,b show the measured ∆𝑥 and 

∆𝑦 as a function of  the quantum dot position relative to the gold nanosphere is at the 

center.  We also define the displacement distance as ∆𝑟 =  √∆𝑥2 +  ∆𝑦2.   

 

 

 

 

Figure 12: Scatter plot of measured Δx (a) and Δy (b) as a function of QD 

position relative to AuNS position respectively. 
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We generate reconstructed images by taking a Gaussian-weighted spatial average of 

the raw data shown in Figure 12.  The Gaussian function is centered at the location of 

the pixel and the standard deviation is set to 8 nm, which is corresponding to the spatial 

precision of our tracking algorithm.  Figure 13a-c are the reconstructed images of ∆𝑥, 

∆𝑦 and ∆𝑟 as a function of the quantum dot position relative to the gold nanosphere at 

the center.  The black lines indicate the surface of the gold nanosphere which 

corresponds to the typical diameter of 150 nm. 

 

  Figure 13a-b show that the quantum dot centroid can shift by more than 35 nm in the 

presence of the gold nanosphere.  The centroid displacement occur even at distance of 

up to 300 nm from the gold nanoparticle position.  The direction of the displacement is 

always away from the nanosphere, contrary to the apparent diffraction spot shifts 

towards the plasmonic structure which the emitter is coupled.  Figure 13c plots ∆𝑟, 

which is symmetrical about the center position of the gold nanosphere, indicating that 

the diffraction spot always shifts away along the direction orthogonal to the surface of 

the gold nanosphere.  This behavior is expected due to the rotational symmetry of the 

gold nanosphere geometry.  

 

  We compare our experimental results to numerical calculations based on finite-

difference time-domain (FDTD) simulation.  We simulate a gold nanosphere with 150 

nm diameter and three dipole sources oriented orthogonal each other.  The background 

index is set to 1.4 which corresponds to the refractive index of fluid and the PDMS.  

We monitor the radiation patterns of the dipoles by collecting the electric field within 
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in the collection angles of 1.45 numerical aperture.  We repeat the FDTD simulation at 

various lateral distances between the dipole sources and the nanosphere, while keeping  

the vertical separation to 40 nm.  Figure 13d-f plot the calculated results corresponding 

to the measurement data in Figure 13a-c.  The numerical calculations show good 

agreement with the measured displacements profile at large distances from the gold 

nanosphere.  The calculations show that at very close distances to the center of the gold 

nanosphere, the diffraction spot shifts towards the center of the gold nanosphere instead 

of being pushed away.  We attribute this effect to large coupling strengths which induce 

bright nanoparticle scattering.  Although we observe this displacement at very small 

distances (Figure 14), it is not noticeable in the color maps shown in Figure 13a-c due 

to the small contrast.  
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Figure 13: (a-c) Gaussian spatial averaged images of Δx (a), Δy (b) and Δr (c) as 

a function of QD position relative to AuNS position respectively.  (d-f) FDTD 

simulation results corresponding to the (a-c) respectively.  Scale bar is 100 nm.  

The black lines indicate the surface of the gold nanosphere with diameter of 150 

nm.  
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Figure 14: (a) Measured Δx along the x axis across the origin shown in Figure 

13a. (b) Measured Δy along the y axis across the origin shown in Figure 13b. 
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2.5 Imaging of gold nanosphere with distortion of diffraction spot 

 

 

Distortions to the diffraction spot can degrade the precision of super-resolution 

imaging techniques, but they may also contain useful information.  In addition to the 

centroid positon displacement, tracking other aspects of the diffraction spot can be used 

to image the nanoparticle shape.  We obtain the fluorescence intensity of the quantum 

dot by summing the CCD camera pixels within the tracking region shown in Figure 

10a, while the full with half maximum (FWHM) of the diffraction spot is determined 

by the standard deviation of the Gaussian function which the diffraction spot is fitted.  

Figure 15a,b are the measured emission intensity of quantum dot and the FWHM of 

 

 

 

Figure 15: (a) Measured emission intensity and (b) FWHM of diffraction spot 

as a function of QD position relative to AuNS position respectively. 
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the diffraction spot as a function of the quantum dot position relative to the gold 

nanosphere at the center respectively.   

 

We generate Gaussian-weighted spatially averaged images of measured emission 

intensity (Figure 16a) and diffraction spot size (Figure 16b) of the quantum dot 

respectively, using the raw data shown in Figure 15 in the same manner of Figure 13a-

c.  As the quantum dot goes behind of the gold nanosphere, the particle may shadow 

the quantum dot emission.  Figure 16a,b show that the diffraction spot of the quantum 

dot appears dim and broaden when the quantum dot is cover with the nanosphere.  This 

shadowing effect enable us to infer the shape and the size of the nanoparticle.  Figure 

16c,d plot the calculated FDTD results corresponding to the measurement data in 

Figure 16a,b respectively.  The numerical calculations show good agreement with the 

measured shadowing effect from the gold nanosphere.  We observe large fluctuations 

in both of the emission intensity and the diffraction spot size  resulted from the quantum 

dot blinking [104].  We expect to achieve extremely fine images of the nanoparticle by 

using photo-stable emitters which can be predicted from the FDTD simulation results 

in Figure 16c,d.  
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Figure 16: (a,b) Gaussian spatial averaged images of emission intensity (a) and 

FWHM of diffraction spot (b) as a function of QD position relative to AuNS 

position respectively.  (c,d) FDTD simulation results corresponding to the (a,b) 

respectively. Scale bar is 100 nm.  The black lines indicate the surface of the 

gold nanosphere with diameter of 150 nm. 
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2.6 Summery 

 

  In this chapter, we have demonstrated that the near-field coupling between an emitter 

and a nanoparticle can distort the far-field diffraction spot of the emitter.  We 

manipulated a gold nanosphere near an immobilized quantum dot in a microfluidic 

device with nanoscale accuracy.  By optically tracking the fluorescence images, we 

mapped out the distortion effect of the quantum dot by the gold nanosphere.  We 

observed that the nanosphere shifts the centroid position of the quantum dot up to 35 

nm, and the spatial displacements of the diffraction spot can occurs even at distance of 

up to 300 nm from the nanosphere position.  Thus, our probing approach would enable 

to study the complex interaction between nanostructures and single emitters as well as 

optimize nanophotonic systems using single emitter tracking.  Additionally, we have 

shown that the distortion of the diffraction spot is strongly position dependent.  These 

results could open up new possibilities of nanoscale imaging applications using 

distortion information.  This technique will provide an in situ super-resolution imaging 

of nanoparticles suspended in the fluid and a highly flexible imaging since it is free 

from special surface treatments.  Although our results focused on the specific example 

of a gold nanosphere, this method can be applied to other shape of nanoparticle. 
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Chapter 3:  Super-resolution imaging of gold nanorod 

  



 

 

42 

 

3.1 Introduction 

 

 

  We have demonstrated a new super-resolution imaging technique of single 

nanoparticle using distortion information of far-field diffraction spot of an immobilized 

single emitter in chapter 2.  By positioning the nanoparticle near the emitter, this 

technique enables to study near-field interaction of light with nanostructures as well as 

image the nanoparticle with spatial resolution well below the diffraction limit.  

However, this technique is required to control a nanoparticle suspended in a 

microfluidic channel via fluid flow positioning.  The suspended nanoparticle 

experiences diffusion motion in the fluid.  The diffusion motion randomizes the 

orientation of the nanoparticles during the scanning and limits to apply this imaging 

technique to the non-spherical shape nanoparticles such as nanorods. 

 

  In this chapter, we develop a method of orientation tracking of single metal nanorods 

suspended in a microfluidic device.  The nanorods exhibit a large plasmonic anisotropy 

in the longitudinal direction of the nanorods.  By using polarization tracking, we 

precisely determine the orientation of the single gold nanorods.  This optical orientation 

tracking method makes possible to apply the super-resolution distortion imaging 

technique discussed in chapter 2 to various anisotropic metal nanoparticles.  Our finite-

difference time-domain (FDTD) simulations show that the distortion of an emitter’s 

diffraction spot near the surface of a gold nanorod could reveal structural information 

of the nanoparticle such as size and shape. 
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3.2 Plasmonic properties of gold nanorod 

 

 

Metal nanoparticles exhibit surface plasmon resonance due to the electromagnetic 

fields localized near the surface of the particles [105, 106].  The shape of nanoparticles 

is one of the most important factors determining the surface plasmon modes of the 

nanoparticles.  The metal nanorods show anisotropic plasmonic properties due to their 

elongated shape [36, 37, 107, 108].  In the optical excitation, conduction electrons 

oscillate along the long axis (longitudinal mode) and the short axis (transverse mode) 

of the nanorods [109].  The longitudinal modes exhibit resonance spectrum at a longer 

wavelenth than the transverse resonance mode [105, 106]. 

 

Figure 17 illustrates schematic of the excitation of longitudinal and transverse 

plasmonic modes, which correspond to the direction of L and W, respectively.  Since 

the polarization of light strongly depends on the oscillation direction of excited 

electrons, the longitudinal mode is polarized along the long axis, while the polarization 

of transverse mode is parallel to the short axis of the nanorods [110].  By comparisons 

of polarizability of longitudinal and transverse modes, therefore, the optical detections 

provide the degree of alignment of the nanorods.  
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Figure 17: Illustrates of a gold nanorod and the excitation of longitudinal and 

transverse plasmonic modes, which correspond to the direction of L and W, 

respectively.  Unpolarized excitation light is in black. 
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3.3 Polarization tracking of gold nanorod 

 

 

In order to study the anisotropic surface plasmonic resonance effects of metal 

nanorods, we first examine a single gold nanorod deposited on a glass cover slip.  We 

use gold nanorods with the average length and diameter of 180 nm and 45 nm, 

respectively.  Due to the aspect ratio of 4.0, it has a longitudinal surface plasmon 

resonance at 800 nm and a transverse surface plasmon resonance at 527 nm.  Since the 

transverse mode shows low intensity contrast and broad bandwidth, we focus on the 

longitudinal mode in the polarization measurements.  We excite the longitudinal mode 

of the gold nanorod with an unpolarized light from a halogen lamp after pass through 

a band-pass filter with center wavelength of 800 nm and FWHM of 40 nm.  An 

objective lens (100 ×, 1.45 NA) is employed to excite the gold nanorod and collect the 

strongly scattered light by the longitudinal plasmonic mode of the gold nanorod. 

 

We use a birefringent calcite prism to separate the scattered light from a single gold 

nanorod into two orthogonal polarization directions and to get both polarization images 

simultaneously using a CCD camera.  Figure 18 shows a CCD camera image containing 

two orthogonal polarizations of an isolated gold nanorod immobilized on a glass 

surface.  We define 𝐼∥ as a scattered polarization intensity parallel to the calcite prism 

orientation, whereas 𝐼⟘ as a scattered polarization intensity perpendicular to the calcite 

prism orientation.  We obtain the two orthogonal polarization intensities by summing 

the CCD camera pixels within independent two 21 x 21 pixel areas (~2.7 x 2.7 μm2) 

around the scatter signal shown in Figure 18. 
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To quantify the polarizability of the scattered signal from a gold nanorod, we define 

the polarization anisotropy, PA = (𝐼∥  −  𝐼⟘)/(𝐼∥  +  𝐼⟘) .  The PA values can be 

between +1 and -1, depending on the calcite prism orientation relative to the direction 

of the nanorod.  When the calcite prism orientation is aligned to the longitudinal 

(transverse) axis of the nanorod, it gives the maximum (minimum) PA value.  Since we 

track two polarization intensities simultaneously, the polarization anisotropy is 

insensitive to the intensity fluctuations of the excitation light and the drift of the 

nanorods. 

 

We analyze the emission properties of an immobilized gold nanorod by monitoring 

the polarization anisotropy when varying the angle of the calcite prism orientation.  

 

 

 

Figure 18: Polarization defendant CCD camera image of a gold nanorod.  (a) 

Polarized parallel to the calcite prism orientation.  (b) Polarized perpendicular to 

the calcite prism orientation.  Blue arrow indicates the direction of polarization.   
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Figure 19a is a polar plot of the polarization anisotropy PA as a function of the 

orientation angle of the calcite prism.  It shows that the emission signal from gold 

nanorods is linearly polarized in the direction of the longitudinal axis.  We calculate 

the orientation angle of the gold nanorod using the polarization anisotropy.  Figure 19b 

a scatter plot of the polarization anisotropy PA versus the orientation angle of the 

calcite prism using the same date shown in Figure 19a.  It shows that PA varies 

periodically.  By fitting the data to a sinusoidal function, we determine the orientation 

angle of the gold nanorod as -31.5349˚ to the horizontal direction of the CCD camera 

with the 95% confidence of 0.0288˚.  These results, therefore, show that we can 

determine the orientation angle of a gold nanorod with high precision.  

 

We investigate rotational dynamics of the gold nanorods which is freely suspended in 

a fluid using the polarization anisotropy tracking technique.  We fill a microfluidic 

channel with a DI water based solution containing gold nanorods.  The detail of fluid 

solution is discussed in the chapter 1.  We track a single gold nanorod while keeping 

the orientation of the calcite prism fixed throughout the measurements.  Figure 20a 

shows a time trace of the polarization anisotropy for 100 sec.  Our polarization 

anisotropy tracking technique enable to determine the orientation of the nanorod in real 

time. 

 

Figure 20b shows normalized total intensity as a function of time by adding two 

orthogonally polarized intensities used in Figure 20a.  The total intensity remains close 

to the maximum intensity most of the tracking times.  It indicates that the orientation 
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of the gold nanorod is confined in the directions parallel to the PDMS surface of the 

microfluidic channel.  As the angle between the orientation of gold nanorod and the 

PDMS surface increases, the excitation of the surface plasmon resonance mode would 

be significantly suppressed.  We note that the confined 2D motion is attributed to the 

cetyl trimethylammonium bromide (CTAB) surfactant coated on the nanorods, which 

makes the nanorods positively charged [111].  
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Figure 19: (a) Polar plot of the polarization anisotropy PA as a function of the 

orientation angle of the calcite prism.  The red arrow represents the direction of 

the longitudinal axis of the gold nanorod.  (b) The blue is measured polarization 

anisotropy PA as a function of the orientation angle of the calcite prism. The red 

curve is a fit to a sinusoidal function.  The orientation angle of the gold nanorod 

is determined as -31.5349˚.  
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Figure 20: (a) polarization anisotropy PA of a gold nanorod suspended in the 

microfluidic channel as a function of time.  (b) Total fluorescence intensity of the 

gold nanorod as a function of time. It is measured at the same time with the data 

shown in (a). 
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3.4 Imaging of gold nanorod with distortion of diffraction spot 

 

 

Far-field diffraction spot of a nanoscale emitter in the proximity of a plasmonic 

nanoparticle can give us structural information such as shape and size of the 

nanoparticle.  We use numerical finite-difference time-domain (FDTD) calculations to 

speculate the super-resolution imaging of a gold nanorod using diffraction spot 

distortion of a quantum dot.  In the FDTD calculations, the gold nanorod (length of 200 

nm, diameter of 50 nm) is surrounded by a background of 1.40 refractive index, which 

is close to the refractive index of the DI water based fluid and the PDMS microfluidic 

channel.  We use a group of three dipole sources which is placed at same position and 

polarized orthogonally each other to simulate the quantum dot.  We obtain diffraction 

patterns of the dipole sources using a far-field projection taking account of an objective 

lens of 1.45 Numerical Aperture.  We repeat the FDTD simulations varying the position 

of the dipole sources with steps of 5 nm in XY plane, keeping the distance of 40 nm to 

the surface of the gold nanorod in the Z axis. 

 

We extract the fluorescence intensity, the angle and the FWHM of the calculated 

diffraction patterns by fitting them to a two-dimensional Gaussian function.  Figure 21a 

is a mapping of the fluorescence intensity on the positions of the dipole sources relative 

to the gold nanorod.  When the dipole sources place behind the nanorod, the 

fluorescence intensity significantly decreases due to the shadow effect.  The shape of 

emitter’s diffraction spot is very sensitive to the near-field coupling to the nanostructure 

and can be used to reconstruct images of the structure.  Figure 21b shows the angle and 
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the FWHM of the diffraction patterns with vectors at the dipole positions.  The direction 

and the length of vectors represent the angle and the FWHM of diffraction spot, 

respectively.  The shape of diffraction spot of the emitter looks stretched along the 

longitudinal axis of the nanorod when it is under the nanorod, while the diffraction spot 

gets elongated orthogonal to the surface of the nanorod when it moves away from the 

surface. 

 

 

 

 

Figure 21: (a) polarization anisotropy PA of a gold nanorod suspended in the 

microfluidic channel as a function of time.  (b) Total fluorescence intensity of the 

gold nanorod as a function of time. It is measured at the same time with the data 

shown in (a). 
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3.5 Summery 

 

In this chapter, we have demonstrated an imaging technique to precisely track the 

orientation angle of a gold nanorod utilizing polarization anisotropy.  Using this 

technique, we have tracked rotational dynamics of the gold nanorods that is freely 

suspended in a microfluidic channel.  This result opens up the possibility of the super-

resolution imaging of non-spherical nanoparticle using the technique discussed in the 

chapter 2.  We have provided FDTD simulation results that the fluorescence intensity 

and the diffraction spot shape of a probing emitter can reveal the shape and size of the 

nanorod.  The super-resolution microscopy technique based on diffraction spot 

distortion of emitters is an excellent nanoscale imaging tool which can be applied to 

wide verity of nanoparticles. 
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Chapter 4:  Nanoscale magnetic field detection  

using single NV center 
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4.1 Introduction 

 

The integration of NV magnetometry with microfluidic systems could open up new 

possibilities for real-time biological and chemical sensing.  Microfluidics provides an 

ideal device platform for sorting and manipulating samples using magnetic, optical, 

mechanical, or electrical methods [112, 113].  An important recent example is the work 

of Steinert et al. [114] that demonstrated a spin relaxometry technique based on an array 

of NV centers in a microfluidic device.  This technique measured the concentration of 

a large ensemble of freely diffusing magnetic ions and molecules.  However, the 

microfluidic device in that work was only used to prepare appropriate ion 

concentrations.   

 

In addition to preparing fluid concentrations, microfluidics can also isolate and 

manipulate individual objects.  For example, a variety of control methods based on 

electrokinetic [115-117] and magnetic tweezers [118-120] can manipulate objects 

inside a microfluidic device with nanometer spatial precision [33, 54, 55].  Combining 

these highly precise particle manipulation approaches with NV magnetometry opens 

up the possibility to map the magnetic field distributions of target objects with 

nanoscale accuracy, which is essential for a broad range of magnetic imaging 

applications [74, 75].     

 

Here we demonstrate the ability to map the magnetic field of suspended objects in a 

microfluidic system with high nanometer spatial resolution and high sensitivity using 
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NV magnetometry.  We manipulate a single magnetic particle in three dimensions 

using a combination of planar electroosmotic flow control and vertical magnetic 

actuation.  A diamond nanocrystal containing a single NV color center acts as a 

localized magnetic field sensor for the manipulated magnetic particle.  We measure the 

magnetic field generated by the magnetic particle via optically detected electron spin 

resonance (ESR) measurements, and map out its field distribution with nanoscale 

accuracy.  In contrast to other scanning magnetometry methods based on AFM [76, 

83], which require a complex experimental setup and are challenging to perform in 

liquids, our approach uses only simple optical microscopy and is naturally integrated 

into a microfluidic device.   Our results thus open up the possibility for highly sensitive 

mapping of local magnetic field distributions in a fluid environment. 
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4.2 NV magnetometry microfluidic device 

 

Figure 22 illustrates the microfluidic system we have developed to manipulate 

magnetic particles and perform localized magnetometry.  The device is composed of 

two microfluidic channels formed between a glass cover slip (1 in x 1 in wide, 150 µm 

thick) and a molded block of polydimethylsiloxane (PDMS).  The microfluidic 

channels are filled with a viscous fluid that contains target magnetic particles in a liquid 

suspension.  In addition to increasing the fluid viscosity, the fluid also serves to push 

the magnetic particles to the surfaces of the device [33, 55].  We find that the magnetic 

particles are preferably confined at the top PDMS surface of the microfluidic channels.  

 

 

 

Figure 22: Schematic of microfluidic device used to implement NV 

magnetometry. The magnetic particle is labeled by “MP”.   
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The intersection between the two channels forms the control chamber where we 

manipulate particles and map their magnetic field distribution. 

 

We manipulate particles in the plane of the microfluidic device by applying voltages 

at the four ends of the microfluidic channels and using feedback control [33, 54, 55].  

The voltages induce electroosmotic flow that moves the suspended magnetic particle 

towards desired directions by viscous drag.  To achieve vertical manipulation, we use 

magnetic actuation.  We place a coil magnet under the microfluidic device that applies 

a magnetic field in the vertical direction.  The magnetic field provides a downward 

force on the magnetic particle, and also orients its dipole moment along the vertical 

direction. 

 

In order to perform local magnetometry, we deposit a dilute concentration of diamond 

nanocrystals (mean size of 25 nm) on the glass surface of the microfluidic device using 

a spin coating method.  These diamond nanocrystals serve as local magnetic field 

sensors.  We lithographically pattern a microwave antenna (500 nm Au, 10 nm Ti) on 

the glass cover slip surface in order to drives the spin transition of the NV center to 

perform optically detected ESR measurements [74].  Figure 23a shows an optical image 

of the microfluidic device with the integrated microwave antenna.  We align the 

microfluidic channel such that the microwave antenna is as close as possible to the 

control chamber without directly penetrating into it.  A tunable microwave signal 

generator (ROHDE&SCHWARZ SMC100A) drives the antenna over a spectral range 

that spans the entire ESR resonance of the NV center (centered at 2.863 GHZ). 
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We mount the microfluidic device on an inverted confocal microscope system that 

excites and collects emission from a NV center and images a manipulated magnetic 

particle through the bottom glass cover slip using a 1.45 numerical aperture oil 

immersion objective.  A piezo stage attached to the microscope enables precise 

translation of the microfluidic device in three dimensions.  We excite the NV center 

using a 532 nm continuous wave laser and use a half-waveplate to rotate the 

polarization to achieve maximum fluorescence intensity.  In addition to the excitation 

laser, we use a white light source to image the magnetic particle.  The excitation laser 

beam is tightly focused onto the NV center while the white light beam is widely focused 

to a 20 µm diameter. 

 

A beamsplitter sends 25% of the collected light to an EM-CCD camera (Hamamatsu 

C9100-13) to track the magnetic particle using a 10 Hz camera frame rate.  Figure 23b 

shows an EM-CCD camera image of a single diamond nanocrystal and a nearby 

magnetic particle in the control chamber of the microfluidic device.  For all 

experiments reported in this chapter the magnetic particles are spherical maghemite 

magnetic beads with a radius of 500 nm (Chemicell, Germany).  The green and red 

boxes highlight the diamond nanocrystal and the magnetic particle respectively.  We 

select a diamond nanocrystal located close to the patterned microwave antenna in order 

to minimize the microwave power required to excite ESR transitions.   
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The remaining 75% of the collected light is spatially filtered by a pinhole aperture 

and spectrally filtered using a 600-750 nm bandpass filter.  This combination of spatial 

and spectral filtering isolates the emission from the NV center and rejects the 

background signal from the scattered white light with a high extinction ratio.  The 

filtered NV emission is directed to an avalanche photodiode (PerkinElmer SPCM-

AQR) to perform optically detected ESR measurements.  The signal can also be 

directed to a Habury-Brown Twiss (HBT) intensity interferometer composed of a 50/50 

beam-splitter and two avalanche photodiodes, to perform second order correlation 

measurements.  A time interval analyzer (PicoQuant PicoHarp 300) performs time-

 

 

 

Figure 23: (a) Optical image of the control chamber of the microfluidic device 

along with integrated microwave antenna.  Scale bar is 100 µm.  (b) EM-CCD 

image of an immobilized NV center (green) and a suspended magnetic particle 

(red) inside the microfluidic control chamber. The white dashed line represents 

the boundary between the fluid and the PDMS sidewall of the channel. Scale bar 

is 5 µm. 
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resolved coincidence detection using the outputs of the two photon counters.  Figure 

24 shows an autocorrelation measurement taken from the diamond nanocrystal that 

exhibits clear anti-bunching, indicating that it contains only a single NV defect.  

 

 

 

  

 

 

 

Figure 24: Second order correlation measurement of a single NV center in a 

diamond nanocrystal.  

 

 



 

 

62 

 

4.3 3D magnetic nanoparticle positioning 

 

We first investigate the ability to manipulate a magnetic particle within the 

microfluidic control chamber.  Figure 25(a-c) shows a sequence of camera images of a 

single magnetic particle that we manipulate on the PDMS surface to undergo a square 

spiral trajectory using feedback control.  The panels show the position of the particle 

at three different times (150, 300, and 450 sec).  The cyan and magenta boxes indicate 

the start and stop positions of the trajectory.  The white line shows the past history of 

the measured positions of the controlled particle.  

 

 

 

 

Figure 25: Camera images of a magnetic particle manipulated along a 2D square 

spiral trajectory.  The cyan box indicates the start position of the selected 

magnetic particle, and the magenta boxes indicate the stop location of the particle 

at (a) 150 s, (b) 300 s, and (c) 450 s respectively.  The white line shows the past 

history of the measured positions.  Scale bar is 10 µm.   
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In order to determine the positioning accuracy we hold the particle at a desired 

location for 60 seconds and continuously monitor its position.  Figure 26a shows a two-

dimensional plot of the measured positions, and Figure 26b,c show position histograms 

along x and y direction respectively.  We fit each histogram to a Gaussian (red solid 

line) and determine a standard deviation of 48 (47) nm along the x (y) directions 

respectively.  

 

To achieve motion of the magnetic particle in the direction orthogonal to the surface, 

we apply a current to the coil magnet under the device.  The generated magnetic field 

applies a force that pulls the magnetic particle away from the PDMS surface and 

towards the glass surface.  Figure 27 plots the measured distance of the magnetic 

 

 

 

Figure 26: (a) Scatter plots of the measured positions of the magnetic particle 

held in place using flow control for 60 sec.  (b,c) Position histograms along the x 

and y axes of panel a.  The solid lines are Gaussian fits to the position histograms.  

The standard deviation is 48 (47) nm along the x (y) directions respectively. 
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particle to the bottom glass surface as a function of the current driving the coil 

magnetic.  We measure this distance by sweeping the particle through the focus of the 

objective lens using the piezo stage that holds the microfluidic device.  We determine 

the focused position from the minimum spot size and record the stage travel distance.  

We repeat the measurement five times for each value of the external current.  The blue 

dots in Figure 27 show the values obtained for the five individual measurements, while 

the red line shows the average value of the data.  

 

 

 

 

Figure 27: Vertical distance of the magnetic particle relative to the bottom glass 

surface as a function of the current driving the coil magnetic underneath the 

device.  Blue dots show individually measured values while the red line shows 

the averaged values.  
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At each driving current, the magnetic particle stabilizes at a different distance relative 

to the bottom glass surface due to cancellation between fluid forces that push the 

particle upwards to the top PDMS surface, and magnetic gradient forces that pull it 

downwards towards the bottom glass surface.  This interplay between chemical 

buoyancy versus magnetic downward force enables us to control the vertical position 

of the magnetic particle relative to the device surface.  At 40 mA current, the particle 

is pulled almost all the way to the bottom glass surface.  The applied magnetic field 

also serves to orient the dipole moment of the suspended magnetic particle along the 

direction of the applied field in the fluid, thereby eliminating the effect of tumbling of 

the particle that would otherwise randomize its orientation relative to the measurement 

direction of the NV center. 
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4.4 Mapping magnetic field profile of magnetic nanoparticle 

 

In order to measure the magnetic field generated by the magnetic particle, we scan 

its position relative to the NV center and perform optically detected ESR 

measurements.  We isolate a diamond nanocrystal that contains a single NV center on 

the glass surface in the control chamber.  We apply a 50 mA current to the external coil 

magnet in order to pull the magnetic particle down to the glass surface where the NV 

center is located.  Based on this current and the measurement results in Figure 27, we 

estimate the center of the magnetic particle to be located 0.7 µm above the glass surface.  

Under these conditions, we scan the magnetic particles position relative to the NV 

center and obtain an ESR spectrum at each position. 

 

We perform the ESR measurements using a digital lock-in approach, as originally 

proposed by Horowitz et al. [96].  This technique eliminates photoluminescence 

intensity fluctuations that arise slow mechanical drift of the NV center relative to the 

tight Gaussian excitation laser, instability of the NV center emission caused by charge 

fluctuations on the surface [96, 121], and other slow intensity fluctuations induced by 

the microfluidic environment.  We perform lock-in by modulating the microwave 

power supply on and off at a 1 KHz rate and measuring photoluminescence intensity 

synchronized with this modulation.  We define the photoluminescence intensity 

contrast of the NV center as 
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 𝐶(𝑓) =
𝑁𝑜𝑛(𝑓) − 𝑁𝑜𝑓𝑓(𝑓)

𝑁𝑜𝑓𝑓(𝑓)
 , (2) 

 

where Non and Noff are the measured photon counts when the microwave is on and off 

respectively at each value of the microwave frequency. 

 

Figure 28 shows the ESR spectrum of the NV center taken at three different positions 

of the magnetic particle.  The left panels show the measured ESR spectrum, where blue 

dots represent measured data points and the red lines are Lorentzian fits to the measured 

data.  The right panels show EM-CCD camera images that indicate the horizontal 

position of the magnetic particle (red box) and the NV center (green box).     

 

Panel a shows the case where the magnetic particle is 7.25 m away from the NV 

center so that its contribution to the total magnetic field is negligible.  The two ESR 

peaks correspond to the Zeeman split spin ground states of the NV center which are 

separated by 42.3 MHz.  This large splitting is due to the applied magnetic field from 

the external coil magnet.  As we bring the magnetic particle to a distance of 3.62 m 

(panel b), the Zeeman splitting reduces to 40.7 MHz because the field generated by the 

magnetic particle opposed the external field of the coil magnet.  This change in Zeeman 

splitting provides a direct quantitative measure of the magnetic field given by the 

magnetic particle.  At an even shorter distance of 1.50 m (panel c), the Zeeman 

splitting is further reduced to 34.2 MHz.   
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Because our system operates close to the shot noise limit, we can estimate the 

magnetic field sensitivity of our magnetometry system using the shot-noise limited 

relation [74, 122]  

 

 

 

Figure 28: Optically detected ESR spectra (left) and camera images (right) of 

the magnetic particle (red square) and NV emission (green square) when the 

particle is at a distance of (a) 7.25 m, (b) 3.62 m, (c) and 1.50 m from the 

NV center.  Scale bar is 3 µm.  The red lines in the spectra are Lorentzian fits to 

measurement data. Dashed lines in purple and orange are the center frequencies 

of the Lorentzian fits in (a) and (c). 
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 𝜂𝐵 = 0.77
ℎ

𝑔𝜇𝐵

Δ𝜈

𝐶√𝑅
 , (3) 

 

where h is the Planck constant, g = 2 is the Lande g-factor for the NV center, and μB is 

the Bohr magneton.  Using the data in Figure 28a, we calculate a maximum 

photoluminescence intensity contrast of C = 0.053, along with a hyperfine unresolved 

microwave ESR linewidth of ∆ν = 7.2 MHz.  The fluorescence count rate is measured 

to be R = 45 kCts/s.  Inserting these values into Equation 3 we attain an estimated 

magnetic field sensitivity of 17.5 µT Hz-1/2.  This result compares well with previously 

reported magnetic field sensitivities of NV magnetometry demonstrated in a liquid 

environment [38, 96].  

 

Our measurement sensitivity could potentially be impacted by various fluctuations 

in the microfluidic environment that include tumbling of the magnetic particle and 

temperature fluctuations induce by microwave heating of the fluid.  We observe the 

Zeeman splitting due to the induced field from the magnetic particle in Figure 28.  

These results rule out the possibility that the magnetic particle is tumbling significantly, 

and indicate that the applied external magnetic field strongly orients the particle in a 

fixed direction.  A tumbling magnetic particle would make the ESR spectrum broaden, 

not change the Zeeman splitting [96].  We also calculate the center frequency between 

the two resonances to be 2.863 MHz in all three cases indicating that we do not observe 

a heat induced shift due to microwave excitation.  A temperature increase would shift 
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both resonances in the same direction and thus change the ESR center frequency [95, 

123, 124], but would not significantly affect the Zeeman splitting. 

 

We note that the contrast of the ESR spectrum is reduced in Figure 28c as compared 

to Figure 28a.  We attribute this reduction in contrast to increased background from 

scattering of the white light source by the magnetic particle.  We observe a photon 

count rate of 45 kCts/s in Figure 3a which increases to 75 kCts/s in Figure 28c.  Since 

the NV excitation power remains the same in both measurements, the increased count 

rate results from the particle being brought closer to the spatial position where we 

collect light and direct it to the photodiode.  Although two spots are well resolved on 

the camera in Figure 28c, we use a pinhole spatial filter on the photodiode that is 

slightly larger than the diffraction spot in order to reduce the sensitivity of the system 

to sample drift.  As the particle gets closer to the NV center, it therefore scatters more 

light through the spatial filter resulting in an increased background level.  This 

background could be eliminated in principle by using a stroboscopic measurement 

approach that switches the white light on to track and then off to measure with the 

photodiode. 

 

To map out the magnetic field distribution of the magnetic particle, we position it at 

various horizontal distances r relative to the NV center and measure the variation in 

Zeeman splitting.  We can approximate the spherical magnetic particle as a magnetic 

dipole when its radius is small compared to the distance r.  Figure 29a plots the 

calculated magnitude of the magnetic field along the glass surface for a magnetic dipole 
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whose dipole moment points normal to the device surface.  The open circles represent 

positions of the magnetic particle relative to the NV center where we sampled the 

 

 

 

Figure 29: (a) Calculated magnetic field intensity of a magnetic dipole as a 

function of distance.  Open white circles represent experimentally sampled 

positions of the magnetic field.  (b) Measured magnetic field at the various 

positions represented by the open circles in panel a.  Error bars denote the 95% 

confidence bound of the Lorentzian fit to the ESR spectra.  The red curve 

represents the theoretically calculated magnetic field for the magnetic particle, 

assumed to be a magnetic dipole.  
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magnetic field.  Figure 29b plots the measured magnetic fields of the magnetic particle, 

obtained from the change in Zeeman splitting, as a function of distance r.  Error bars 

denote the 95 % confidence bound of the Lorentzian fit used to find the center 

frequencies of the two Zeeman split ESR transitions.  The red curve represents the 

theoretically predicted magnetic field along the glass surface for a point magnetic 

dipole.  In these calculations, we treat the magnitude of the particle’s magnetic moment 

and orientation of the NV center as fitting parameters.  We note that the dipole model 

is only accurate when the distance of the particle to the NV center exceeds the particle 

radius (500 nm).  This condition is satisfied for virtually all the data points in the figure.  
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4.5 Summery 

 

  In this chapter, we have developed a microfluidic platform to perform NV 

magnetometry and map localized magnetic fields of magnetic objects.  Our method can 

be extended to scan any particle that we can image and manipulate by flow, making it 

highly versatile and largely agnostic to the target being scanned.  We can improve the 

magnetic field sensitivity of our system by using NV centers in ultra-pure diamond 

which have longer coherence times [125, 126], and by utilizing pulsed measurement 

techniques using Ramsey interferometry that can improve the sensitivity down to 

nT/Hz1/2 [74, 75].  Furthermore, the results reported here using a single NV center can 

be directly extended to multiple NV centers at different locations of the device surface 

that serve as parallel sensors for vector magnetometry.  They can also be adapted to 

exploit the electric field [127] and thermal gradient [123, 124] sensing capabilities of 

NV centers to measure other physical parameters.  The presented NV magnetometry 

system could ultimately lead to highly functional microfluidic systems that combine 

single particle manipulation and real-time sensing to enable a broad range of 

applications in the study of biological and chemical systems. 
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Chapter 5:  Nanoscale magnetic field detection  

using multiple NV centers 
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5.1 Introduction 

 

  We have discussed a method for scanning magnetic field with nanometer spatial 

resolution in a microfluidic channel.  This technique takes advantages of the electron 

spin resonance of a single NV center and the nanoscale positioning of magnetic 

nanoparticles using microfluidic flow controls.  Using this technique, we are able to 

map out the magnetic profile of a magnetic nanoparticle.  Due to the configuration of 

an immobilized NV center and a suspended magnetic nanoparticle, however, it is 

limited to apply this magnetic sensing technique to complex nanostructures and 

biological samples.  Although we control the magnetic dipole direction of the magnetic 

nanoparticles using external magnetic field, rotational dynamics of the suspended 

nanoparticles are uncontrollable.  In order to image complex magnetic fields, a new 

scanning method is required. 

 

  In this chapter, we introduce a scanning prove technique that employs multiple NV 

centers in diamond nanocrystals suspended in microfluidic channels.  Using 

microfluidic flow positioning system, we can position diamond nanocrystals in a 

microfluidic device, simultaneously measuring the external magnetic fields via electron 

spin resonance transitions of an ensemble of NV centers in the diamond nanocrystals.  

The multiple NV centers enable to average out the random rotational motion of 

orientation of NV centers suspended in the fluid, as well as provide a high fluorescence 

intensity that leads to better signal to noise ratio.  We propose a fast magnetic field 

detection technique employing single frequency ESR measurements.  The advantages 
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of short acquisition time over wide-field with nanoscale resolution make our technique 

an attractive to a wide range of magnetic imaging applications in fluidic environments 

and biophysical systems. 
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5.2 Positioning NV center with flow control 

 

  Figure 30 is a schematic of the microfluidic system we have developed to manipulate 

a diamond nanocrystal and perform localized magnetometry.  The device is composed 

of two microfluidic channels formed between a glass cover slip (1 in x 1 in wide, 150 

µm thick) and a molded block of polydimethylsiloxane (PDMS).  The microfluidic 

channels are filled with a viscous fluid that contains target diamond nanocrystals in a 

liquid suspension.  In addition to increasing the fluid viscosity, the fluid also serves to 

push the diamond nanocrystals to the surfaces of the device [33, 55].  We find that the 

diamond nanocrystals are preferably confined at the top PDMS surface of the 

microfluidic channels.  We manipulate diamond nanocrystals in the plane of the 

microfluidic device by applying voltages at the four ends of the microfluidic channels 

and using feedback control [33, 54, 55].  The voltages induce electroosmotic flow that 

moves the suspended magnetic particle towards desired directions by viscous drag.   

 

  In order to perform optically detected ESR measurements [74], we lithographically 

pattern a microwave antenna (500 nm Au, 10 nm Ti) on the glass cover slip surface in 

order to drives the spin transition of the NV center.  Figure 31a shows an optical image 

of the microfluidic device with the integrated microwave antenna.  We align the 

microfluidic channel such that the microwave antenna is as close as possible to the 

control chamber without directly penetrating into it.  A tunable microwave signal 

generator (ROHDE&SCHWARZ SMC100A) drives the antenna over a spectral range 

that spans the entire ESR resonance of the NV center (centered at 2.87 GHZ). 
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  We mount the microfluidic device on a wide-field confocal microscope that excites 

the sample and collects fluorescence emission from NV ensembles in a diamond 

nanocrystal through the bottom glass cover slip using a 1.45 numerical aperture oil 

immersion objective.  We excite the NV center using a 532 nm continuous wave laser.  

The excitation laser beam is widely focused to a 100 µm diameter. The collected light 

is spectrally filtered using a 600-750 nm bandpass filter to isolate the emission from 

the NV centers and reject the background signal with a high extinction ratio.  The 

filtered NV emission is projected onto an EM-CCD camera (Hamamatsu C9100-13) to 

track the diamond nanocrystal and to perform optically detected ESR measurements 

 

 

 

Figure 30: Schematic of microfluidic device used to implement NV 

magnetometry. 

 

 



 

 

79 

 

using a 20 Hz camera frame rate.  In this way, we can measure magnetic fields over a 

wide-field of view.  

 

  Figure 31b shows an EM-CCD camera image of a single diamond nanocrystal in the 

control chamber of the microfluidic device.  We focus on a 21 x 21 pixel area (~2.7 x 

2.7 μm2) around the collected emission and then fit diffraction spot to a two 

dimensional Gaussian point-spread function to determine the centroid position [128].  

The cross marker indicates the centroid position of the diamond naocrystal.  The special 

resolution of our tracking algorithm is determined as good as 8 nm in chapter 2.   

 

 

 

 

Figure 31: (a) Optical image of the control chamber of the microfluidic device 

along with integrated microwave antenna.  Scale bar is 100 µm.  (b) EM-CCD 

image of a diamond nanocrystal suspended inside the microfluidic control 

chamber.  Green cross marker represents the centroid position of the diamond 

nanocrystal. 
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  We first investigate the ability to manipulate a diamond nanocrystal within the 

microfluidic control chamber.  Figure 32(a-c) shows a sequence of camera images of a 

single diamond nanocrystal that we manipulate on the PDMS surface to undergo a 

predefined trajectory using feedback control.  The panels show the position of the 

diamond nanocrystal at three different times (100, 200, and 300 sec).  The magenta 

boxes current positions of the diamond nanocrystal in the trajectory.  The white line 

shows the past history of the measured positions of the controlled diamond nanocrystal.  

 

 

 

 

 

Figure 32: Camera images of a diamond nanocrystal manipulated along a 2D 

trajectory.  The magenta boxes indicate the current location of the diamond 

nanocrystal at (a) 100 s, (b) 200 s, and (c) 300 s respectively.  The white line 

shows the past history of the measured positions.  Scale bar is 10 µm. 
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  In order to determine the positioning accuracy we hold the diamond nanocrystal at a 

desired location for 3 minutes and continuously monitor its position.  Figure 33a shows 

a two-dimensional plot of the measured positions, and Figure 33b,c show position 

histograms along x and y direction respectively.  We fit each histogram to a Gaussian 
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(red solid line) and determine a standard deviation of 41 (43) nm along the x (y) 

directions respectively.   

 

 

 

 

Figure 33: Scatter plots of the measured positions of the diamond nanocrystal 

held in place using flow control for 3 minutes.  (b,c) Position histograms along 

the x and y axes of panel a.  The solid lines are Gaussian fits to the position 

histograms.  The standard deviation is 41 (43) nm along the x (y) directions 

respectively. 
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5.3 Multiple NV centers in diamond nanocrystal 

 

  The Brownian motion of the suspended diamond nanocrystal randomizes the 

orientation of NV center to the direction of the excitation laser and the microwave 

signal.  It causes photoluminescence intensity fluctuations of the NV centers in the ESR 

measurements.  To overcome the tumbling effects, we use diamond nanocrystals with 

mean size of 50 nm that have been engineered to create approximately 25 NV centers 

in each nanocrystal.  In addition to the averaging rotational diffusion motion, the 

diamond nanocrystal with a high concentration of NV centers also serve as point-like 

emitter with exceptional brightness.  It increases the signal to background noise ratio 

in the ESR measurements. 

 

  We perform the ESR measurements using a software based lock-in approach [96].  

This technique eliminates photoluminescence intensity fluctuations that arise from 

instability of the NV center emission caused by charge fluctuations on the surface [96, 

121], and other slow intensity fluctuations induced by the microfluidic environment.  

We perform lock-in by modulating the microwave power supply on and off at a 10 Hz 

rate, synchronized with the camera frame rate of 20 Hz, as depicted in Figure 34.  We 

obtain the fluorescence intensity of the NV centers by summing the CCD camera pixels 

within the tracking region shown in Figure 31b.  The two continuous images taken 

under different microwave excitation contribute a single measurement data point.  We 

define the photoluminescence intensity contrast of the NV centers as 
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 𝐶(𝑓) =
𝐼𝑜𝑛(𝑓) − 𝐼𝑜𝑓𝑓(𝑓)

𝐼𝑜𝑓𝑓(𝑓)
, (4) 

 

where 𝐼𝑜𝑛 and 𝐼𝑜𝑓𝑓 are the measured photoluminescence intensities with CCD camera 

images when the microwave is on and off respectively at each value of the microwave 

frequency. 

 

  Figure 00 shows the ESR spectrum of an ensemble of NV centers embedded in a 

diamond nanocrystal by taking CCD camera images while sweeping the microwave 

frequency.  We observe that the measured ESR spectral peak is broaden due to the 

averaging over all isotropic NV centers randomly distributed to the fixed optical and 

 

 

 

 

Figure 34: Schematic of software based lock-in. CCD camera is synchronized 

with microwave signal generator.  The microwave power supply is modulated on 

and off at a 10 Hz rate, synchronized with the camera frame rate of 20 Hz CCD 

camera exposes. 532 nm laser is constant. 
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microwave transition axes.  We note that the strain effect in nanocrystal splits the ESR 

spectra into two peaks, centered at spin resonance frequency of 2.87 GHz.  

 

 

 

  

 

 

 

 

Figure 35: Optically detected ESR spectrum of the ensemble of NV centers. 
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5.4 Magnetic field detection with CCD camera images 

 

  We can optically measure the external magnetic fields by monitoring the ESR 

spectrum.  However, it requires a long measurement time to acquire the full EST 

spectrum.  To reduce total acquisition time, we focus on the PL contrast of the NV 

centers with a microwave signal fixed at the spin resonance frequency.  Specifically, 

this technique is able to read-out the external magnetic fields using two CCD camera 

images of the NV centers when the microwave transition is on and off the resonance 

respectively.  This method opens up the possibility of ultra-fast magnetic field imaging 

applications of tracking dynamics in physical and biological sciences. 

 

  To measure the optical response of an ensemble of NV centers to the external 

magnetic fields, we use a DC coil magnet placed under the microfluidic device.  The 

coil magnet produces a uniform static magnetic field in the direction orthogonal to the 

PDMS surface of the microfluidic device.  Figure 36 shows the PL contrast of the NV 

centers in a diamond nanocrystal suspended in the microfluidic channels as a function 

of the voltage driving the coil magnet.  We observe that the PL contrast is insensitive 

to the week magnetic field due to the hyperfine coupling of the NV centers to the nearby 

14N nuclear spins, which are introduced for the NV center creation.  Once it overcomes 

the hyperfine coupling, the PL contrast is linearly decreased as the magnetic field 

increases.  The slop of PL contrast curve indicates the magnetic sensitivity of the NV 

center.  We note that the magnetic sensitivity can be improved by using NV centers in 
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high purity diamond nanocrystals, which have longer coherence times [125, 126], and 

by optimizing optical and microwave excitation conditions.  

 

 

 

  

 

 

 

 

Figure 36: Measured photoluminescence contrast at the various magnetic field 

intensities.  
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5.5 Summery 

 

  In this chapter, we have developed the microfluidic NV magnetometry with ensemble 

of NV centers in diamond nanocrystals, suspended in the fluid.  The deterministic 

positioning of diamond nanocrystals enables to scan complex nanostructures and 

biological samples that we can image, making it highly versatile and largely agnostic 

to the target being scanned.  The single frequency ODMR measurement enables 

monitor dynamics in physical and biological sciences.  The CCD camera detection 

provides wide-field magnetometry with nanoscale spatial resolution.  The presented 

NV magnetometry system could ultimately lead to highly functional microfluidic 

systems that combine single particle manipulation and real-time sensing to enable a 

broad range of applications in the study of biological and chemical systems. 

 

 

 

 

  



 

 

89 

 

 

 

 

 

 

 

Chapter 6:  Conclusion and future directions 

  



 

 

90 

 

  We demonstrated that nanoparticles can significantly distort the tracking accuracy of 

a single emitter when performing super-resolution imaging.  We observed that the 

nanoparticle shifts the centroid position of the quantum dot up to 35 nm.  Large position 

displacement occurs even at distance of up to 300 nm from the nanoparticle position.  

The presence of the nanoparticle causes the position of the emitter to appear pushed 

away from the surface of the nanoparticle.  Our probing approach would enable to study 

the complex interaction between nanostructures and single emitters as well as optimize 

nanophotonic systems using single emitter tracking.   

 

  Additionally, we demonstrated that the distortion of the emitter’s diffraction spot is 

strongly position dependent to the nanoparticle and the distortion information can be 

used to reconstruct high-resolution images of the nanoparticle.  Using this technique, 

we achieved fine images of a gold nanosphere with a diameter of 150 nm.  Furthermore, 

we demonstrated a method that can optically track the orientation of a single metal 

nanorod suspended in the fluid.  This method makes possible to extend the distortion 

based super-resolution imaging technique to non-spherical nanoparticles.  In contrast 

to other super-resolution imaging technique, which require specific surface 

preparations, our technique is highly flexible to the surface-coating of the nanoparticles 

and able to provide in-situ imaging of the nanoparticle suspended in microfluidic 

devices. 

    

  We demonstrated a microfluidic platform that can optically detect the localized 

magnetic fields using a single NV center in am immobilized diamond nanocrystal.  
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Using this technique, we mapped up magnetic fields distribution of the magnetic 

nanoparticle manipulated in a microfluidic device with nanometer spatial resolution 

and high sensitivity.  We can improve the magnetic field sensitivity of our system by 

utilizing pulsed measurement techniques using Ramsey interferometry.  The results 

reported here using a single NV center can be directly extended to multiple NV centers 

at different locations of the device surface that serve as parallel sensors for vector 

magnetometry. 

 

  We further developed the microfluidic NV magnetometry with ensemble of NV 

centers in diamond nanocrystals, suspended in the fluid.  The deterministic positioning 

of diamond nanocrystals enables to scan complex nanostructures and biological 

samples that we can image, making it highly versatile and largely agnostic to the target 

being scanned.  The single frequency ODMR measurement enables monitor dynamics 

in physical and biological sciences.  The CCD camera detection provides wide-field 

magnetometry with nanoscale spatial resolution.  The presented NV magnetometry 

system could ultimately lead to highly functional microfluidic systems that combine 

single particle manipulation and real-time sensing to enable a broad range of 

applications in the study of biological and chemical systems. 
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