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Abstract

We aim to use nitrogen-vacancy (NV) center in diamond as quantum noise limited sensor

to measure weak magnetic fields by optically detected magnetic resonance. In this thesis, we

report on the setting up of a confocal microscope to observe single NV center. Diffraction limited

resolution of the confocal microscope has been achieved. The spectrum of fluorescence signal

which agrees with the signature spectrum of a NV center is obtained. We performed Hanbury

Brown Twiss (HBT) measurement to confirm that single NV center is observed.
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Chapter 1

Introduction

The capability to measure magnetic fields with high sensitivity has emerged as an important

study in physics. Such study date back to 1950s when alkali vapor cells achieved record sensitivity

in measurement of magnetic field.[1] Today, atomic magnetometer is known to have achieved

the highest sensitivity and is widely applied in the use of magnetic resonance imaging, studies of

material science and even fundamental physics research.[1, 2, 3, 4] Despite holding the current

record sensitivity, ultra high sensitivity of atomic magnetometer requires it to be operated at

low temperature.[1] The need for low temperature setting restricts the possibility of bringing

atomic magnetometer to close proximity with a living substance, denying its capability of near

field measurement to achieve higher spatial resolution.[5] Moreover, setup for high sensitivity

atomic magnetometers are relatively bulky, hence imposing difficulties in miniaturizing for robust

application out of laboratory.

Recent revival of interest on NV center in diamond has found its application in magnetometry.

As a point defect in diamond, NV center has atomic size and ground state multiplet with long

coherence time. Conveniently, the ground state multiplet can be optically readout thus allowing

measurement of optically detected magnetic resonance (ODMR).[6] Moreover, photostability of

NV center enables long measurement over the same center.[6] Unlike atomic system, NV center

based magnetometer may retain high sensitivity even under ambient temperature because they
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are intrinsically localized in the diamond matrix. Thus, it permits for realization of a simple,

robust and high sensitivity magnetometer. NV center based magnetometer allows measurement

at close proximity, resulting in combination of nanoscale spatial resolution and atomic scale

sensitivity.[1, 7, 8] Over the past few years, pioneering work in developing NV center based system

has been successfully demonstrated in using bulk diamond nanoscale imaging [9, 10, 11, 12],

with the technique extended to nanodiamonds [13, 14, 15] and as well ensembles of NV centers

[16, 17, 18].

To perform magnetometry, we used an efficient way to detect fluorescence from NV center.

This is accomplish with a scanning confocal microscope and the details are discussed in Chapter

2. In Chapter 3, we report on the spectrum measurement of the fluorescence signal to confirm

that we have observed NV center. Last, HBT (Hanbury Brown and Twiss) measurement is also

performed to show that single NV center is being studied. The result is presented in Chapter

4. A brief introduction to NV centers in diamond will be presented following in this Chapter.

1.1 A brief introduction to NV center

Figure 1.1: Physical structure of a NV center. A carbon atom (grey) is substituted by a nitrogen
atom (N) forming a nearest neighbor pair with an adjacent lattice vacancy (V).

NV center is a defect formed by a substitutional nitrogen impurity and an adjacent lattice

vacancy in diamond as shown in Figure 1.1. The determination of electronic structure of NV

center has received numerous effort from theoretical research and continues so as contemporary

research.[19, 20] Experimentally, it has been shown that naturally occurring NV centers exist in
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form of neutral NV0 with zero phonon line (ZPL) at 575 nm[21] and singly charged NV− state

with ZPL at 637 nm[22, 23]. In our work, we focus on NV− state because they are dominant in

natural diamond and we will refer them as NV center onwards.

3
E

3
A

ms=0

ms=±1

2.88GHz

637nm

Figure 1.2: Energy level structure of a NV center. The 637 nm ZPL emission band is associated
to electric dipole transition from 3A to 3E state. The triplet 3A ground state has a zero field
splitting of 2.88 GHz.

Through the combination of various theoretical and experimental work, it is determined that

NV center has C3v symmetry and has energy level structure as shown in Figure 1.2. The zero

phonon line (ZPL) emission band of NV center at 637 nm is associated with a electric dipole

transition from its 3A to 3E state. The presence of 3A state is formed by ms = 0 and two

ms = ±1 states with a zero field splitting of 2.88 GHz. Since the NV center is embedded in

diamond matrix, its electronic transition 3A to 3E is coupled to the matrix excitation resulting

in vibrationally broadened spectrum ranging from 630 nm to 750 nm.[24]

The 2.88 GHz splitting of the triplet ground electronic state and the electric dipole tran-

sition from 3A to 3E is used to perform optically detected magnetic resonance.[6] Amount of

fluorescence from electronic transition 3A to 3E depends on relative occupancy of ms states in 3A

multiplet. By applying a radio frequency (RF) field to the NV center, one can drive transitions

between ms = 0 and ms = ±1 states. The presence of magnetic field will split the ms = ±1

levels, driving them off resonance from the driven RF transition which will result in a change

of detected fluorescence signal. That is the basic idea of optically detected magnetic resonance

and how one can measure magnetic field with a NV center. To determine vector component of
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the magnetic field, Ramsey-like or spin echo experiments can be performed.[7, 10]
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Chapter 2

Confocal microscopy of NV center

Sensitivity of a magnetometer scales as signal strength and coherence time of the sensor,

which in our case is NV center. One may use ensemble of NV centers to increase the signal

strength which scales linearly with number of NV centers. However like other solid state systems,

each NV center is uniquely coupled to its local environment which leads to inhomogeneous

broadening that could not be easily manipulated. This broadening leads to spin dephasing

that would reduce the magnetic sensitivity. Alternatively, one may work with single NV center

but achieve high signal strength with efficient collection of fluorescence. For that, one may

employ method of confocal microscopy.[6] In this chapter, we report on the setup of a confocal

microscope to study single NV center.

2.1 Setup: Confocal microscope

We have employed technique of scanning confocal microscopy to study single NV center,

with the setup shown in Figure 2.1. A 532 nm excitation laser is coupled out of a single mode

fiber with an aspheric lens (fc=11 mm). The excitation laser is focused with a microscope

objective (MO) with 100x magnification and numerical aperture (NA) of 0.90 to illuminate

the diamond sample (Electronic Grade Single Crystal Grade B). Using the same microscope

objective, fluorescence from the diamond is extracted. The fluorescence signal is coupled into
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Figure 2.1: Setup schematic of the confocal microscope. An excitation laser of 532 nm is focused
onto the diamond through a microscope objective (MO) and the fluorescence signal from the
diamond is collected with the same MO. (fe:aspheric lens of f=11 mm, fc:achromatic lens of
f=16.55 mm, LP:long pass filter, DM:dichroic mirror, MO:microscope objective)

another single mode fiber with an achromatic lens (fc=16.55 mm). The achromatic lens ensures

same focusing for all spectral components of the fluorescence signal. The use of single mode fiber

defines a spatial mode for the excitation laser and detected signal. These modes are thus fixed to

be Gaussian with properties that are discussed in details further in Section 2.1.1. A combination

of long pass filter (OG590) and dichroic mirror is used to suppress scattering of the excitation

laser from being collected. The fluorescence is detected by an avalanche photodetector (APD)

operated in photon counting mode.

We employed a piezoelectric stage (P-611.3 NanoCube, PI) to drive the diamond sample into

focus of the objective. The piezoelectric stage allows a scanning range of 120µm × 120µm ×

120µm with resolution of 0.2 nm.

Selection of microscope objective (MO)

As we would be working with air to diamond interface, the difference in refractive index

would result in change of collection angle defined by the MO. The collection angle is related to
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Figure 2.2: Illustration to show how focusing from air into diamond affects NA of MO.
(a)Collection angle of MO is limited to 2θc due to effect of total internal reflection. (b)Collection
angle of MO is reduced from θ0 to θeff due to effect of refraction.

numerical aperture (NA) as

NA = sin
θ

2
(2.1)

Illustration of the effect on NA due to refraction is shown in Figure 2.2. First, total internal

reflection sets maximum collection angle to critical angle of diamond resulting in NAmax=0.75.

In addition, the MO is not designed to focus into high refractive index material. This results in

reduced effective NA due to lower collection angle caused by the effect of refraction. Our choice

of MO with NA=0.90 would result in estimated NAeff=0.65.

2.1.1 Estimation of alignment parameters

To achieve good signal to noise ratio in detected fluorescence, it is important to overlap

the excitation and collection modes on NV center. As an attempt to guide and set an upper

bound for optimized alignment, the beam waist and position in the diamond with respect to

misalignment of the fiber coupling lenses (fc, fe) is estimated.

The propagation of light through a system of optical instruments can be well described by

formulation of ABCD matrix or ray transfer matrix. The concept of ABCD matrix is well

established and detailed description is found in many optics textbooks.[25, 26] In our case, this

concept requires to be expanded to domain of the Gaussian beams and few of the important

parameters will be presented here. In this context, it is common to analyze paraxial beam
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propagation in terms of the complex beam parameter or q-factor given by

1

q(z)
=

1

z + izR
=

1

R(z)
− i λ

πω2(z)
(2.2)

where zR = πω2
0/λ is the Rayleigh range, R(z) = z[1 + (zR/z)

2] is the radius of curvature and

wz = w0

√
1 + (z/zR)2 is the beam waist. In the analysis of ABCD matrix, the Gaussian beam

can be propagated through an optical system using the equation:

q2 =
Aq1 +B

Cq1 +D
(2.3)

in which q1 represents the beam before passing through the system, and q2 describes it after the

system.

ABCD matrix of our system

ABCD Matrix Description

T1 =

(
1 d+ foffset

0 1

)
Translation from fiber
to lens with d=fe(fc)

F =

(
1 0
−1

fe(fc) 1

) Fiber collimation lens
with fe(fc)=11(16.55)
mm

T2 =

(
1 d2

0 1

) Translation from lens
to microscope objective
with d2 =20 cm

MO =

(
1 0
−1
f 1

)
Microscope objective
with f=2mm

T3 =

(
1 d3

0 1

) Translation from mi-
croscope objective to
diamond surface with
d3=195 mm

R =

(
1 0
0 1

n

) Refraction from air
into diamond with
n=2.42602(2.41178)

T4 =

(
1 d4

0 1

) Translation through
d4=depth in diamond
matrix

We list out the ABCD matrices used to describe our system. Thin lens approximation is applied

to all three lenses (fc, fe, MO). The system described here is shown in Figure 2.3. The initial

beam parameter is given by numerical aperture (NA) of the optical fiber for 532 nm (NA=0.14)
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Figure 2.3: Refrence for schematic for ABCD matrix formalism of the confocal microscope.
(fe:excitation lens, fc:collection lens, MO:microscope objective, D:diamond)

and 637 nm (NA=0.12). Hence, the ABCD matrix is given by

ABCD = T4 · R · T3 ·MO · T2 · Fc · T1 (2.4)

and can be used to predict the beam waist and position in the diamond as a function of focus

offset.

Results of estimation

In this simulation of ray tracing, we use a 532 nm Gaussian beam to represent the excitation

laser and 637 nm Gaussian beam to represent the fluorescence signal. The response of the

waist position in depth of diamond as a function of offset of collimation lens with respect to

focal position is plotted in Figure 2.5 as reference for alignment. Steep response to focus of

the excitation mode shows that a slight displacement would result in misalignment with overlap

of collection mode. In Figure 2.4 we show the estimated waist size in diamond with the two

collimation lens placed at its respective focal position. We obtained a minimum Gaussian waist

of we = 0.341µm for the excitation laser and wc = 0.312µm for the fluorescence signal. For a

confocal microscope, effective waist of the fluorescence signal is determined by the product of

the intensity spatial profile of the excitation and collection mode. Hence, we obtain an effective

waist of w0 = 0.326µm.

13



−1 −0.5 0 0.5 1
0

50

100

150

200

250

focus offset (mm)

w
0 

po
si

tio
n 

(µ
m

)

 

 

637nm
532nm

Figure 2.4: Position of waist of the
532 nm beam (excitation) and 637
nm beam (collection) in diamond as a
function of focus offset.

Figure 2.5: Waist size of the 532 nm
beam (excitation) and 637 nm beam
(collection) as a function of depth in
the diamond sample.

2.2 Results

2.2.1 The search for NV center

To locate NV centers, the piezoelectric stage is scanned to drive the diamond sample across

focus of the confocal microscope. We first drive the piezoelectric stage to scan into the diamond

(yz plane) with a range of 90µm × 90µm. The fluorescence count obtained from the scan is

shown in Figure 2.6. The bright band around z=20 µm displays scattering of 532 nm light off the

diamond surface. This gives us position of diamond surface as a reference. Numerous number of

fluorescence spots can also be observed across the diamond. We next choose a depth to perform

lateral scan (xy plane) with the results shown in Figure 2.7. With the map constructed by these

scans, it is possible to revert to the same fluorescence spot.

The piezoelectric stage is set to position one of the fluorescence spots to be at focus of the

confocal microscope, i.e. position of maximum fluorescence intensity. We further optimize the

excitation and collection optics to increase the signal strength. For a good overlap of excitation

and collection mode in a confocal microscope, fluorescence from a single emitter with atomic size

such as NV center should be diffraction limited. We confirm that by performing a fine lateral
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surface

Figure 2.6: A 90µm × 90µm depth scan into the diamond is performed along yz axis. Span
from 15µm to 25µm, a band of bright scattering from the surface can be observed. A huge
number of fluorescence spot is observed across the diamond.
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Figure 2.7: A 20µm × 20µm lateral scan in the diamond is performed along xy axis. At this
resolution individual bright spot can be observed and zoomed for further study.

scan (xy plane) in step of 0.1µm and fitting it to a Gaussian function as the following

ψ(x) = a exp(
−2(x− c)2

2w2
0

) + b (2.5)
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where a is scaling factor, c is center of the fluorescence spot, w0 is the waist size, b is background

contribution. The lateral scan and its Gaussian fit to both x and y axis of the scan is shown

in Figure 2.8. We obtain a waist size of w0 = 0.32 ± 0.01µm for both x and y axis, indicating

a good overlap of the excitation and collection mode. The agreement of measured waist (w0 =

0.32 ± 0.01µm) to the estimated waist (w0 = 0.326µm) shows that alignment of the confocal

microscope is optimum.
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Figure 2.8: A lateral scan (xy) in step of 0.1µm of a fluorescence spot. Both scans are fitted to
a Gaussian function (2.5) to extract the characteristic waist size. The waist sizes are same in
both axis with w0 = 0.32± 0.01µm.

16



2.2.2 Power dependence

To select a suitable excitation power, we measure fluorescence count as a function of excita-

tion power. The result is shown in Figure 2.9 and is fitted to function as the following

F =
F0P

Psat + P
(2.6)

where F is fluorescence count, F0 is apparent fluorescence count, P is power, Psat is saturation

power. Fluorescence of the NV center clearly shows saturation behavior with Psat=5.35 mW.

The background fluorescence however increases linearly with power.
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Figure 2.9: Fluorescence count as a function of excitation power for a NV center (Red) and
background (Black). The data is fitted (Solid lines) to Equation 2.6. A subtract is plotted in
blue dotted line.

2.3 Conclusion

We have built a confocal microscope that is capable of observing diffraction limited fluores-

cence from NV center in diamond. The characteristic waist size of the fluorescence agrees with

our estimation, showing that the alignment of the confocal microscope is close to optimum. Fo-
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cusing of the confocal microscope is also characterized by measuring dependence of fluorescence

count on excitation power in which we obtained a saturation power of Psat=5.34 mW.
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Chapter 3

Spectroscopy of NV center

In this chapter, spectral properties of the detected fluorescence is studied. We want to

confirm that the observed fluorescence comes from NV center, instead of other color centers

that may present in a diamond. At room temperature, zero phonon line of NV center at 637 nm

is clearly identifiable in addition to its characteristic vibrationally broadened spectrum that

stretches from 630 nm to 750 nm.[6, 27] A home built grating spectrometer is used to measure

spectrum of the fluorescence.

3.1 Setup: Grating spectrometer

Figure 3.1: Schematic of the spectrometer used in this setup. A rotational motor is used to
drive the movement of the diffraction grating.

In this experiment, we use a simple grating spectrometer as shown in Figure 3.1. For a

diffraction grating, the zeroth order light obeys the law of reflection having θr = θi, while higher
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mth order reflections are governed by grating equation as the following

mλ

d
= sinθm − sinθi (3.1)

where m is order of diffraction, λ is wavelength of incident light, d is distance between grating

grooves, θm is angle of reflection of mth mode and θi is angle of incidence. We have used a

diffraction grating with d=833 nm.

The spectrometer has to be calibrated to allow conversion from measured incident angle

to detected fluorescence wavelength. The topology used in our calibration is chosen such that

when θi=0, the first order reflection of the reference laser (HeNe, λ=632.8 nm) is detected, i.e.

m = 1, λ = 632.8 nm, θi = 0 resulting in θ1 = 49.43◦. This gives angular displacement between

the signal and mirror of θi + θ1 = 49.43◦ in case of θi 6= 0. With linear approximation, it is then

possible to express the wavelength as a function of incident angle, given by

λ = 1.514× 10−6cos(θi + 1.14) (3.2)

The resolution of the spectrometer is determined by the distance between grating grooves and

numerical aperture of the collection optics. We measured resolution of 0.4 nm by determining

the transmission bandwidth of the spectrometer given by a HeNe laser which linewidth is much

smaller than expected resolution. The overall transmission of the spectrometer is measured to

be 33.9%.

3.2 Results

Fluorescence signal obtained from the confocal microscope is sent to the spectrometer.

Spectra for a fluorescent spot and background obtained with scanning step of approximately

0.122 nm, integration time per point of 30 s are shown in Figure 3.2. The 612 nm peak that is

common to both spectra comes from second order Raman scattering of diamond crystalline.[28]
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Fluorescence spectrum of the spot in the region from 630 nm to 750 nm, has a signal that

resembles the vibrationally broadened side band of a NV center.
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Figure 3.2: Fluorescence spectrum for a NV center (red) with a reference spectrum from the
background (blue). The signature vibrationally broadened spectrum of a NV in regime of 630
nm to 750 nm is observed. The peak at 612 nm corresponds to second order Raman scattering
of diamond crystalline.

However, the signature zero phonon line at 637 nm could not be resolved due to huge

background noise. The background noise has an oscillation timescale of an hour. We suspect

that this noise is related to power fluctuation of the excitation laser. Hence, the effect from

power fluctuation is minimized by saturating the NV center, obtaining a spectrum as shown in

Figure 3.3. In this spectrum, the zero phonon line at 637 nm is seen together with signature

vibrationally broadened spectrum of NV center. The slight offset from 637 nm comes from error

in approximation taken for spectrometer calibration.
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Figure 3.3: Fluorescence spectrum for a NV center with excitation power at saturation level
to neglect the effect of power fluctuation. Zero phonon line (ZPL) at 637 nm and signature
vibrationally broadened spectrum of NV center is observed. The peak at 612 nm corresponds
to second order Raman scattering of diamond crystalline.

3.3 Conclusion

Spectrum of the fluorescence signal is measured with a grating spectrometer. We observed

the signature vibrationally broadened spectrum of NV center that stretches across 630 nm to

750 nm. However, the zero phonon line emission of NV center at 637 nm is only observed with

the use of excitation power above saturation level due power fluctuation in the system.
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Chapter 4

NV center as single photon emitter

We wish to confirm that single NV center is observed by our confocal microscope. As it

has been shown that NV center is single photon emitter[28], we verify our setup by performing

Hanbury Brown Twiss (HBT) measurement to show photon antibunching effect of NV center.

4.1 Setup: Hanbury Brown and Twiss (HBT) interferometer

D1BS

D2

time stamp NV 
fluorescence

delay cable

Figure 4.1: Schematic of a HBT interferometer. The fluorescence signal is passed through a beam
splitter (BS) to be detected by two detectors (D1, D2) where each detected event is recorded by
a time stamp unit.

To show the effect of photon antibunching, a HBT setup is used to measure second order

intensity correlation function which is

g(2)(τ) =
< I1(t)I2(t+ τ) >

< I1(t) >< I2(t) >
(4.1)

where τ is time delay between the detected events in D1 and D2, I1(t) is intensity at D1 at

time t, I2(t) is intensity at D2 at time t, < I1(t)I2(t + τ) > is joint detected intensities by the
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two detectors, while < I1(t) >< I2(t) > is the normalization factor. In our case, the g(2)(τ) is

reconstructed by measuring the rates photodetection events in D1 and D2 that is proportional

to fluorescence intensity.

The fluorescence signal obtained from confocal microscope is sent to a HBT setup shown

in Figure 4.1. The g(2)(τ) is measured by sending the signal to a beam splitter to be detected

by two avalanche photodetectors (APD). The detection time in both APDs is recorded with a

time stamp unit. Owing to the dead time effect of the time stamp (125 ns), a delay of 400 ns is

introduced in the second channel such that occurrence of two events at the same time could still

be detected. The data of the time stamp is processed by binning into time per bin of tbin = 1 ns.

The obtained count rates are used to compute g(2)(τ) function. Explicitly, it is expressed as

g(2)(τ) =
< N1(t)N2(t+ τ) >

r1r2tbinT
(4.2)

where < N1(t)N2(t+ τ) > is joint detected events (proportional to intensity), r1 and r2 is rate

of detected events in D1 and D2, tbin is time per bin, T is total measurement time. Ideally at

τ = 0 for a single quantum emitter, g(2)(0) = 0 while classical sources would have g(2)(0) ≥ 1.

However as g(2)(0) = 1/2 would indicate a two photon state, it is sufficient to show single photon

emission with g(2)(0) < 1/2.

4.2 Results

Measured result of g(2)(τ) is shown in Figure 4.2. We obtain g(2)(0) = 0.74±0.05 which does

not reach the expected value of 0 nor 0.5. The measurement is yet to be improved as there is

two limiting factor to be solved in the near future. First, filtering has to be improved to remove

the background contribution such that the collected signal is solely from the NV fluorescence.

Moreover, the piezoelectric positioning of the diamond sample without active locking mechanism

may be insufficient for long measurements. This might lead to displacement of NV center in

and out of focus during the measurement. In this light, we intend to design a script to actively
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correct the position of NV center by using detected counts as feedback.
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Figure 4.2: Measured second order correlation function g(2)(τ) of a single NV center over inte-
gration time of T = 24h. g(2)(0) = 0.74± 0.05 is obtained.

4.3 Conclusion

Second order correlation intensity function g(2)(τ) of the NV fluorescence is measured to

verify observation of single NV center. We obtain g(2)(0) = 0.74 ± 0.05 which does not lead

to expected result of photon antibunching. However, observation of a dip (g(2)(0) < 1) clearly

shows a non-classical light source. Nevertheless, further improvement is required for a conclusive

result.
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Chapter 5

Conclusion

We have built a confocal microscope that is capable of observing diffraction limited fluores-

cence from NV center in diamond. Characteristic waist size of the fluorescence agrees with our

estimation, showing that alignment of the confocal microscope is close to optimum. Focusing of

the confocal microscope is also characterized by measuring dependence of fluorescence count on

excitation power. We obtained a saturation power of Psat=5.34 mW.

Furthermore, spectrum of the fluorescence signal is measured with a grating spectrometer.

We observed signature vibrationally broadened spectrum of NV center that stretches across

630nm to 750nm. However, zero phonon line emission of NV center at 637nm is only observed

with the use of excitation power above saturation level due power fluctuation in the system.

Second order correlation intensity function g(2)(τ) of the NV fluorescence is measured to

verify observation of single NV center. We obtain g(2)(0) = 0.74 ± 0.05 which does not lead

to expected result of photon antibunching. However, observation of a dip (g(2)(0) < 1) clearly

shows a non-classical light source. Nevertheless, further improvement is required for a conclusive

result.

In the near future, we wish to implement a script to actively reposition the piezoelectric stage

to ensure NV center stays within the focus even in long measurement. The g(2)(τ) of NV center

will then be measured again by using a long pass filter to remove the contribution of second
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order Raman scattering at 612 nm. From then, we proceed the setup to measure magnetic field,

starting from building source of 2.88 GHz to drive the ground electronic spin state.
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