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Abstract

Optically trapped fluorescent nanodiamonds

by

Viva Rose Horowitz

The nitrogen-vacancy (NV) color center in diamond is gaining significant

interest for applications in nanoscale sensing. The optical addressability of

the magnetically sensitive spin states and the ability to coherently control

these states at room temperature makes this system an exciting candidate

for spin-based magnetometry. I constructed an optical tweezers apparatus

combined with a confocal fluorescence apparatus. Using the optical appara-

tus, we demonstrate three-dimensional position control of nanodiamonds

in solution with simultaneous readout of ground-state electron-spin reso-

nance (ESR) transitions in an ensemble of diamond nitrogen-vacancy (NV)

color centers. Despite the motion and random orientation of NV centers sus-

pended in the optical trap, we observe distinct peaks in the measured ESR

spectra qualitatively similar to the same measurement in bulk. Accounting

for the random dynamics, we model the ESR spectra observed in an exter-

nally applied magnetic field to enable dc magnetometry in solution. We esti-

mate the dc magnetic field sensitivity based on variations in ESR line shapes

to be ∼45 µT/
p

Hz. This technique may provide a pathway for spin-based

magnetic, electric, and thermal sensing in fluidic environments and biophys-

ical systems inaccessible to existing scanning probe techniques.
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Chapter 1

Introduction

We demonstrate a biocompatible approach to scanning nanodiamond mag-

netometry in solution using a single-beam optical tweezers apparatus. The

optical trap uses the radiation pressure of a focused infrared laser beam to

attract and hold an ensemble of diamond nanoparticles at the focus, while a

second confocal green laser optically excites the embedded NV centers. The

spin-dependence of the NV center’s luminescence, together with a nearby

microwave antenna, allow us to perform optically detected ESR measure-

ments with simultaneous three-dimensional control in solution. We develop

a model of the observed ESR spectra based on the ground-state Hamiltonian

that accounts for the random motion of NV centers in the trap and incorpo-

rates the orientation-dependent absorption and luminescence collection ef-

ficiency. Using this model, we are able to infer the magnetic field experienced

by the ensemble of NV centers and show an estimated magnetic sensitivity of

∼45 µT/
p

Hz.

1



Chapter 1 Introduction

1.1 Optical tweezers

Optical tweezers utilize tightly focused light to non-invasively trap and move

small dielectric particles in three dimensions [2]. This powerful and biocom-

patible technique has allowed investigation of molecular motors [3], cell-

sorting of a population of Eschericha coli based on single-cell viability [4], and

even the observation of single-base-pair stepping (3.7 Å) of RNA polymerase

along DNA [5]. With ultrastable, dual-beam optical tweezers achieving re-

peatable displacements at the nanometer scale and below [5,6], the prospect

of combining optical tweezers with quantum-based sensors is particularly

attractive for biosensing.

1.2 Nitrogen-vacancy centers in diamond

Nanodiamonds are biocompatible: they can enter cells without killing the

cells. This biocompatibility, together with the photostability of fluorescent

NV centers within nanodiamonds, is gaining attention for biological applica-

tions [7–11]. The quantum control of NV centers within living cells [12] points

to potential applications of sensing, tracking, and tagging in submicron bio-

physical systems.

The optical spin polarization and spin-dependent photoluminescence

intensity, IPL, of NV centers enable optically detected ESR measurements.

When combined with electromagnetically and thermally sensitive spin

states, optically detected ESR permits the measurement of the local electric,

magnetic, or thermal environment. The negatively charged NV center defect

in diamond consists of a substitutional nitrogen atom adjacent to a vacancy

in the diamond lattice (Fig. 1.1A). The NV center’s unperturbed electronic

2
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Figure 1.1: The diamond NV center. (A) Atomic structure of the NV center, with a substitu-

tional nitrogen neighboring a vacancy. (B) Energy level diagram of the negatively charged NV

center in diamond, showing relevant levels. The 3A2 ground state is expanded to show the

spin sublevels split by the zero-field splitting, D . The 3E excited state is similarly split into a

spin triplet. The spin system is optically excited by 532 nm laser into the excited state (3E),

where it has a spin-dependent probability of either returning to the ground state with a red-

shifted photoluminescence (PL) or decaying non-radiatively through an intersystem cross-

ing (ISC). (A) is reprinted by permission from Macmillan Publishers Ltd: Nature Physics [13],

copyright 2005.

energy level structure, shown in Fig. 1.1B, consists of a ground-state spin

triplet with lowest-energy spin sublevel ms = 0 along with two ms = ±1 spin

sublevels [14,15], which are nominally degenerate at zero magnetic field and

energetically higher than ms = 0 by the crystal field splitting, D = 2.87 GHz.

The energy of the NV center spin system is magnetically sensitive, much like

that of its classical analogue, the magnetic dipole. Specifically, a magnetic

field B will shift the energy of the NV center’s spin states according to the

ground-state Hamiltonian,

ĤNV = DŜ2
z + gµBB · Ŝ, (1.1)

where g = 2 is the electronic g -factor, µB is the Bohr magneton, and Ŝ is the

3

http://www.nature.com/nphys


Chapter 1 Introduction

electronic spin-1 operator. The measurement of spin energy eigenvalues in

the presence of a magnetic field is the experimental basis for magnetic sens-

ing using NV centers. The optical read-out of the spin state is possible be-

cause the ms = ±1 states have a higher probability of a non-radiative transi-

tion via an intersystem crossing (ISC) through a series of singlets [16–18], so

IPL is lower in these states than in the brighter ms = 0 state. Control of the

spin state is achieved with a combination of optical and microwave pump-

ing: optical excitation initializes the system into the ms = 0 state through the

same ISC, while a microwave field resonant with the energy splitting between

the ms = 0 and the ms =+1 or −1 states will coherently rotate the spin into a

superposition of the spin sublevels, which we detect as a darker IPL. In con-

tinuous wave ESR measurements, the photoluminescence intensity (IPL) is

read out under the continuous application of both the 532 nm laser and mi-

crowave fields, leading to resonances in the observed intensity as the applied

microwave field is swept in frequency across the spin sublevel transitions.

Magnetometry with NV centers

The room temperature quantum coherence and optical addressability

of negatively charged nitrogen-vacancy (NV) color center spins in dia-

mond [19] make NV centers particularly effective for a variety of sensing

applications. In particular, the nitrogen-vacancy center in diamond is

gaining interest for its sensitivity to magnetic fields. Degen [20] and Taylor

et al. [21] proposed its use as a high-sensitivity scanning magnetic field

sensor with nanoscale resolution. The spin-dependent fluorescent readout

of ground-state electron-spin resonance (ESR) transitions in NV centers

forms the basis for magnetometry. Balasubramanian et al. [22] and Maze et

al. [23] demonstrated this magnetic sensitivity: Maze et al. demonstrated

4
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ac magnetometry using both bulk diamond and 30 nm monocrystalline

nanodiamonds deposited on a coverslip, and Balasubramanian et al.

glued a nanodiamond to a scanning probe tip to scan a magnetic field,

demonstrating high spatial resolution scanning probe magnetometry.

Schoenfeld and Harneit [24] used an immobilized nanodiamond to measure

the magnetic field of a scanned magnetic microwire. They also implemented

a software lock-in to a frequency-modulated microwave signal to increase

the signal to noise ratio. Rondin et al. [25] attached a nanodiamond to a

scanning probe tip and used a software lock-in for magnetic field mapping.

They also demonstrated that the drop in NV center fluorescence intensity

in the presence of an off-axis magnetic field can be used for magnetic

field mapping without ESR. Maletinsky et al. [26] fabricated a high-purity

diamond probe and demonstrated its use for scanning an NV sensor to

image magnetic fields.

Arcizet et al. [27] attached a single-NV nanodiamond to a silicon carbide

nanowire (a nanomechanical resonator) which was itself attached to a tung-

sten tip. In a strong magnetic field gradient, the magnetic field measured by

the NV in the nanodiamond depends upon the position of the nanowire as it

oscillates, and through this they demonstrated magnetic coupling of the NV

spin to the nanowire motion.

A common theme in many works is nanodiamond positioning using

scanning probe tips [20–22, 25–32]. Hall et al. [32] suggest that an NV probe

could be valuable for monitoring ion channel function.

Maertz et al. [33] showed the use of diamond for vector magnetometry:

the ability to measure every component of the local magnetic field. Their

approach uses a bulk diamond that has a very dense population of NV cen-

ters such that the optical ESR measurement encompasses the contributions

5
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of four known orientations of NV centers in the diamond crystal lattice. The

magnetic field projection onto the NV centers varies over these orientations

such that the three components of the magnetic field can be determined.

The three-dimensional magnetic field was mapped by scanning the excita-

tion beam over the diamond. (See also Ref. [34].) Pham et al. [35] used a

similar vector magnetometry method, but N+
2 ions were implanted to cre-

ate a two-dimensional layer of NV centers in the bulk diamond, and a CCD

camera was used for wide-field fluorescence detection and hence wide-field

magnetometry.

In addition to magnetic sensing, diamond NV centers may become useful

as electric field [36] and temperature [18] probes.

1.3 Optically trapped diamonds

Laser-based optical trapping is another method of precise nanopositioning,

but it occurs without physical contact. Optical trapping provides a means of

positioning nanodiamonds, especially in a liquid environment, and it is bet-

ter suited for accessing microfluidic channels than scanning probe tip tech-

niques. It may also open the door to position control of nanodiamond sen-

sors inside biological cells.

Here I will discuss other works in which diamond particles are optically

trapped, including Sun et al. [37], Robledo’s dissertation [38], and a preprint

by Geiselmann et al. [39].

Rotational control of trapped microdiamonds

In the work of Sun et al. [37], a single-beam optical tweezers apparatus

trapped single 15–25 µm diamond particles. Due to the irregular shapes of
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these particles, when the net force was balanced in the trap, the net torque

applied by the laser was not necessarily balanced, such that the laser drove

rotation of the microdiamonds. By measuring the intensity of forward-

scattered light or by imaging with CCD, the frequency of rotation was

measured, varying from 0.5 to 100 Hz. The rotation rate was proportional

to trapping beam power and also depended upon particle shape, proximity

to an interface, and the trapping medium. By adjusting the position of the

trap with respect to a water-air interface, the torque was balanced such that

the particle stopped rotating. Similarly, the direction of rotation could be

controlled for most but not all particle shapes by adjusting the laser focal

plane.

Micro- and nanodiamonds trapped in gaseous medium

Robledo [38] used an optical trap in the tradition of atomic physics (as op-

posed to biophysics) in which the diamond particles were trapped in gaseous

medium with the option of cooling trapped particles down to 4 K. The trap

was used in both a single-beam configuration and a counter-propagating

dual-beam configuration with a 785 nm laser. A piezo buzzer shook a fun-

nel to release several particles to the trap. The diamond particles formed an

agglomerate at the trapping volume. The trapped nanodiamonds were con-

fined to a volume of 0.32 µm×0.56 µm×0.61 µm. Based on observations of

fluorescence intensity, Robledo suspected that in some cases nanodiamonds

exited the trap in steps until only one particle remained. Robledo trapped

diamond particles at a series of sizes (0–50 nm, 0–250 nm, 250–500 nm, 3–

5 µm) with a series of trapping powers (1×5 mW to 2×100 mW) at both 300 K

and 77 K (in He atmosphere at 25 mbar), with pressure varying from 5 mbar

to 1000 mbar, and in He and N2 atmosphere. His trapping time was longer

7
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than 24 h. The fluorescence spectrum of the trapped nanodiamonds shows a

broad peak at 625 nm with no indication of the presence of NV centers.

Single-NV nanodiamond trapping with a dual-beam optical trap

In the preprint of Geiselmann et al. [39], a counter-propagating dual-beam

trap is used to optically trap a single nanodiamond of about 60-70 nm diame-

ter in water. Antibunching measurements indicate that they hold a single NV

center in the trapped nanodiamond and ESR measurements of the trapped

nanodiamond show the Zeeman shift in response to an external magnetic

field. Their apparatus includes a 3-axis external electromagnet system, which

allows them to determine the orientation of the trapped NV center. They find

that the NV orientation is unchanged within an error range of 10◦ over a pe-

riod of 30 minutes. In addition, when the trapped single-NV nanodiamond

is rastered over a TiO2 channel waveguide patterned on a glass substrate, the

coherence lifetime decreases from ∼17 to ∼15 ns near the waveguide. Since

they expect the lifetime is inversely proportional to the local density of pho-

ton states (LDOS) in the waveguide, this measured lifetime decrease corre-

sponds to a measurement of the LDOS.

1.4 Organization

This dissertation is organized as follows. Chapter 2 contains an introduction

to optical tweezers and a detailed description of the optical tweezers appa-

ratus. Chapter 3 gives a description of the confocal fluorescence microscope

and measurements of NV centers in nanodiamonds. In Chapter 4, we look

at the electron spin resonance of nanodiamonds, both optically trapped and

adsorbed on a coverslip. Chapter 5 combines the techniques described in

8
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Chapters 2–4, using optically trapped nanodiamonds for magnetometry.

9



Chapter 2

Optical tweezers

An optical trap provides the ability to position particles in solution [40]. Since

fluorescent nanodiamonds are nanoscale sensors, it is useful to be able to

position them at a variety of locations. Therefore we built an optical tweezers

apparatus and used it to trap fluorescent nanodiamonds in solution.

2.1 Theory of optical trapping

Optical trapping often seems a mystery at first. How can a single laser beam

hold anything? There are two modes of explanation. The first is the ray-optics

approach, in which we argue that conservation of momentum provides the

impulse to keep the trapped particle in place. The second is the induced

dipole approach, in which we argue that the electric field of the beam in-

duces a dipole in the particle, and this dipole is attracted to the highest elec-

tric field gradient. The ray optics approach is best suited for large particles

with a À λ, where a is the radius of the trapped particle and λ is the laser

wavelength. Conversely, the induced dipole approach [41] is best suited for

small particles with a ¿λ. For mid-sized particles, neither approximation is

10
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valid, and generalized Lorenz-Mie light-scattering theory [42] may be useful.

2.1.1 Mie regime: The ray-optics approach

In the Mie regime, the laser beam is considered to be a set of rays that are

parallel when entering the objective. The objective focuses these rays to a

point. A bead in these rays will cause the rays to reflect and refract at the

interface between the bead and the medium. For the full equation of the

trapping force, see Ref. [43, Eq. 6]. The trapping force arises from the con-

servation of momentum. Sketching the refraction of the rays at the interfaces

of the bead and considering the momentum changes can help provide an in-

tuitive understanding of the mechanism of three-dimensional trapping, as

shown in Fig. 2.1.

2.1.2 Rayleigh regime: The induced dipole approach

In the Rayleigh regime, the small particle (a ¿λ) is treated as a point dipole.

The laser beam induces the dipole p =αE in the particle, where E is the elec-

tric field of the beam andα is the polarizability of the particle, as given by the

Clausius–Mossotti equation. This discussion follows Ref. [43].

The force of a tightly focused beam on the particle can be decomposed

into the gradient force and the scattering force:

FRayleigh = Fgrad +Fscatt.

The gradient force is given by

Fgrad = α

2
∇〈E 2〉.

(See also Ref. [44, Eqs. 2.2–2.4].) The scattering force points along the propa-
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Figure 2.1: The ray-optics interpretation of axial (A) and lateral (B) optical trapping. Light is

refracted through a transparent bead with index of refraction np > nw , where nw is the index

of the trapping medium. The momentum change of the light causes an equal and opposite

momentum change of the bead, which serves to push the bead toward the focus of the laser.

Here the trapping beam is shown directed downwards. (A) If the bead is axially displaced

from the beam focus, the light rays will refract in such a way to pull the bead toward the focal

plane. (B) If the bead is laterally displaced from the beam focus, the light rays in the center

of the beam are stronger than the rays at the edge of the beam due to the Gaussian beam

profile, and the central rays will refract in such a way to pull the bead toward the beam focus.

Figure courtesy of Benjamín J. Alemán.
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gation direction of the incident light and is given by

Fscatt = nw
〈S〉σ

c ,

where 〈S〉 is the time-averaged Poynting vector and σ is the scattering cross

section, given by

σ= 8

3
π(ka)4a2

(
m2 −1

m2 +2

)2

,

where k = 2πnw /λ is the wavenumber of the beam, a is the particle radius,

and m = np /nw is the index of refraction of the particle relative to the index

of the medium.

The gradient force holds the particle in the trap while the scattering force

pushes the beam out of the trap. Therefore the high numerical aperture ob-

jective is crucial for obtaining a sufficiently strong field gradient ∇〈E 2〉 to

overpower the scattering force.

2.1.3 Gaussian potential well in the Rayleigh regime

The single-beam optical trap potential well W is proportional to the laser in-

tensity I according to [45]

W (r) =−
3V1(n2

p −n2
w )

2c(n2
p +2n2

w )
I (r), (2.1)

assuming the size of the particle is much smaller than the laser wavelength

(i.e. the Rayleigh regime) and ignoring the back-action of the trapped parti-

cles on the field, where

W (r) is the trapping potential well,

I (r) = I (r, z) is the time-averaged laser intensity in watts per unit area,

V1 is the single-particle volume, given by 4
3πa3 = 210 nm3 for 100 nm

particles,

13
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np is the particle’s refractive index, given by 2.419 for diamond parti-

cles,

nw is the refractive index of the trapping medium, given by 1.333 for

water at room temperature, and

c is the speed of light.

We see that a larger particle will experience a deeper trap and also that the

high index of refraction of diamond contributes to a deeper trap compared

to other materials such as polystyrene. For trapping 100 nm diamonds in

water, Eq. (2.1) evaluates to W (r) = (−1.1×10−12 nm2s) I (r).

Assuming a perfect TEM00 mode with no astigmatism or other aberra-

tions, the time-averaged laser intensity I (r, z) is a Gaussian in the lateral di-

rections [46],

I (r, z) = 2P

πw(z)2
exp

(
− 2r 2

w(z)2

)
(2.2)

with a radial beam width given by [47]

w(z) = w0

√
1+

(
z

zR

)2

and w0 = λ

π tanθ0
, where (2.3)

r is a cylindrical coordinate giving the distance from the optical axis,

z is a cylindrical coordinate equal to zero at the focus, with the z-axis

pointing along the propagating beam,

P is the beam power,

w(z) is the radius of the beam at coordinate z,

w0 = w(0) is the beam waist radius,

zR =πw 2
0/λ is the Rayleigh range, which is half the depth of focus, and

2θ0 is the angular width of the diverging beam, with NA = n sinθ0,

where
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NA is the numerical aperture of the objective, which is 1.3 for our 100x

objective and

n is the index of refraction of the medium in which the objective is

working, equal to 1.515 for the immersion oil.

Note that Eq. (2.2) is self-consistent in the sense that the beam power P is the

integrated intensity at any given z: P = ∫ 2π
0

∫ ∞
0 I (r, z)r dr dφ. Using the values

for NA and n for our oil-immersion objective, the beam intensity is plotted in

Fig. 2.2. Although the 532 nm beam is not used for trapping in our apparatus,

its intensity profile is also a Gaussian and it is plotted for comparison.

With a known beam intensity profile, we can calculate the trap poten-

tial W according to Eq. (2.1), as shown in Fig. 2.3. This is a stable trap in three

dimensions. It is common to approximate the trap potential as a harmonic

potential well,

W (r, z) ≈−W0 + 1

2
kr r 2 + 1

2
kz z2,

with trap depth W0 and trap stiffness values kr and kz . From a Taylor series

expansion of Eq. (2.2), we approximate that

W0 ∼ 2PC

πw 2
0

, kr ∼ 8PC

πw 4
0

, and kz ∼ 4PC

πw 2
0 z2

R

, where

C =
3V1(n2

p −n2
w )

2c(n2
p +2n2

w )
∝α.

However, this laser intensity profile is an idealized approximation. No op-

tical trap is perfectly aligned, and the approximations that facilitated these

calculations are not very precise, especially in consideration of the high NA

of the objective. To emphasize this point, I recalculate and plot the intensity

in Fig. 2.4 using a non-paraxial approximation as found in Ref. [48, Eqs. 3–

6]. In contrast to Eq. (2.2), the side-lobes resulting from the spherical Bessel
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Figure 2.2: The time-averaged intensity of a Gaussian laser beam for (A) a 1064 nm and (B) a

532 nm laser beam, calculated from Eq. (2.2) with NA = 1.3 and n = 1.515. The beam angle is

θ0 = 59.1◦. The beam waist diameter is expected to be 2w0 = 0.41 µm for the 1064 nm beam

and 2w0 = 0.20 µm for the 532 nm beam. The depth of focus is expected to be 2zR = 0.24 µm

for the 1064 nm beam and 2zR = 0.12 µm for the 532 nm beam.

-0.5

0

0.5r (μm)

-0.5
0

0.5
z (μm)

0.

-1

-2

W (eV)

Figure 2.3: The trapping potential well W of a 20 mW, 1064 nm Gaussian laser beam trapping

100 nm diamond particles in water with a 1.3 NA objective in immersion oil (n = 1.515),

calculated from Eq. (2.1) and using the calculated intensity shown in Fig. 2.2A.
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Figure 2.4: The calculated intensity (or, proportionally, the trapping potential well) of a lin-

early polarized, non-paraxial laser beam for (A-B) a 1064 nm and (C-D) a 532 nm laser beam,

calculated from Ref. [48] with NA = 1.3 and n = 1.515.
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Figure 2.5: Comparison of a theoretical beam profile and the experimental fluorescence pro-

file. (A) The calculated intensity of a linearly polarized, non-paraxial, 532 nm laser beam, cal-

culated from Ref. [48] with NA = 1.3 and n = 1.515. (B) The spatial profile of the fluorescence

of a single immobilized NV center excited with a 532 nm beam.

functions appear in this approximation. This is qualitatively similar to side-

lobes I observe in two-dimensional scanned fluorescence measurements, as

shown in Fig. 2.5. See Chapter 3 for a discussion of confocal fluorescence

measurements. The best way to determine trap stiffness is to measure it em-

pirically using the optical tweezers apparatus.

2.2 Instrument

We will discuss the optical tweezers instrument, including each optical com-

ponent and its alternatives and the alignment and function of these compo-

nents.
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Figure 2.6: The optical tweezers apparatus. A 1064 nm beam is expanded, steered, then

tightly focused through a high NA objective. The forward-scattered beam provides tracking

of trapped particles. See Tables 2.1 and 2.2 for an ordered list of optical elements.

2.2.1 Optics

The optical tweezers apparatus is, at its essence, a tightly focused Gaussian

laser beam. To obtain a tightly focused laser beam, the beam is expanded

to slightly overfill the high-NA objective. The forward-scattered beam is col-

lected for measurements of the position of the trapped particle.

Here I explain the purpose of each part in the optical trap apparatus and

discuss alternatives. Figure 2.6 shows the optical tweezers apparatus. The

elements of the optical tweezers apparatus are listed in order in Table 2.1. The

elements of the position detection path are listed in order in Table 2.2. For
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completeness, Table 2.3 lists additional equipment for the optical tweezers.

For step-by-step instructions on how to build optical tweezers, see Refs. [49–

51]. If you are building an optical apparatus, some basic optical alignment

skills are covered in Ref. [52].

The laser system consists of an NP Photonics seed laser and a Nufern

fiber laser amplifier, which outputs a 1064 nm beam with power up to 5 W.

The 1064 nm wavelength is a common optical trapping wavelength because

it is biocompatible [2, 53]. The amplifier requires two power sources; I use a

Xantrex HPD 30-10 voltage source as the first and an ILX Lightwave LDX-3650

current source as the second. The amperage of this second power source

controls the beam power. The manufacturer recommends running the sec-

ond power source at the full 7 amps in order to maintain a stable beam power,

but in many cases the beam power stability is not crucial and so we run the

second power source at low (or zero) amperage to prevent the Nufern ampli-

fier from overheating. The Nufern amplifier has the bad habit of occasionally

turning itself off, and overheating is one of the potential causes. Other causes

include having an insufficient seed laser or reflections of the beam return-

ing to the amplifier. Both the seed laser status and the back reflection sta-

tus are monitored by the Nufern amplifier and can be read as voltages from

the Nufern cord. I have never seen back-reflections cause problems, possi-

bly thanks to the laser isolator, but the seed laser did need to be returned

to NP Photonics for repair once. In contrast to the reflection and seed laser

status monitoring, the Nufern has no built-in monitoring for overheating. I

added an external water-cooling system to the Nufern amplifier in order to

decrease instances of overheating. The Nufern amplifier may also turn off if

it is knocked (or if the table is knocked) or for no apparent reason. (It could

be worse! It could turn on for no apparent reason!)
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Table 2.1: Elements of the optical tweezer pathway, as shown in Fig. 2.6.

# Item Brand Item number

1 Seed laser, 1064 nm NP Photonics Scorpion, FLM-50-0-1064

2 Trapping laser
amplifier, 5 W, 1064 nm

Nufern PM-ASA-SFA-5W-source,
SUB-1151-13

3 Attenuator Newport 935-3-OPT

4 Iris Newport ID-1.0

5 Beam sampler Newport 10B20NC.3

Lens, f = 50.2 mm Newport KPX082AR.33

IR Photodiode Thorlabs DET10C

6 Shutter with foot pedal Uniblitz CS45S1T1 and 710R/F

7 Iris Newport ID-0.5 and MH-2P

8–9 Mirror pair Newport 10D20ER.2 (qty:2)

10 Iris Newport ID-1.0

Acousto-optic deflector
(removed)

IntraAction DTD-274HD6 with DVE-120
and DPA-502D

11 First expansion lens,
f = 50.2 mm

Newport KPX082AR.33

12 Pinhole, 50 µm with
five-axis mount

Newport 910PH-50 with 910A and
TSX-1D

13 Second expansion lens,
f = 250 mm

Newport KPX109AR.33 and TSX-1D

14–15 Mirror pair in periscope
/ beam steerer

Newport 13E20DM.10 (qty:2)

16–17 Aiming mirror pair Thorlabs BB1-E03 (qty:2) and TSX-1D

18 Steering lens,
f = 250 mm

Newport KPX202AR.33 and 460A

19 Last lens, f = 250 mm Newport KPX202AR.33 and 423

20 Trapping dichroic
mirror and filter cube

Chroma 700dcspxr and 91020

21 Objective, CFI Plan
Fluor 100x 1.3NA

Nikon MRH01901

22 Immersion oil Nikon MXA20234
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Table 2.2: Elements of the IR collection path for position detection, as shown in Fig. 2.6.

# Item Brand Item number

1 Immersion oil Nikon MXA20234

2 Condenser, T-C-HNAO high NA
oil lens

Nikon MEL41410

3 Aperture diaphragm Nikon part of TE2000U

4 Dichroic mirror in T-CHA Chroma 700dcspxr

5 First IR collection lens,
f = 200 mm

Newport KBX076AR.18

6 Filter wheel (neutral density) New Focus (now
Newport)

5215

7 Second IR collection lens,
f = 75.6 mm

Newport KPX088AR.18

8 PSD filter, 1064 nm notch pass Chroma z1064/10x

9 Position sensing device (PSD) Pacific Silicon
(now First Sensor)

DL16-7PCBA3,
10-026

Table 2.3: Items relating to the optical tweezers apparatus

Item Brand Item number

Piezostage Physik Instrumente P-517.3CL and E-710.4CL

Inverted microscope AG Heinze / Nikon TE2000U

Water chilling system ThermoCube 10-200-1D-1-SW-EF-DI

Power meter & sensor Coherent 33-0498-000 and 1098304

IR viewer Find-R-Scope FJW 84499A

IR cards New Focus 5842

Laser safety glasses Phillips Safety Products LS-KG5-33
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The beam attenuator (935-3-OPT, Newport) uses diffraction to control-

lably attenuate the beam. An alternative to the diffraction-based attenuator

is a rotating-polarizer attenuator, as used in Ref. [54] and the related video,

Ref. [55]. A rotating filter wheel is not a recommended alternative because

even if the filters did not melt in the beam, the plastic mount would heat and

melt when it rotated through the beam. The attenuation varies from about

50% to about 100%. If greater than 2.5 W laser output is desired, the diffract-

ing attenuator should be removed. A motorized actuator can be installed in

the diffracting attenuator if automated control is desired. We have used an

open-loop actuator for this purpose, but open-loop actuators are generally

a bad idea because the motion of the automated actuator is not repeatable.

If automated control of the diffracting attenuator is desired, the photodiode

could be used to measure the beam power for useful feedback to the actua-

tor. An iris after the diffracting attenuator blocks the stray beams that result

from the diffraction pattern.

The beam sampler sends a fraction of the beam to a photodiode so that

the beam power can be measured at all times. A previous version of the beam

path used a glass slide to sample the beam; however, I replaced it with a com-

mercial beam sampler because a glass slide may distort the beam wavefront.

The photodiode is battery-powered, which may be advantageous in terms of

immediate convenience and price, but has the disadvantage that the batter-

ies must be replaced. The output voltage from the photodiode is essentially

linear to the beam power measured in watts up to ∼250 mV.

The shutter is useful for turning the trap on and off. When the shutter is

closed, the beam is reflected off the shutter blades into a beam dump. (I se-

lected the shutter blades to ensure that they could withstand the laser beam

power, and therefore they are quite reflective.) The foot pedal opens or closes
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2 μm 

Figure 2.7: Micrograph of time-sharing the beam by rapidly alternating the AOD frequency.

The beam is effectively split into two beams, imaged here on a platinum-coated glass slide.

Here, the beam is not swept between the two deflections by the AOD; it jumps between them.

This makes it possible to create multiple traps at different locations. Scale bar is approxi-

mate.

a switch to control the shutter state via the controller.

I have used an acousto-optic deflector (AOD) as a fast beam steerer.

However, I removed it because it was more trouble than it was worth. I

was concerned that the AOD was creating a Schaefer-Bergmann diffraction

pattern [56, 57] and a crosshatching pattern [58], while I needed a Gaussian

beam profile, and the AOD was not necessary because I was not in need

of fast beam steering. That said, many groups benefit from a dual-axis

AOD arrangement for applications such as time-sharing, where multiple

trapping locations are maintained by rapidly changing the position of the

laser (see Fig. 2.7 and Refs. [59, 60]), and force clamping, where the position

of the trap is continually updated so that the force on a tethered bead is

held constant [61, 62]. An AOD can also be used to rapidly turn the trap on

and off, replacing an automated shutter, and to control the beam power,

replacing an attenuator. The Schaefer-Bergmann diffraction pattern might

be minimized by sending the beam through the AOD crystal at a position

closer to the transducer [63].

When an AOD is used, the beam is sent through an acousto-optic crystal

(tellurium dioxide). A piezoelectric transducer converts a radio frequency (rf)

electrical signal into a sound wave that travels through the crystal, creating a
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pattern of high and low optical density. The laser is diffracted by the Bragg

angle [64],

∆θdeflection ≈λ ∆ f

vsound
,

where λ is the beam wavelength in air,∆ f is a change in the rf frequency, and

vsound is the speed of the acoustic wave in the crystal. A position calibration

of the dual-axis AOD is shown in Fig. 2.8 and a power calibration is shown

in Fig. 2.9. Multiple trapping beams could alternately be created by a liquid-

crystal-based spatial light modulator [65]. The AOD is discussed more in the

next section, particularly with regards to its placement in the beam path.

The expansion optics consist of two lenses of unequal positive focal

lengths. The Nufern laser amplifier outputs a beam that is nominally 0.8 mm

in diameter and nominally collimated and the beam needs to be expanded

to slightly overfill the back aperture of the objective, which in our case is

6 mm in diameter. (Overfilling ensures that steering the beam won’t walk

the beam too far off the rear aperture of the objective, in case the steering

optics are not perfectly conjugate to the objective rear aperture.) Naïvely,

this means we need an expansion factor of slightly more than 7.5x. However,

the beam is not perfectly collimated exiting the Nufern laser amplifier,

so the beam will have expanded unintentionally by the time it arrives at

the first expansion lens. In a previous version of the apparatus, I used a

collimation lens pair earlier in the optical path (not shown in Fig. 2.6) to

prevent the beam from expanding unintentionally, but I removed that lens

pair because it was not necessary to avoid unintentional expansion prior to

the intentional expansion, and excess lenses might increase aberration. To

determine the amount of unintentional expansion, I removed all lenses from

the optics path (including the expansion pair, the steering lens and last lens,
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Figure 2.8: Position calibration of a dual-axis AOD. Here the beam deflection is measured at

a location immediately after the AOD, without the use of lenses or the microscope objective.

Nonlinear ripples in the response are likely due to standing waves created in the acousto-

optic crystal [64]. To good approximation, the beam deflection in y only depends on the AOD

y frequency and the beam deflection in x only depends on the AOD x frequency. Hence, the

beam can be deflected to desired positions in both x and y using two perpendicular acousto-

optic crystals.
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Figure 2.9: Power calibration of a dual-axis AOD. The first order deflected beam exiting the

dual-axis AOD will be less powerful than the input beam, and this output power (plotted

above) is not flat over the range of AOD rf frequencies. If the trapping beam must be equally

intense at each deflection angle, this can be achieved by adjusting the amplitude of the rf

frequency input to the transducer at each frequency using this calibration.

and the objective). With no lenses, I measured the 1/e2 radius of the beam at

the sample location using a knife edge width technique. In this technique, a

blade is placed in the beam and the beam power Pmeas is measured after the

beam has clipped on the blade edge. A Gaussian beam will fit to [66]

Pmeas = P0

2

[
1±erf

(p
2(x −x0)

R

)]
, (2.4)

where

P0 is the beam power prior to the blade,

erf is the error function,

x is the blade position,

x0 is the position of the blade when centered on the beam, and

R is the 1/e2 radius of the Gaussian beam.

Using a knife edge at the sample location, I found that, in the absence of

lenses, the beam expanded from a nominal diameter of 0.8 mm exiting the

Nufern amplifier to a measured diameter of 2R = 5.1 mm at the sample lo-
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Figure 2.10: Gaussian beam expansion measured with the knife edge technique with all

lenses removed. The beam, nominally collimated when exiting the Nufern amplifier, nev-

ertheless diverges unintentionally when all lenses are removed. A blade was mounted on a

linear stage and placed at the sample location, and the beam power Pmeas was measured af-

ter the beam had clipped on the knife edge. This was divided by the measured IR photodiode

voltage, VDET ∝ P0, to remove the confounding effect of laser power fluctuations. By fitting

(orange curve) to Eq. (2.4), the beam radius was determined to be 2.57 mm±0.04 mm.

cation (Fig. 2.10). Without the collimation lens pair to reduce unintentional

expansion prior to the expansion optics (i.e. with the optics shown in Fig. 2.6),

the desired expansion factor for the expansion optics was determined to be

about 5x. Combined with the unintentional expansion, this achieved the de-

sired overall expansion factor. It is also possible that beam quality might be

improved by shortening the path length between the expansion optics and

the laser output.

As an alternative to a lens pair for the expansion optics, a commercial

beam expander with adjustable expansion factor can be useful for this appli-

cation. We have a Zoom Beam Expander (NT64-414, Edmund Optics) with a

variable expansion factor ranging from 2x to 8x. The benefit of an adjustable

beam expander is that the expansion factor can be adjusted without replac-

ing lenses. The disadvantage is that the expander is more complicated to use
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and introduces more lenses to the beam path, so I opted for the simplicity of

a two-lens beam expander that also had the advantage that it provided a laser

focus location for a pinhole.

The purpose of the pinhole is to spatially filter the beam so that it is a

Gaussian beam with a TEM00 mode. The alternative is to remove the pinhole

and rely on the single-mode fiber that outputs the beam from the Nufern

amplifier to provide the proper mode.

The periscope serves to raise the IR beam to the level of the trapping di-

chroic mirror mounted inside the Nikon microscope. Now that the beam has

been expanded, care must be taken to ensure that the beam does not clip

on any of the optics. Although the beam is still small enough that one-inch

diameter mirrors would be sufficiently large, even when mounted at 45◦ in

the periscope, any adjustment could cause the beam to clip on a one-inch

mirror, so I chose larger elliptical mirrors.

Aligning the beam into the microscope objective is a crucial considera-

tion for optical tweezers. Four mirrors in a row might seem excessive, since

the beam alignment could be accomplished entirely with the periscope, but I

prefer gimbal-mounted mirrors for the aiming mirror pair. A gimbal mount

has a pivot at the center of the mirror so that adjusting the angle of the mirror

will not cause other parameters of a beam’s position to change if the beam

is centered at the pivot point. The two aiming mirrors together provide four

degrees of freedom for adjusting the alignment of the beam. In addition, I

mount the second aiming mirror on a linear stage because the second aim-

ing mirror needs to be perfectly opposite the trapping dichroic mirror. An

alternative to using the linear stage might be to use larger mirrors.

The steering lens provides a means of adjusting the position of the trap.

If three degrees of freedom are desired, then the steering lens should be
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mounted on a 3-axis stage. Once the steering lens focuses the beam, the last

lens before the microscope collimates the beam.

The trapping dichroic mirror is mounted at 45◦ in a filter cube turret built

into the TE2000U microscope. As such, I have used a dichroic that is shaped

for mounting in a Nikon filter cube. An alternative would be to build a custom

mount for the dichroic, which could be designed with increased stability, if

necessary, and which would permit the mounted dichroic to be circular in

shape instead.

The objective has a numerical aperture (NA) of 1.3, which is sufficiently

high to achieve optical trapping. According to Ref. [2, Table 1], the CFI Plan

Fluor 100x objective has a transmission of 61%±5% at 1064 nm. In order to

achieve the high numerical aperture, the objective is designed for use with

immersion oil with a refractive index of 1.515. I used Nikon-brand immer-

sion oil. This oil had a fluorescence of approximately 400 kCts/s when I fo-

cused the 532 nm beam, attenuated to about 16 µW, into the oil. Fortunately,

the oil’s fluorescence is minimal when the beam is focused through a glass

coverslip to the sample.

And here we arrive at the trapped particle. The optics of levitating a par-

ticle with light are discussed in Section 2.1.

The forward-scattered 1064 nm beam has an interference pattern that

provides information about the trapped particle position. The beam traps a

particle at the beam focus in solution in the sample chamber. The beam con-

tinues onwards after its crucial job is completed. It passes through the glass

top of the sample chamber, the immersion oil, and the condenser lens. (I

used both an oil-immersion objective and an oil-immersion condenser lens,

so the sample chamber is surrounded with oil on bottom and top.) An aper-

ture diaphragm is located at the back focal plane of the condenser lens. The
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beam passes through this aperture, which may be partially closed for the illu-

mination path but which must be open (crucially!) for the wide beam to pass

through for particle tracking.

A dichroic mirror serves to reflect the 1064 nm beam away from the illu-

mination path. The dichroic is mounted inside a tube-like Nikon part called

a T-CHA. I used a 45◦ optics mount held inside the T-CHA with a customized

attachment. The dichroic was too thin to use a set screw to hold it in the

mount, so I used a retaining ring.1

The T-CHA was modified with a hole to allow the beam to exit to the side.

The beam passes through lenses and a filter wheel and arrives at the PSD.

The placement of these lenses and the PSD is discussed in Section 2.2.2. The

uses of the PSD (and the filter wheel) are discussed in Section 2.3.

2.2.2 Conjugate focal planes

A crucial consideration in designing optical tweezers is the concept of con-

jugate focal planes. Two planes are conjugate to each other if points at one

plane are imaged at the other. A camera will image all of its conjugate planes,

including the surface of the light-sensitive element, which is why it will image

dust particles on the surface. (Samples placed directly on the camera surface

can also be imaged without a camera lens [67].)

1Unfortunately, the retaining ring blocks some of the optical path, which is clearly visible

when viewed with the microscope’s Bertrand lens. Position tracking and illumination might

both be improved if this dichroic were replaced with a dichroic that was thick enough to be

mounted with a set screw rather than a retaining ring. However, it is a small concern because

the system is functional.
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Definition

We use a geometrical ray optics approach following Ref. [68, Chapter 4]. If a

ray begins at height y0 and angle α0 at the first plane, P0 then it will arrive at

the second plane, P f , according to

y f = A f 0 y0 +B f 0α0

α f =C f 0 y0 +D f 0α0,
(2.5)

where we have made the small-angle approximation that tanα0 ≈ α0. The

constants A f 0, B f 0, C f 0, and D f 0 are determined by the specific optics be-

tween P0 and P f . A laser beam can be thought of as a set of rays, which are

parallel to each other with the same α where the beam is collimated, and

which come together at a single height y at a focus.

Two planes P0 and P f are conjugate to each other if and only if B f 0 =
0. In this case, y f is independent of α0. As a more intuitive definition, if

you arrange to have a laser beam focused at P0 then all of its rays are at the

same y0 and so they will all arrive at some particular y f , regardless of their

angle, which means that the laser beam will also be focused at P f . Hence,

two planes are conjugate to one another if a laser focused at one plane is also

focused at the other.

In some cases, however, it is useful to arrange for two planes to be conju-

gate to each other where no beam is focused. For example, the steering lens

of the optical trap needs to be conjugate to the objective rear aperture, but

the trapping laser is not focused at either location.

Conjugate planes in optical microscopy

Köhler illumination is a common technique in optical microscopy for

uniform illumination of a sample, despite the uneven lamp source. The
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lamp source is unfocused at the sample so that light from every part of the

lamp reaches each point of the sample [69]. To achieve this, there are two

sets of conjugate planes. The first is the image-forming conjugate plane set:

the sample plane is conjugate to the camera or the retina (when imaging

by eye) as well as the field diaphragm. Therefore the sample is focused

for imaging and the field diaphragm is visually focused to achieve proper

Köhler alignment of the illumination path. The second is the illuminating

conjugate plane set: the lamp filament is conjugate to the objective rear

aperture, the camera lens or the microscope exit pupil, and the condenser

aperture diaphragm, as shown in Ref. [70]. Even in the absence of Köhler

illumination, these two sets of conjugate planes are important in optical

trapping because the trapping beam focus is in the first conjugate plane set

while beam steering and position detection are in the second set [2, Fig. 2].

Ray-transfer matrix

When you wish to arrange to have two planes be conjugate to one another,

system ray-transfer matrices are valuable for calculating appropriate optics.

We rewrite the ray transfer equations (2.5) in matrix notation:

[
y f

α f

]
= M f 0

[
y0

α0

]
, where M f 0 =

[
A f 0 B f 0

C f 0 D f 0

]
.

The elements of M f 0 describe the optics between P0 and P f , where again

B f 0 equaling zero is the necessary and sufficient condition for these two

planes to be conjugate to each other. We determine the matrix M f 0 by

multiplying the matrices of the optical elements between P0 and P f . For

example, a translation of length L has a matrix Mt (L) and a thin lens of focal
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length f has a matrix Ml ( f ) as follows:

Mt (L) =
[

1 L
0 1

]
and Ml ( f ) =

[
1 0
− 1

f 1

]
.

More ray-transfer matrices are available in Ref. [68]. The system matrix M f 0

is built up from the matrices of each optical element,

M f 0 = MN MN−1 · · ·M2M1,

where M1 is the matrix of the first optical element after P0 and MN is the ma-

trix of the last optical element before P f . In addition to providing a conve-

nient means of ray-tracing, this approach provides a notation for describing

a series of optical elements mathematically rather than pictorially.

In an optical path, if P1 and P2 are conjugate to each other, and P2 and

P3 are conjugate to each other, then P1 and P3 are conjugate to each other,

because

M31 = M32M21 =
[

A32 0
C32 D32

][
A21 0
C21 D21

]
=

[
A21 A32 0

A32C21 +C32D21 D21D32

]
,

where we obtain B31 = 0, as required. This is the transitive property of conju-

gate planes, and it enables us to speak of sets of planes that are all conjugate

to each other.

Beam steering and the particle-tracking collection path

A steering lens is a practical example of conjugate focal planes. We wish to

be able to control the angle of approach of a laser entering the back of the

objective, but we do not want the laser beam to walk off the back opening of

the objective. Therefore, the steering element must be conjugate to the rear

aperture of the objective. We achieve this by arranging the lenses as shown in
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Objective rear aperture 

2f 2f 

Steering lens 

Pr Ps 

Figure 2.11: If the steering lens is at plane Ps and the rear aperture of the objective is at

plane Pr , then these two planes will be conjugate to each other if the two lenses shown (the

steering lens and the last lens of the IR pathway) both have a focal length f , are separated by

distance 2 f , and if the rear aperture of the objective is a distance 4 f from the steering lens.

Mirrors (including the dichroic mirror) are neglected in this diagram.

Fig. 2.11. Then the system matrix from Ps to Pr is

Mr s = Mt (2 f )Ml ( f )Mt (2 f )Ml ( f ) =
[−1 0

0 −1

]
.

Since the element Br s is zero, this lens arrangement puts the steering lens

conjugate to the rear aperture of the objective, as desired.

An alternative to the steering lens arrangement, some optical tweezers

use a steering mirror; in this case the steering mirror must be conjugate to

the objective rear aperture. This is most commonly achieved by placing two

lenses between the steering mirror and the objective rear aperture, with spac-

ings as given by the following ray-transfer matrices:

Mr m = Mt ( f )Ml ( f )Mt (2 f )Ml ( f )Mt ( f ) =
[−1 0

0 −1

]
.

Again, this offers a geometry for which the element Br m is zero and, as be-

fore, the distance between the steering element and the rear aperture of the

objective is 4 f . However, the last lens of the IR pathway must be placed a

distance f from the rear aperture of the objective in this steering mirror ar-

rangement, in contrast to the steering lens arrangement where the last lens is
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Figure 2.12: The acousto-optic deflector (AOD) must be conjugate to the steering lens. This

diagram neglects mirrors that are present in the apparatus.

placed a distance 2 f from the objective, as shown in Fig. 2.11. I chose to use

a steering lens arrangement partly because the geometry of the commercial

microscope made it impractical to position a lens close to the rear of the ob-

jective, so I would have needed lenses of very long focal length to achieve the

steering mirror arrangement. In contrast, for a given lens focal length f , the

steering lens arrangement leaves more space free between the last lens and

the objective.

If an acousto-optic deflector (AOD) is desired to provide fast beam steer-

ing, it will be placed prior to the beam expansion. Again, we wish the AOD

to be conjugate to the rear aperture of the objective. Equivalently, the AOD

will be conjugate to the steering lens, by the transitive property of conjugate

planes. The beam expansion consists of two lenses of focal lengths f1 and f2,

where f2 > | f1| and f2
| f1| is the expansion factor. The system matrix between

the AOD plane Pa and the steering lens plane Ps is

Msa = Mt (s)Ml ( f2)Mt ( f2 + f1)Ml ( f1)Mt (d) =
[− f2

f1
f1 + f2 − s f1

f2
−d f2

f1

0 − f1
f2

]
,

where s is the distance from the second expansion lens to the steering lens

and d is the distance from the AOD conjugate focal plane to the first expan-

36



Chapter 2 Optical tweezers

sion lens, as shown in Fig. 2.12. Therefore, when the AOD is positioned with

d = − f 2
1

f 2
2

s + f 2
1

f2
+ f1, then it is conjugate to the steering lens, as desired. For

example, if f1 = 50.2 mm and f2 = 250 mm for an expansion factor of 5x, then

d = 60.3 mm−0.0403s, whereas if f1 = 75.6 mm and f2 = 200 mm for an ex-

pansion factor of 2.6x, then d = 104.2 mm−0.143s. This raises some practical

considerations:

• While a beam expander might in general use a Keplerian approach with

both lenses convex, f1 > 0, or a Galilean approach with a concave lens,

f1 < 0, we find that the Galilean approach to beam expansion will not

permit the placement of the AOD at a conjugate plane; it is necessary

to have f1 > 0. Alternatively, if an AOD is not steering the beam prior

to beam expansion, then a Keplerian beam expander might still be pre-

ferred, because it provides a beam focus where a pinhole can spatially

filter the trapping beam.

• A pinhole cannot be placed after a beam steering optic such as an AOD.

• The AOD creates a diffraction pattern. Usually only one of the

diffracted beams is desired, so an iris (i.e. an adjustable aperture) can

be used to block the extraneous beams. The iris must be sufficiently

open that the desired beam can deflect, but if the iris is open too

much then the extraneous beams will not be fully blocked. The AOD

I used had a prism angle on the acousto-optic elements so that the

deflected first order beam was collinear with the original laser beam

for alignment convenience.

• Care must be taken to keep s sufficiently small that there is plenty of

room to place the AOD.
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• When I used an IntraAction dual-axis AOD, it was not possible to place

both crystals at the appropriate conjugate focal plane, so I chose a

placement where the conjugate plane was intermediate between the

two crystals. If they were not mounted together, it would be possible

to use additional lenses between the two crystals so that the x-axis

AOD and the y-axis AOD were conjugate to each other and to the rear

aperture of the objective.

• The calculation here assumes that the two lenses are placed a distance

f2+ f1 apart. However, if the beam is not collimated prior to the expan-

sion pair, then that separation distance should be adjusted so that the

beam exiting the expansion pair is collimated.

• The tilting range of an AOD is small. The angular deflection will be

converted to position control of the trap at the sample plane. In my

setup, the AOD only provided a micron of travel for the laser beam at

the sample plane, but choosing appropriate lens focal lengths could

control this. You should consider how much travel you want to have

at the sample plane. For example, a force clamp application might not

need as much travel as a time-sharing application.

The AOD is an excellent tool for fast beam steering but it must be used

thoughtfully.

Ultimately, we chose to move the piezoelectric stage to control the po-

sition of the sample with a fixed trap rather than using the steering optics,

since only the relative position is important. Using a fixed trap ensures that

the trapping power is constant as the relative position is adjusted laterally,

which may not be the case when steering optics are used to move the trap

position. Also, the position of the fixed trap can be marked on the camera
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Figure 2.13: The IR collection path for position detection, as calculated with the ray-tracing

matrices, Eq. (2.6). The diaphragm, dichroic, lenses, and PSD are not shown. The 200 mm

lens is located 13 cm from the condenser aperture diaphragm at z = 0, or plane Pc , the

75.6 mm lens is located 25.1 cm from Pc , and the PSD is located 34 cm from Pc , as speci-

fied in Eq. (2.6). Here, z is the distance from the condenser aperture diaphragm, with the

z-axis lying along the optic axis, and y is the radius of the beam. The shaded area between

the black curves shows the IR the beam in the collection path under the following conditions:

(1) there is no particle in the trap to cause interference and (2) the condenser is aligned for

Köhler illumination such that the condenser aperture diaphragm is conjugate to the rear

aperture of the objective. The orange dotted lines outline the location of the beam under the

same conditions after it has been steered by the beam-steering optics. The beam arrives at

the same location at the PSD regardless of how it is steered. A trapped particle, on the other

hand, will create an interference pattern in the beam that will cause a change in the position

signal read by the PSD.

display so that the position of the trap is always readily identifiable. Never-

theless, steering the trap has benefits for alignment and it may provide useful

for future applications, especially with multiple trapping locations.

The position sensing device (PSD, at plane Pp ) of the IR collection path

should also be in the illuminating conjugate plane set [2]. This means the

PSD is not placed at the focus of the trapping beam. To arrange this align-

ment, I placed optics with respect to the plane of the condenser aperture di-

aphragm (plane Pc ) as described by the system matrix

Mpc = Mt (8.93 cm)Ml (75.6 mm)Mt (12.1 cm)Ml (200 mm)Mt (13 cm), (2.6)

as shown in Fig. 2.13. The 13 cm translation includes the distance from the
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condenser aperture diaphragm to the dichroic in the T-CHA plus the distance

from the dichroic in the T-CHA to the 200 mm lens. One constraint in deter-

mining the appropriate optics was that I had already built a stage that pro-

vided space for the PSD to be located up to 14 inches from the condenser

aperture diaphragm. I also chose to obtain a beam spot that would not over-

fill the PSD sensitive area so that the maximum optical signal would be mea-

sured. These two constraints made it impractical to achieve Pp at the ap-

propriate conjugate plane with a single lens, so the solution above uses two

lenses. As shown in Fig. 2.13, when Pp and Pc are conjugate, the beam will

fall on the same location of the PSD regardless of how it is steered. Only inter-

ference from a trapped particle will change the position of the beam as mea-

sured by the PSD. There is also an imaging plane located at 28.9 cm from Pc .

2.2.3 Benefits and disadvantages of a commercial

microscope

Almost every optical tweezers apparatus I have seen is built around a com-

mercial inverted microscope. However, there are both advantages and dis-

advantages of using a commercial microscope compared to other choices of

optomechanics and objective-holders.

We chose to build the optical trap using a commercial microscope. The

advantages of the commercial microscope compared to a custom-built mi-

croscope are that the microscope is immediately usable, with DIC and phase

contrast microscopy, excellent illumination, and built-in binoculars. We use

a Nikon TE2000U inverted research microscope, which has excellent quality.

In particular, its movable parts have excellent repeatability, which is a trait

I have come to truly appreciate in any optomechanics parts. The dichroic
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turrets provide the possibility of rotating a dichroic in and out conveniently,

or comparing a dichroic to a beamsplitter. The port selector will likewise ro-

tate reliably into place. The built-in focus knob provides the objective with

both a large range of motion and submicron adjustment. Furthermore, the

commercial microscope can be customized since it’s built of modular parts.

For example, the stacked pair of dichroic turrets are a rare customization to a

TE2000U.

On the other hand, there are disadvantages of using a commercial micro-

scope. The customizability of modular parts is limited to the parts available.

One of the limitations of working with Nikon parts is that the dichroic turrets

require very specific shapes of dichroics mounted in overpriced filter cubes.

It is certainly an option to replace these turrets with custom optic mounts,

which could be more stable, but such customization requires time and we

would sacrifice the convenience of the rotation of the turrets. A benefit of

customized dichroic mounts would be that we could gain access to the space

at the back of the objective, which is currently nearly inaccessible. It is cur-

rently possible to fit only a thin optic at the back of the objective. When I was

judging the effect of linearly polarizing the trapping beam, I purchased a thin

polarizer and I machined its mount to be thin enough to fit between the ob-

jective and the dichroic turret, but there was not enough space to align the

polarizer properly. The polarizer was just a one-time diagnostic tool, but the

laser alignment process could also benefit from increased access to the back

of the objective.

In places where we did need to machine parts fitting to the commercial

microscope, it required careful measurements, since Nikon does not provide

good drawings of the microscope. We needed to customize the stage to make

a stable mount for the piezoelectric stage. (No commercial stage was avail-
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able from Nikon that would interface directly to the piezoelectric stage.) If I

were to start from the beginning, I would build the stage lower towards the

optical table. In addition to making stability easier to achieve, a lower stage

could be a safety benefit, since the existing stage height requires laser beams

raised to eye level.

It is a disadvantage of the commercial microscope that the optics are in-

accessible. For example, there is a lens inside the base of the microscope, but

it is not visible and I cannot adjust its alignment. We deduced the presence

of the lens because the sample plane is conjugate to a plane near the micro-

scope port. It is not recommended to remove this lens because the binocular

eyepiece likely uses that lens. Furthermore, an extra collimation pair may be

helpful because the objective should output collimated light (it has infinity

optics) but in practice, for this objective, infinity is about one foot.

Another customized part built into the microscope is the dichroic inside

the T-CHA. The T-CHA is a cylindrical part that holds the condenser lens over

the sample. It’s also exactly in the location where I needed to put a dichroic to

collect the forward-scattered trapping beam for particle tracking, so I built a

dichroic mount to fit inside the T-CHA and I machined a hole in the side.

There’s a trade-off here, because the dichroic mount likely diminishes the

quality of the illumination path, but it’s worthwhile for the particle track-

ing abilities. If I were to remove the illumination path entirely, I could fit a

larger dichroic and collect more of the forward scattered beam, which unfor-

tunately clips on the dichroic in the T-CHA, but that trade-off is not advised

because the illumination is useful. These trade-offs are only a matter of con-

venience; the best option, if time were available, would be to design a part

that connects at the top and bottom as a T-CHA does but which is larger in

the middle to provide space for a larger dichroic. Such a design could im-
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prove both the illumination path and the trapping laser collection path com-

pared to its current functional but compromised quality. The illumination

path is also cantilevered and likely susceptible to vibrations, so it would be

a great improvement to increase the stability of this dichroic to increase the

accuracy of trap characterization, especially when using the power spectrum

method (see Section 2.3).

Another issue that arose is that the rotating objective turret is not use-

ful for optical trapping, though it is useful for changing the magnification

while imaging. However, the piezoelectric stage leaves no room for rotat-

ing through multiple objectives, so the rotation becomes an inconvenience

rather than a feature. A single-objective mount was once available from Ni-

kon, but it has been discontinued.

To generally summarize the disadvantages of the commercial micro-

scope, they all relate to the fact that the microscope can accommodate

laser beams but it is not primarily designed for them. If I built a custom

microscope, I would allow for space to place the last lens of the IR pathway

nearer to the objective. This is achieved in other optical traps by replacing

the dichroic turret with a custom dichroic mount attached to the commercial

microscope. In our optical trap, I opted for a long focal length lens that could

be placed further from the objective.

Ultimately, these are all viable options that represent the range of choices

when building an optical trap. There are trade-offs to each decision, and my

goal has never been to build the best optical trap, but rather to build a trap

that functions as well as it needs to function for our purposes while under-

standing what benefits could be made when there is need.
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2.2.4 Challenges and solutions

I ran into a number of challenges in achieving a stable optical trap. The dis-

cussion here is intended to assist future researchers working with an optical

tweezers apparatus.

The alignment of the laser entering the objective is crucial to achieving

a stable optical trap. The beam should enter the objective both centered in

the objective and parallel to the objective axis. It does not have to be perfect;

in fact, the beam is steered by adjusting the angular deflection of the beam.

However, a misaligned beam will create an unstable trap, so in practice, the

alignment of the beam has to be quite good. I used the two aiming mirrors

on two-axis gimbal mounts to align the beam into the objective.

For centering the beam, I used a custom machined cylindrical alignment

tool. The cylinder has external threading matched to the threading of a Nikon

objective so it screws into the objective location. The cylinder has a 6-mm

diameter hole through the center, corresponding to the diameter of the rear

aperture of the objective. By maximizing the optical power through the hole,2

the beam is centered at the objective location.

I used three approaches to aligning a beam parallel to the objective axis.

1. Maximize the beam power through a long, externally threaded cylin-

drical alignment tool at the objective location, such that the beam will

be parallel to the objective axis as well as centered at the objective rear

aperture.

2. Observe the beam focus with the camera and adjust the optics so that

the beam appears as symmetric as possible.

2Make sure the laser power is stable whenever using the maximization of beam power for

alignment.

44



Chapter 2 Optical tweezers

3. Place a mirror above the objective location. If it is aligned perpendic-

ular to the objective axis (I relied on the assumption that the piezo-

electric stage sitting on the machined stage was sufficiently perpendic-

ular), then the beam will be reflected back through the optical path.

When the back reflection follows the incoming beam path, the incom-

ing beam is parallel to the objective axis. Centering the beam must be

achieved independently (using the first approach in this list), which

means that the beam must be centered and made parallel in an iter-

ative process.

In practice, only the third approach to achieving a parallel beam, not the first

or second, was successful for creating a stable trap. Other methods that can

be useful include the following:

4. Color the top of a coverslip black. It will burn a little so that it is visible if

the spot is focused and if the spot is walking when the focus is adjusted.

5. Trap particles, then lower the laser power until they just escape the

trap, then make small adjustments to the optics until the particles trap

again.

The alignment of the laser is critical for optical tweezers.

The beam should ideally have a Gaussian profile. The laser amplifier

outputs a TEM00 mode from the single-mode fiber, so the beam is expected

to have a Gaussian profile. However, problems with the optics components

can mar the beam profile. I do not recommend “protected” silver mirrors;

I found that they tarnish with time.3 A better choice is dielectric mirrors,

3This was not visibly clear until I actually aimed a flashlight at the mirrors and then it

became all too obvious. It can also be diagnosed by checking the beam power before and

after the mirror and comparing to the reflectivity specifications.
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though these may have disadvantages for applications that require polariza-

tion preservation. The pinhole in the beam path is also intended to improve

the spatial profile of the beam.

I purchased the infrared dichroic from Chroma. When I spoke to them

about it a few years after the purchase, they were concerned that the dichroic

was thin and mounted with plastic, and therefore not sufficiently stable for

optical trapping. For demonstration, they let me use a laser-grade mounted

dichroic (T860SPXRXT-1500 and 91032) that was supposed to be better but

when I compared the two, the trapping stiffness was not improved, so I did

not purchase the demo.

Immersion oil is quite useful because it permits a high NA to enable opti-

cal trapping. However, air bubbles in the immersion oil are a concern. Bub-

bles act as extra lenses that completely ruin the optics path. A water immer-

sion objective can also have bubbles. To avoid bubbles, the following points

are important. We do not focus the powerful trapping laser beam into the oil,

because it burns the oil or attracts a bubble into the trap. We focus the trap-

ping laser on the far side of the coverslip, away from the oil. In addition, we

put the immersion oil under vacuum once to remove excess air in the oil.

2.3 Characterization

A variety of techniques are valuable for characterizing a trap, including cam-

era observation, escape velocity observation, single-particle tracking with

the forward-scattered beam, measurements of the bead trajectory via such

single-particle tracking, and trap stiffness measurements that may be made

using the bead trajectory measurements.
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Figure 2.14: Spatial control of optically trapped nanodiamonds near the (black) microwave

antenna. (A-B) The antenna is brought into focus, moving axially by 4.2 µm with respect

to the trapped nanodiamonds from (A) to (B). An arrow indicates the position of the opti-

cal trap, with nanodiamonds visible in both frames. (C) The antenna is moved laterally by

8.75 µm while the nanodiamonds remain trapped. (D) The trapping laser is blocked, releas-

ing the nanodiamonds and allowing Brownian motion to scatter them away from the focus.

Reprinted from Ref. [1], where this figure is also available as a movie.

Camera observation

The first method of judging the trap is via camera observation. Potential trap-

ping problems will be visible in the camera image, including repulsion, orbit-

ing, and melting. If the trapping beam displays a repulsive force, hopefully it

is only because the focus of the laser is in the coverslip. In this case, moving

the stage and the objective closer (by, for example, lowering the stage towards

an inverted objective) will bring the trapping location into the colloidal solu-

tion and as the gradient force overpowers the scattering force, trapping will

become possible. However, if this does not improve the trap, then the optical

path probably needs work.

Another problem visible in the camera is large motion of the trapped

bead. In particular, if a trapped bead appears to be following an orbiting

motion, this is indicative of an unstable trap and the optical path needs
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work.

Diamond nanoparticles do not melt, but polystyrene does melt, and if the

polystyrene is trapped in a glycerol medium, melting is quite common. Laser

heating is less of an issue in water. When the trapped particles melt, it is

helpful to change the material or the medium, or to decrease the laser power.

Escape velocity

Once the trap appears reasonably stable in the camera, a more quantitative

method of judging the trap is by dragging a trapped particle through the liq-

uid medium [49]. At what speeds can the trapped bead be dragged through

the medium? I usually use the piezostage to control the acceleration and

speed of the liquid while holding the trapping location fixed with respect to

the lab, but a microfluidic channel can also be used to push liquid past a

trapped bead. The piezostage is preferred, however, because it can report

back the escape speed. Piezostage motion patterns are also possible for de-

termining trap stiffness using the drag force method [2].

For example, a polystyrene microsphere in water remained in the trap

when I moved the piezostage and water chamber at up to 0.82 µm/ms, even

when moved a distance of 100 µm at that speed, but the bead escaped the

trap when it was moved at a speed of 0.88 µm/ms.

Single-particle tracking with the forward-scattered beam

Trap stiffness is generally measured by tracking a single particle using

a forward-scattered laser beam. I have used the infrared trapping laser

for tracking, but a separate tracking beam is also an option, and the

532 nm laser might be of use for single-particle tracking, since collecting

the forward-scattered beam would not interfere with its ability to excite
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fluorescence. If a weaker beam is used, a good filter might be necessary

to fully remove the trapping beam from the particle-tracking collection

path. Since I used the infrared trapping laser for tracking in the back focal

plane, the particle position was always measured relative to the center of the

infrared laser beam.

The position of the bead with respect to the beam will affect the interfer-

ence pattern visible in the forward-scattered beam. (That is, it’s visible if you

hold an IR card in the forward-scattered beam.) This interference pattern is

detected as a beam deflection with a quadrant photodiode (QPD) or a posi-

tion sensing device (PSD). The deflection of the beam is related to the bead

position according to [71] (see also Refs. [72, 73])

Ix

I
= 16kαp

πw 2
0

(
x

w0

)
exp

[
−

(
x

w0

)2]
, (2.7)

where

Ix/I is the normalized x signal of the forward-scattered beam, pro-

portional to the beam deflection in x,

k is the wavenumber,

α is the bead polarizability,

w0 is the beam waist radius in the focal plane, and

(x, y, z) is the bead position.

Calibration is necessary to find the relation between the beam deflection and

the bead position (Fig. 2.15). For calibration, a bead that is adsorbed onto the

coverslip is positioned in the trapping beam using the piezostage. With this

calibration, the position of a trapped bead with respect to the laser focus is

then determined from the calibrated relation between the beam deflection

(i.e. the position of the centroid of the forward-scattered beam interference
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Figure 2.15: Bead position calibration. Lateral displacement of a bead through the trapping

beam causes an interference pattern in the beam that is detected by the PSD. For calibra-

tion, the bead position is controlled by piezostage while the bead is adsorbed to a coverslip.

(A-B) The deflection curve data (black circles) are fit (blue curve) to Eq. (2.7). The linear

calibration coefficients are found to be ρx = −1.37 mm/µm and ρy = 1.28 mm/µm for this

bead. (C-D) A two-axis calibration. (E) Axial calibration (black circles) with fit (blue curve) to

Eq (2.7). The y-axis is the power of the forward-scattered beam as measured by the PSD in

volts, and the axial linear calibration coefficient is found to be ρz = 2.36 V/µm.
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pattern) and the bead position. When creating a calibration dataset, it is im-

portant to make sure that the bead remains well-stuck to the coverslip, so the

trapping beam must be lowered to a power where it will not push the bead

off the coverslip. If the bead shifts while a calibration scan is in process, the

dataset will show a jump and the calibration must be redone.

The axial position of the bead can also be determined by measuring the

intensity of the forward-scattered beam [71, 74]:

Iz

I
= 8kα

πw 2
0

(
1+

(
z

zR

)2)−1/2

sin

(
arctan

z

zR

)
= 8kα

πw 2
0

z/zR(
1+ (z/zR )2

)
,

(2.8)

where Iz/I is the normalized intensity of the forward-scattered beam and zR

is the Rayleigh range. Beware that Neuman and Block have a typographical

error in Eq. (5) in Ref. [2]. An axial calibration is shown in Fig. 2.15E. (For these

data, I found that Eq. (2.8) was not a good fit for purposes of calibration, so I

used the functional form of Eq. (2.7) instead.)

Much of particle tracking relies on the idea that a trapped bead does

not move very large distances. Therefore the bead stays in the central

region where Eqs. (2.7) and (2.8) are approximately linear, deflection = ρx x,

where x is the bead displacement in µm and the calibration coefficient ρx is

in mm/µm. The calibration will vary with particle size, shape, and material.

This method using a QPD or PSD is not suited for tracking multiple particles,

but camera images of digital holograms can facilitate multiple-particle

tracking [75].

It is often more convenient to use the uncalibrated deflection signal, re-

lying on the linearity of the calibration, rather than using the calibration to

calculate the true position of the particle. Even if the uncalibrated signal is
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used, it is important to perform a calibration of the QPD or PSD in order to

catch problems with the signal and to make sure that the bead is in the linear

region of the calibration.

One problem that can arise is that the power of the laser impinging on

the PSD must be in a certain range for good measurements. If the power is

too low, the PSD measurement has a systematic error and a high standard

deviation. I found that the minimum voltage for good PSD measurements

is 3.7 V. If the incident beam power is too high, the measurement voltages

will reach their maximum (10 V) for measurement with the data acquisition

device.4 The filter wheel in the particle tracking optical path is valuable for

adjusting the power to the appropriate range.

Another approach is to use a beamsplitter to separate the beam into two

parts. The first beam goes to a PSD/QPD for lateral tracking and the second

beam goes to a photodiode for axial tracking. The axial signal benefits from a

lower condenser NA [76, 77].

Bead trajectory via back focal plane detection

A well-trapped bead does not have a very interesting trajectory pattern: the

bead should just stay put in the center. The trapped particle trajectory can

reveal problems with the trap. For example, Fig. 2.16A-C shows the trajectory

pattern of a bead that is poorly trapped while Fig. 2.16D shows the trajectory

of a bead that is well trapped.

Trap stiffness using the power spectrum of the trajectory

A common approach to trap characterization is the measurement of trap

stiffness. Since the trap is like a three-dimensional harmonic potential well,

4In Fig. 2.15E, two voltages are added together such that the maximum voltage is 20 V.
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Figure 2.16: Problems with the trap can be identified using the trapped bead trajectory. (A) A

problematic bead trajectory, showing a bead moving large distances from the trap center.

The beam deflection is measured with the PSD and the bead displacement is inferred from

a calibration using a similar bead stuck to the coverslip. (B) A histogram of the trajectory

shown in (A). (C) The same trajectory, here viewed in two spatial dimensions. We see that,

much of the time, the bead is near the center of the trap, but it also explores space further

from the center of the trap, usually with a motion that slowly brings the bead away and then

rapidly returns to the center, while the bead moved predominantly clockwise around the

trap center. The large motion of this bead was also visible with the camera. (D) A second

trajectory, in which the bead is well centered in the trap.
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Figure 2.17: The power spectrum (green curve) of the trajectory of an optically trapped bead

with fit (blue curve) to Eq. (2.9). The corner frequency is f0,x = 25.5± 0.3 Hz, which corre-

sponds to a trap stiffness of kx = 1.5 pN/µm. The inset micrograph shows the polystyrene

sphere while it is trapped in the water.

it has a set of spring constants, kx , ky , and kz . There are a variety of methods

for determining the trap stiffness [2]; to calculate trap stiffness, I generally

used the power spectrum of the trapped particle trajectory, measured using

back focal plane detection. This approach is based on the thermal motion of

a trapped bead.

If Sxx( f ) is the one-sided power spectrum of the Brownian motion along

the x-axis in a harmonic potential well, then it has the form [2]

Sxx( f ) = kB T

π2γ
(

f 2
0,x + f 2

)
,

(2.9)

where kB is the Boltzmann constant, T is the absolute temperature, γ is the

hydrodynamic drag coefficient of the bead, f0,x is the corner frequency, and

f is the frequency.

Unlike some other methods, such as the drag force method, this approach

does not require the use of piezostage motion. Since it relies on the bead tra-

jectory measurement, it cannot be used when there are multiple particles in

54



Chapter 2 Optical tweezers

the trap. In addition, this method assumes the trapped particle is spherical,

so it is useful for determining the trap stiffness for a trapped microsphere,

but it may not be as useful for nanodiamonds. (However, the presence of

nanoparticles can be detected with a similar technique; see Ref. [78].) This

method can use the uncalibrated PSD data, but as I wrote above, I neverthe-

less recommend checking the calibration to ensure the deflection of the laser

is linear to the position of the trapped bead. Using the uncalibrated PSD data,

we obtain the one-sided power spectrum Suncal
xx ( f ) = ρ2

xSxx( f ). Fitting the

measured power spectrum to Eq. (2.9), we obtain the corner frequency, f0,x ,

as a fitting parameter, as shown in Fig. 2.17. The spring constant is then [2]

kx = 2πγ f0,x ,

with the lateral hydrodynamic drag γ given by Faxén’s law [2, 43],

lateral γ= 6πηa
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,

where η is the viscosity of the liquid medium, a is the trapped bead radius,

and h is the distance above the surface. For example, if the medium is water

with a viscosity of η = 0.001 kg/(m s), the bead has diameter 2a = 1 µm, and

the bead is trapped at h = 3 µm above the coverslip, then γ= 0.01 pN ms/nm.

Faxén’s law is preferred to the more approximate Stoke’s law because we usu-

ally trap very close to the coverslip to minimize beam aberration. In the ex-

ample, Stoke’s law would have an error of 9%. For axial hydrodynamic drag,

see Ref. [2, Eq. 9].

Other trap stiffness methods

In addition to the approach outlined here, there are many techniques for cal-

culating the trap stiffness. If the sample information, such as bead size a,
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medium viscosity η, and height h are unknown, Ref. [79] describes a method

to measure all required quantities to find the trap stiffness. The use of the

equipartition theorem, an approach based on optical potential analysis, the

drag force method, and direct measurement of optical force are discussed

in Ref. [2]. The step response method and other methods of stiffness mea-

surement are described in Refs. [80, 81]. Characterizing the trap using Allan

variance is discussed in Ref. [82].

Characterizing a trap using fluorescence

Ultimately, the most important way to characterize a trap is based on how it

will be used. This trap will be used for trapping fluorescent nanodiamonds,

so this provides for us the possibility of judging the trap quality based on

fluorescence. If the noise in the fluorescence intensity of the trapped nano-

diamonds is small, it is ideal for clean measurements. This will be discussed

more in Section 4.2.
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Nanodiamond fluorescence

The fluorescence of NV centers provides a wealth of information. The zero

phonon line (ZPL) wavelength of the fluorescence shows the splitting be-

tween the excited and ground state (Fig. 3.1), and the electronic spin state

can be inferred from the intensity of the fluorescence signal. In order to mea-

sure the fluorescence, we built a confocal fluorescence microscope.

All data shown in this chapter were taken using milled monocrystalline

nanodiamonds from Microdiamant. These nanodiamonds are not irradi-

6 0 0 7 0 0 8 0 0

1 0

1 5

2 0

 

 

Ph
oto

lum
ine

sce
nc

e (
a.u

.)

W a v e l e n g t h  ( n m )

Figure 3.1: The photoluminescence spectra of three different fluorescent nanodiamonds.

The zero phonon line (ZPL) at 637 nm indicates the presence of negatively charged NV cen-

ters. There is a broad phonon sideband with a peak near 700 nm.
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ated, and in general they have fewer than one NV center per ∼50 nm particle.

3.1 Instrument

The optical apparatus is shown in Fig. 3.2. The nanoparticle diamond NV

color centers are excited with a continuous wave 100 mW, 532 nm laser fo-

cused through a 100x oil-immersion objective. A holographic notch filter in

the laser beam path filters out all extraneous wavelengths. A half wave plate

rotates the polarization of the laser prior to the holographic notch filter to

match the polarization expected by the notch filter. The sample is mounted

on a three-axis piezoelectric stage so that the nanoparticles can be scanned

through the laser spot. The fluorescence signal is collected in a reflection

geometry. Table 3.1 lists the optical elements in the excitation path and Ta-

ble 3.2 lists the optical elements in the fluorescence collection path. Items 11

and 12 are filters that were only used when the 1064 nm trapping laser was

used, so they are not shown in Fig. 3.2; their placement will be shown in

Fig. 5.1.

In some cases (specifically, when using a higher wattage excitation laser),

it has been necessary to add a pinhole in the collection path to spatially fil-

ter the emission signal but this is generally unnecessary. With the 100 mW

532 nm laser, adding a pinhole makes no difference to the measurement, so I

don’t use it, relying only on the optical fibers attached to the APDs and in the

spectrometer collection path to spatially filter the signal. Placing a pinhole in

the collection path prior to the camera has the disadvantage that the camera

can no longer be used for wide-field imaging.

In order to perform multiple measurements simultaneously, I split the
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Table 3.1: Elements of the optical excitation path

# Item Brand Item number

1 Excitation laser CrystaLaser GCL-532-100-L CW DPSS,
TEM00, Noise < 0.5%, >100:1 polarization, power stable 1% over 24 h

2 Filter wheel Newport FS-3R and FWM1X6

3 Lens, f = 250 mm Newport KPX109AR.14 and TSX-1D

4 Mirror Newport 10D20BD.1

5 Half wave plate, mica OptoSigma 068-2350

6 Holographic notch filter Kaiser Optical
Systems

HLBF-532.0

7–8 Lens pair Newport KPX096AR.14 (qty:2) and
TSX-1D stage

9 Iris Newport ID-0.5 and MH-2P

10 Mirror Newport 10D20BD.1

11 Beam sampler Newport? 10B20NC.1?

12 Iris Iris ID-0.5 and MH-2P

13 Mirror Newport 10D20BD.1

14 Lens, f =−25 mm Newport KPC025AR.14

15 Linear polarizer Newport 10GT04AR.14 and RSP-1T

16 Lens, f = 400 mm Newport KPX115AR.14 and TSX-1D

17 Iris Newport ID-1.0

18–19 Mirror pair in periscope
/ beam steerer

Newport 10D20BD.1 (qty:2) and
BSD-2A

20 Last mirror Newport 10D20BD.1 and TSX-1D

21 Excitation dichroic
mirror

Chroma z532rdc

22 Transmission through IR dichroic (optional)

23 Objective, CFI Plan Fluor
100x 1.3NA

Nikon MRH01901
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Table 3.2: Elements of the fluorescence collection path

# Item Brand Item number

1 Objective, same Nikon MRH01901

2–3 Transmission through IR dichroic (optional) and excitation dichroic

4 Lens in microscope base Nikon part of TE2000U

5 Mirror in microscope base Nikon part of TE2000U

6 Lens, f = 100 mm Newport PAC052AR.14 and
TSX-1D

7 Beamsplitter cube, 50:50 Newport 10BC17MB.1

7.1 Filter, notch block 532 nm CVI Melles Griot RNF-532.0

7.2 Lens, f = 50.8 mm Newport PAC040

7.3 Optical fiber, multimode Thorlabs BFL37-400, 24 m

7.4 Lenses, ∼1.5 in and ∼3.5 in Newport?

7.5 Spectrometer Princeton Instru-
ments/Acton

SpectraPro 2758:
ARC-SP-2758

7.6 Spectrometer grating,
300 G/mm

Princeton Instru-
ments/Acton

ARC-750-1-030-500

7.7 CCD camera, liquid
nitrogen cooled

Princeton Instru-
ments/Acton

Spec-10:400BR/LN

8 Pellicle beamsplitter,
8:92 (R:T)

Thorlabs BP108

8.1 Lens, f = 88.9 mm Newport PAC049

8.2 Camera, color CMOS Uniforce /
PixeLink

PL-B681CF-KIT

9 Filter, 640 nm long pass Omega Optical 3RD640LP

10 Beamsplitter cube, 50:50 Newport 10BC17MB.1

11 Filter, blocks 1064 nm and
532 nm

Omega Optical XB11.25R

12 Filter, notch block 1064 nm Edmund NT46-567

13 Lens, f = 63.5 mm Newport PAC043AR.14 (qty:2)

14 Optical fiber, multimode Pacer
International
(OZ Optics)

SPCM-Q9 (MMJ-33-
IRVIS-50/125-3A-2)
(qty:2)

15 Avalanche photodiode (APD) Pacer / Perkin
Elmer, now
Excelitas Canada

SPCM-AQRH-13-FC
(qty:2)
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Figure 3.2: The 532 nm excitation beam pathway and the fluorescence collection pathway.
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Figure 3.3: A squid chromatophore. (A) The micro-photoluminescence of a Loligo opal-

escens squid chromatophore measured while scanning the piezostage. The lines are scanned

in x, and the chromatophore was so fresh it was still moving, so the rastered line scans show

some staggering, especially at y = 60 µm. (B) A micrograph of the same chromatophore.

fluorescence light signal as follows:

Percent of signal Instrument

50% spectrometer

4% camera (color CMOS PixeLINK or black and white CCD)

23% APD 1

23% APD 2,

as shown in the collection path of Fig. 3.2.

The spectrometer measures the emission spectrum as a function of wave-

length. The light signal is delivered to the spectrometer with a multimode

optical fiber. Each avalanche photodiode counts photons. I use a filter to

control the spectrum of photons I measure with the APD. The pair of APDs

makes it possible to measure antibunching.

In addition to using this apparatus to measure diamond NV cen-

ters, we have measured the fluorescence of Loligo opalescens squid

chromatophores [83, 84], as shown in Fig. 3.3.
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3.2 Nanoparticle deposition

In order to characterize nanoparticles, it is useful to immobilize them by

having them adsorbed onto a surface. There are multiple ways to deposit

nanoparticles onto a surface. The simplest is to drop-cast nanoparticles, and

in many cases drop-casting is appropriate. However, drop-casting has some

disadvantages. It tends to leave a coffee ring at the edges and particles may

aggregate while the solvent is drying. Electrospray ionization, on the other

hand, allows us to spray nanoparticles in a solvent onto a surface. The solvent

evaporates quickly, and the charged particles stream toward the grounded

substrate. Spin casting is another method of nanoparticle deposition.

3.2.1 Drop-casting

For drop-casting, I generally choose an appropriate dilution of the nanopar-

ticles, usually diluted in water. In many cases I do not dilute the nanoparticle

solution at all, just using the as-purchased dilution. I pipet a small amount,

often 2 µL of solution, onto the surface. To dry the solvent, I may heat the

sample on a hot plate or use a nitrogen gun (careful to blow gently and

straight down onto the sample1) or I may let the solvent dry slowly at room

temperature. The pipetting and drying step may be repeated. I usually

inspect the deposition using a microscope immediately after the deposition,

often with dark field illumination.

3.2.2 Electrospray

Electrospraying offers improved regularity of the deposition, and the concen-

tration can be tuned more carefully than with drop-costing. One important

1and careful not to blow any other samples away!
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goal of using the electrospray process was to eliminated aggregation in de-

posited nanodiamonds.

I used an electrospray apparatus for deposition of the nanoparticle dia-

monds. The nanoparticle diamonds are first diluted to a concentration of

0.5 mg/mL in methanol. Then the solution is placed in a syringe over a glass

coverslip and the tip of the syringe is brought to 7 kilovolts while the syringe is

automatically dispensed at a rate of 0.2 mL/hour in order to deliver a steady

supply of nanodiamonds in solution to the tip. The idea is that the volt-

age charges the nanodiamonds so that they repel each other, and the solu-

tion splits into small droplets (the Coulomb explosion) while the methanol is

evaporating en route to the glass coverslip so that the nanodiamonds land on

the glass coverslip without aggregating [85, Fig. 2]. I usually run this for about

an hour. Longer times give more dense nanoparticle spacing and shorter

times give less dense spacing. Thus I obtain a glass coverslip covered fairly

uniformly with diamond nanoparticles of a convenient spacing, as shown in

Fig. 3.4.

Why methanol? We tried pure water as the solvent, but the water does

not evaporate while it is sprayed and so droplets of water form on the cov-

erslip, and the nanoparticles aggregate while the water is drying. Similarly,

with 10% methanol in water and with 20% methanol in water (by volume),

droplets of liquid form on the coverslip. This is the mixed droplet/ion emis-

sion regime [86]. I observed that ethanol and acetone, on the other hand,

are successful for obtaining pure ion emission, but AFM images revealed that

the nanoparticles were still aggregated. In fact, zetasizer measurements show

that the nanodiamonds aggregate in solution in ethanol (Fig. 3.5) and ace-

tone. Pure water is the best solvent for obtaining un-aggregated nanodia-

monds, but water is not an appropriate solvent for electrospraying because
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Figure 3.4: An atomic force microscopy image of electrosprayed nanodiamonds. The glass

coverslip substrate is intentionally scratched to facilitate consistent placement of the sam-

ple.

it is in the droplet regime. Pure methanol is nearly as good as water in terms

of aggregation, and it is a solvent that sprays in the ion regime. Therefore, for

electrospraying nanoparticles, we use pure methanol as the solvent, or, more

accurately, 97.5% methanol in water (by volume), because the nanodiamond

sample is in solution in water when purchased and we simply dilute it with

pure methanol for electrospraying.

The electrospray is useful for creating a random spread of particles on the

surface. However, the electric field lines can be influenced by irregularities in

the shape of the grounded surface or in the shape of the high-voltage surface.

For example, the alligator clip attached to the syringe tip is at high voltage and

it will tend to repel particles such that they are deposited more heavily on the

side of the grounded surface that is opposite of the alligator clip. In addition,

I have observed that when I electrospray nanodiamonds onto a coverslip that
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Figure 3.5: Aggregation of MSY100 nanodiamonds in solution in water, ethanol, and

methanol, measured with a Malvern Nano ZS. The z-average gives the size of the nanodia-

mond clusters in solution in mixtures of ethanol and water (red squares) or methanol and

water (blue diamonds). Data courtesy of Jayna B. Jones.

has a microwave antenna patterned on the surface, the nanodiamonds land

on the coverslip with higher concentration near the metal pattern and lower

concentration further from the metal pattern.

In order to measure the photoluminescence of single color centers, it is

necessary to prepare a sample in which the nitrogen-vacancy centers are sep-

arated further than the measurement resolution. The laser spot size gives a

lateral resolution of about 0.3 microns (Fig. 3.6), so this sets the minimum

desired distance between NV centers.

3.3 Antibunching measurements

Each NV color center is a single-photon emitter. To test this, I perform time-

correlation measurements using a Becker and Hickl card collecting the elec-

tronic signal from each APD. The two APDs are placed in a Hanbury Brown
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Figure 3.6: Single NV fluorescence. These three line scans (black squares), in x, y , and z,

show the general shape of the fluorescence signal of a single NV center. The FWHM of these

scans is 0.30 µm, 0.22 µm, and 0.80 µm, respectively, as determined by Gaussian fits (purple

curves). The antibunching curve for this single NV is shown in Fig. 3.7. See also Fig. 2.5B for

a two-dimensional fluorescence scan of another single NV center.
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Figure 3.7: The time-correlation measurement of a single NV center displays antibunch-

ing. This is a histogram showing the delay time between two photons on the x-axis and the

probability of such a two-photon event on the y-axis. The blue data show the normalized

probability of coincident events. The green data show the result of subtracting the back-

ground according to Eq. (3.1), where S = 19.45 kCts/s and the dark count rate of the APD

is B = 1.6 kCts/s. The data dip below 0.5 at zero delay time, indicating that this is a single

photon emitter.
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and Twiss arrangement, as shown in Fig. 3.2. A photon entering APD 1 will

start the clock, and a photon entering APD 2 will stop the clock, and a count

is recorded for that clock time [87]. Hence every count in an antibunching

measurement corresponds to two photon counts: the first from APD 1 and

the second from APD 2. The result is shown in Fig. 3.7 (see also Figs. 3.8C

and 3.9C), which shows the probability that two NV emission photons have

a particular delay time. This is the second-order time correlation function

g (2)(τ) of the photon emission. Since only one photon is emitted from the

NV at a time, only one APD is expected to count a photon at a given instant.

Therefore the time correlation plot shows an antibunching dip at the time de-

lay corresponding to simultaneous counts. If the antibunching dip falls lower

than 0.5, we can be reasonably assured that the optical measurement collects

fluorescence from only one NV center, not from multiple NV centers.

At higher laser excitation powers, there is also a bunching effect [88] indi-

cating that two photons are more likely to be emitted with a particular time

delay, as if they were being emitted one after the other in rapid succession.

The APDs can not measure zero counts. They have a dark count rate that I

measure by screwing a cap over the end of the optical fiber, thereby blocking

all light. This count rate adds a constant background to the time correlation

measurements, and this constant background can be subtracted according

to the equation [89]:

g (2)(τ) = (CN (τ)−1+ρ2)/ρ2, where (3.1)

ρ = S/(S +B),

τ is the delay time between photon counts, CN (τ) is the normalized coinci-

dent count signal, S is the IPL signal, and B is the background IPL.
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3.4 Blinking nanodiamond NV centers

In general, all known fluorophores exhibit fluorescence intermit-

tency [90, 91], though quantum dots with steady fluorescence have been

engineered [92]. In bulk diamond, NV fluorescence intermittency is rare

but it does occur. In nanodiamonds, the NV centers show an fluorescence

intensity that jumps between different count rates but does not necessarily

go to zero.

The fluorescence of NV centers in all nanoparticle diamonds I have mea-

sured is intermittent. When I shine a steady green laser beam on a fluorescent

nanodiamond, the fluorescence jumps from one intensity to another. The in-

tensities and time-scale for this blinking behavior vary from one particle to

another. This variation is likely caused by variations in the local environment,

such as surface effects and strain.

This blinking might arise from changes in the charge state of the NV

center between the negatively charged state, NV−, and the neutrally charged

state, NV0. The NV− spectrum has a zero phonon line at 637 nm and a

phonon sideband at longer wavelengths whereas the NV0 spectrum has

a zero phonon line at 575 nm (see, for example, Ref. [93, Fig. 2]). In this

case I would expect the photoluminescence signal to alternate between

these two spectra. Therefore I repeatedly measured the spectrum of a

blinking NV center, then in post-processing, I sorted the repeated spectrum

measurements according to whether they occurred during a bright or a dark

interval. The result is shown in Fig. 3.8, where the bright spectrum and the

dark spectrum are plotted together. Other than a change in overall intensity,

there is no significant change in the spectrum lineshape, suggesting that a

shift in strength between emission at 637 nm and emission at 575 nm is not
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Figure 3.8: (A) Comparison of spectra from bright intervals (red) and dark intervals (black).

The average spectrum is shown in green. The peak at 575 nm is the zero phonon line (ZPL)

of the NV0 center and the peak at 637 nm is the ZPL of the NV− center. (B) To facilitate

comparison between the two curves, I shifted them vertically so that they overlap. I do not

observe a significant change in the ZPL at 575 nm or at 637 nm when the blink occurs. (C) The

antibunching curve for this NV center dips below 0.5, indicating that this is a single NV center

emitting single photons. This was measured with a 580 nm long pass filter to remove the

green excitation laser.
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the cause of the intensity intermittency.

As a second test, I used the two-APD collection path, splitting the signal

between APD 1 and APD 2 with different filters in front of each APD. Only

photons between 580 nm and 600 nm were detected at APD 1, corresponding

to a detection of the NV0 state. APD 2 only detected photons with wavelength

greater than 640 nm, corresponding to a detection of the NV− state. If the

blinking corresponded to the color state flipping with the alternating charge

state, we would expect the two signals at the two APDs to alternate: when

one signal is strong, the other would be weak and vice versa.2 However, this

is not what I observed. As shown in Fig. 3.9A-B, when one signal is strong, the

other is also strong. An improvement to these measurements might be to use

a shorter wavelength excitation laser because the absorption band of NV0 is

weaker at 532 nm than at shorter wavelengths. Nevertheless, 532 nm is within

the absorption band of both charge states of the NV center. Therefore this

points to the possibility of a different explanation for the blinking behavior.

One of the methods I used for analyzing the intermittent fluorescence

came from work with blinking quantum dots [94]: I plot histograms of the

blink duration in Fig. 3.10. (See also Ref. [95].) Again, there is a great deal of

variation from one NV to another. The histogram data were found to fit to

an exponential decay curve in some cases (Fig. 3.10A-B), a power law decay

curve in other cases (Fig. 3.10C) and in some cases the data appeared to be

between the two decay curve types.

An additional consideration is that sometimes the blinking appears to oc-

cur between more than two levels of IPL, as shown in Fig. 3.11.

2If we suspected the blinking might be an artifact of the detector, we would expect only

one detector to show a blink and not the other. However, the two APDs detect simultaneous

blinks.
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Figure 3.9: A single NV center with blinking detected in two color ranges. (A) The red data

show IPL as detected by APD 2, detecting photons in wavelengths corresponding to the NV−

state. The dark yellow data show IPL as detected by APD 1, detecting photons in wavelengths

corresponding to the NV0 state. The blinking is observed to occur in tandem at both wave-

lengths, rather than alternating between the two color states. (B) To summarize the blinking

data shown in (A), for each time t , I plotted the count rate detected by one APD against the

other. Again, these data clearly show that the blinking occurs in tandem at both wavelengths;

otherwise the slope of the line would be negative. Rather, an increase in IPL at one wave-

length range corresponds to an increase in IPL at the other range. (The signal detected from

580 nm to 600 nm is weaker than that measured with > 640 nm, because the 20 nm band-

width is so much narrower and because the spectrum is generally peaked closer to 700 nm.)

(C) The antibunching curve for this single NV center dips below 0.5.
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Figure 3.10: Histograms of NV center blinking duration. (A-B) The bright time intervals and

dark time intervals for a single NV center (the same NV center as Fig. 3.9), with curve fits (dark

cyan curves) to exponential decay curves. (A) The bright time interval decay time constant

is 9.5 sec and (B) the dark time interval decay time constant is 0.50 seconds. (C) The dark

time intervals for a different NV center, with curve fit (purple curve) to a power law decay,

Probability ∝∆t−2.07
dark .
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Figure 3.11: The fluorescence intermittency may include three or more intensity levels.

(A) IPL as a function of time, measured on a single NV center overnight. Data are collected at

a rate of 50 Hz. The antibunching dip for this NV center is shown in Fig. 3.7. (B) A closer look

at brighter blinks. (C) A closer look at darker blinks.
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The cause of this blinking behavior is likely to be similar to the cause

of blinking behavior in quantum dots, nanowires, and other fluorophores.

Several different mechanisms have been proposed to explain this behavior.

One suggested mechanism is that of Auger processes in ionized nanocrys-

tals, where a charge moves to a surface-trap state, changing the fluorescence

intensity [96, 97]. Kuno et al. [98, 99] propose that the tunnel-barrier heights

or widths might change so that the electron-transfer rate fluctuates. Frantsu-

zov and Marcus [100] attribute the blinking to hole trapping associated with

Auger ionization. Shimizu et al. [101] and Tang and Marcus [102] describe a

diffusion-based mechanism, where the trap-state energy varies randomly so

that the charge hopping only occurs when the trap-state reaches a particular

energy [103].

3.5 Polarization

The NV center absorbs more light when the excitation beam is linearly polar-

ized at certain angles with respect to the axis of the NV. Rotating the polariza-

tion of the excitation laser reveals this effect.

3.5.1 Calculating the angular dependence of the absorption

of an NV center

The absorption of a single transition dipole is proportional to |p ·E|2, where E

is the electric field vector of the exciting laser beam and p is the dipole, which

we treat classically. An NV center has two transition dipoles, each perpendic-

ular to the axis of the NV center [13], as shown in Fig. 3.12A, so the combined

absorption (i.e. excitation) is

Absorption ∝|p1 ·E|2 +|p2 ·E|2.
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Although a highly focused Gaussian beam includes electric fields at multiple

angles, we approximate that the electric field that excites the NV center is

perpendicular to the axis of the microscope objective. We also assume that

the electric field is linearly polarized.

To describe the orientation of the two dipoles, we begin by describing the

orientation of the NV axis as a function of an azimuthal angle, φ, and a polar

angle, θ, which is the angle between the NV axis and the axis of the objective.

If N̂ is a unit vector pointing along the direction of the symmetry axis of the

NV center, as shown in Fig. 3.12B, we have

N̂ = sinθcosφ x̂ + sinθ sinφ ŷ +cosθ ẑ.

Next we define two unit vectors that are each perpendicular to the NV axis

and to each other,

û =−sinφx̂ +cosφŷ and

ŝ = N̂ × û =−cosθcosφx̂ −cosθ sinφŷ + sinθẑ.

These vectors û and ŝ span a plane that is perpendicular to the NV axis. The

two dipoles are perpendicular to each other and lie in this plane, so we define

their orientation, p̂1 and p̂2, using an arbitrary rotation angle α in the plane,

p̂1 = p1

|p1|
= û cosα+ ŝ sinα and p̂2 = p2

|p2|
= N̂ × p̂1, (3.2)

as shown in Fig. 3.12C. By symmetry, |p1| = |p2|. Hence we account for the

geometry of the two transition dipoles of the NV center. Then the angular

dependence of the absorption of a single NV center is

Absorption ∝ 1−cos2φsin2θ, (3.3)

as shown in Fig. 3.12D. Thanks to symmetry, the rotation α of the NV center

about its axis does not affect the absorption. If the NV center is saturated
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at some angles then the absorption will reach a maximum at those angles,

which will affect the shape of the curve.

3.5.2 Methods and Results

In order to control the linear polarization of the excitation beam, it has been

necessary to understand that the dichroic that reflects the excitation laser

into the objective does not preserve linear polarization. It transforms lin-

early polarized light into elliptically polarized light. By preparing the exci-

tation beam in a calibrated elliptical polarization, I can obtain linearly po-

larized light [104, Fig. 8]. A half wave plate (HWP) and a quarter wave plate

(QWP) adjust the polarization of the beam. I temporarily place a linear po-

larizer at the sample space, positioned perpendicular to the desired linear

polarization angle, and I adjust the HWP and QWP until the excitation beam

is extinguished by the linear polarizer, indicating that the polarization is now

at the desired angle. I repeat this until I have a set of calibrated polarization

angles.

One challenge that arose was that I was using mica polarizers. They have

an advantage that they have a large area, which is desirable for use with the

laser beam that is expanded enough to overfill the back opening of the high-

NA objective. However, the polarizers have a wedge and as they are rotated,

they move the excitation beam by up to a micron on the sample space. As a

work-around for this, I re-adjusted the collection path for each polarization

setting to ensure that the APDs were obtaining signal from the same location

as the excitation beam.

Figure 3.13 shows the fluorescence intensity of a single NV center (estab-

lished by antibunching measurement) as a function of excitation polarization
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Figure 3.12: The absorption of a single NV center, assuming the excitation is not saturating

the NV center. (A) Embedded in the diamond crystal lattice, the NV center has two per-

pendicular transition dipoles, p1 and p2. (B) The unit vector N̂ is parallel to the NV center

axis. The polar angle θ and the azimuthal angle φ describe the orientation of the NV cen-

ter. The optical axis is parallel to ẑ. (C) The two transition dipoles of the NV center lie in a

plane perpendicular to the NV center axis. We define this plane with the unit vectors û and ŝ.

(D) Calculated absorption versus φ. The absorption of a linearly polarized electric field by

an NV center depends on both φ and θ, where φ is the azimuthal angle between the polar-

ization axis and the NV axis. (A) is reprinted by permission from Macmillan Publishers Ltd:

Nature Physics [13], copyright 2005.
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angle.

3.6 Optical trapping and fluorescence

In order to combine optical trapping and confocal fluorescence in a commer-

cial microscope, it was necessary to use a double-decker filter cube turret to

hold both dichroic mirrors. This allows the two beams to be brought into the

objective simultaneously. The optical apparatus will be described in detail in

Section 5.1.

The trapping volume and the measurement volume must overlap each

other. The objective is designed for minimal chromatic aberration in the

visible wavelengths, but there is chromatic aberration between 532 nm and

1064 nm. To align the two beams, I used the following method: I checked that

both the excitation beam and the trapping beam were very well collimated,

neither converging nor diverging over a long distance. Then I focused the two

beams through the objective, and adjusted the sample up and down until I

viewed the focus of each laser with the camera. Due to chromatic aberration,

these focal planes were displaced axially. The collimated lasers are not confo-

cal, but the camera is also viewing through the objective, effectively doubling

the amount of chromatic aberration. I adjusted the collimation of the exci-

tation laser, but not until the focal planes of the two beams would appear

together (because the camera view is not accurate). Rather, I adjusted it un-

til the distance between the two focal planes appeared halfway closer. This

should bring the two beams to the same focus. The collection path must also

be re-aligned.

However, that method of achieving confocal beams is very indirect. One

direct technique is to trap fluorescent nanodiamonds and measure the fluo-
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Figure 3.13: (A) The fluorescence intensity of a single NV center shows blinking at multi-

ple excitation polarization angles. The blue data were taken when the NV center was more

brightly fluorescent; the red data were taken when the NV center was more dimly fluorescent.

These data are fit to Eq. (3.3), and I obtain θ ≈ 45◦ for this NV center, ignoring the effects of

dark counts and imperfect polarization. This NV center is displaying blinking between two

fluorescence levels. (B) An example of the raw data: IPL versus time at excitation polariza-

tion angle 280◦. The data collection rate is effectively 5 Hz after post-processing smoothing.

(C) The data in (B) are gathered into a histogram to determine the average IPL when the NV

was more brightly fluorescent and when the NV was more dimly fluorescent. This histogram

provides the information for one blue datapoint and one red datapoint in (A), and the width

of each histogram peak is shown as an errorbar in (A). The count rate in (C) is on the y-axis

rather than the x-axis to emphasize the connection to (B).
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rescence. (It is best to start with the indirect technique so that the mea-

surement volume and the trapping volume are partially, if not fully, overlap-

ping.) The excitation beam should not be adjusted unless it is possible to ad-

just both the excitation beam and the collection path together while measur-

ing the fluorescence. Therefore, the trapping beam should be adjusted with

the steering optics to maximize the measured signal by bringing the trapped

nanodiamonds into the measurement volume.

A third method is to fabricate a pinhole with a focused ion beam and place

it at the focus (i.e. after the objective and immersion oil). The pinhole must

have the approximate same width as the beam waist diameter. If both beams

pass through the pinhole, then they are confocal. The beam power transmit-

ted through the pinhole may be measured one-by-one to ensure that each

beam is passing through the pinhole, but if the measurements are taken at

different times, then the pinhole must have very good position stability to en-

sure that it is not moving between measurements. Alternately, the two beams

could be collected after the pinhole and split with a dichroic filter for inde-

pendent simultaneous measurements to ensure that both beams are passing

through the pinhole at the same location.

Measuring the fluorescence of optically trapped nanodiamonds will be

discussed further in Section 4.3 and is a crucial step towards measuring mag-

netic field with optically trapped nanodiamonds (see Chapter 5).
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Electron spin resonance of NV

centers in nanodiamonds

Electron spin resonance (ESR) is a way to drive transitions between energy

levels and therefore probe the energy level structure of a material. Section 1.2

discusses mechanisms of electron spin resonance in negatively charged NV

centers in diamond. In this chapter, we will discuss the microwave antenna,

then discuss noise and the software lock-in for increasing signal to noise and

the dynamics of the nanodiamonds in the trap. We conclude the chapter with

the ESR spectrum of immobilized nanodiamonds.

By measuring the electron spin resonance (or optically detected magnetic

resonance) of the NV center, we measure the energy level splittings of the

center. This opens the door to sensing using the energy level structure of the

NV center.

4.1 Antenna

In order to apply microwave fields, we designed a microwave antenna that

is lithographically patterned on the glass coverslip and impedance-matched
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Figure 4.1: The microwave antenna. (A) Photograph of the antenna/coverslip assembly

mounted on a SMA-connectorized printed circuit board. The hole in the antenna mount

under the antenna loop permits optical access. (B) Micrograph of the antenna: gold pat-

terned on glass. (C-D) Magnetic flux density norm in the plane of the microwave antenna

when fMW = 2.8 GHz, modeled in COMSOL Multiphysics. Irregularities in the simulated

magnetic flux density norm, appearing as splotching near the antenna trace edges, are an

artifact of the chosen finite element meshing. (C-D) Image courtesy of David J. Christle;

(B-D) are reprinted from Ref. [1].
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near 2.87 GHz to optimize power transmission and reduce heating. The an-

tenna/coverslip assembly is shown in Fig. 4.1A-B. The antenna is impedance-

matched to 50 Ω using a bowtie-style radial stub. The design was devel-

oped using COMSOL Multiphysics simulations. The magnetic flux density

in the vicinity of the antenna resulting from a microwave field is shown in

Fig. 4.1C-D.

4.2 Noise and software lock-in

Random fluctuations in the photoluminescence of optically trapped fluores-

cent nanodiamonds present experimental challenges in measuring the ESR

contrast. The Brownian motion in solution, collisions between nanoparti-

cles, and the entry and exit of nanodiamonds from the optical trap contribute

to a large, low-frequency noise component in the observed IPL. Blinking (see

Section 3.4) may augment the observed fluorescence fluctuations. To a lesser

extent, spin bath effects [105] also contribute to noise.

The photoluminescence noise from optically trapped fluorescent nano-

diamonds shows a dependence on the photoluminescence, IPL. In general,

the standard deviation of the experimentally measured IPL, σexpt, grows with

increased IPL beyond that expected from Poisson statistics or shot noise be-

havior, namely σexpt > σshot =
p

N , where N = IPL∆t , and ∆t is the time in-

terval in which photon counts are measured. Figure 4.2 illustrates this de-

pendence and plots the ratio σexpt/
p

N as a function of IPL. For low values

of IPL, σexpt approaches shot noise (dotted line in Fig. 4.2), but reaches val-

ues nearly 6 times shot noise at higher IPL. Analysis of noise is performed

only on plateaus with stable IPL, therefore the plotted noise, especially for

higher IPL, is a lower limit. This increase in noise likely arises from dynamics
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Figure 4.2: The ratio of the measured standard deviation of IPL to shot noise for optically

trapped nanodiamonds as a function of IPL. Shot noise was obtained from total counts in

a time interval ∆t , σshot =
p

IPL∆t . The dotted line corresponds to the case when the mea-

sured noise equals the shot noise. This illustrates the increase in overall photoluminescence

noise observed as the optical trap becomes more populated with fluorescent nanodiamonds.

Figure courtesy of Benjamín J. Alemán. Reprinted from Ref. [1].

of multiple particles in the trap. Any motion of particles in the trap, arising

from collisions, thermal vibrations, trap instability, and other sources, will

have a corresponding contribution to the noise in IPL because each particle

will experience a varying degree of electric field strength from the laser beam

determined by its position in the measurement volume. In addition, when a

fluorescent particle enters the trap, the abrupt increase in IPL contributes to

the noise.

To increase the signal-to-noise ratio during ESR measurements, we

use commercial nanodiamonds from Adámas Nanotechnologies (Fig. 4.3)

that have been He+ irradiated to create vacancies and subsequently

annealed to form approximately 500 NV centers per ∼100 nm diameter

nanodiamond. Additionally, by performing amplitude modulation of

the applied microwaves with a software-based photon-counting lock-in

technique [106, 107], we improve the signal-to-noise ratio of the experiment
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Figure 4.3: (A) Scanning electron micrograph and (B-C) transmission electron micrograph

of nanodiamonds (ND-500NV-100nm, Adámas Nanotechnologies). Images courtesy of Ben-

jamín J. Alemán and Stephan Kraemer. Reprinted from Ref. [1].
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Figure 4.4: Bimodal power spectral density S IPL ( f ) of the luminescence with on-resonant

microwaves at frequency fMW = 2.87 GHz and amplitude-modulation frequency fAM =
1 kHz. The peak at 1 kHz corresponds to the NV response to the amplitude-modulated car-

rier signal. Peaks at multiples of 1 kHz are harmonics. The green dashed line shows the

expected shot noise floor for the bimodal power spectral density, S IPL ( f ) = IPL = 2.1 MHz.

The noise at fAM = 1 kHz is higher than the expected floor, indicating that the measurement

is not shot-noise limited. The power spectral density was calculated from IPL data taken for

100 ms, our typical lock-in time; the average of 1000 sets of data is shown. Adapted from

Ref. [1].

by more than a factor of ten. In this way, ESR dips in IPL are converted to

peaks in the differential luminescence ∆IPL. Figure 4.4 shows the power

spectral density of IPL for trapped nanodiamonds, displaying both the

low-frequency noise and the NV ESR contrast response from resonant

microwaves that are amplitude modulated at 1 kHz.

The software lock-in is shown in Fig. 4.5A-B. Since fMW is resonant with

the energy splitting between the ms = 0 and the ms = +1 or −1 states, IPL

drops while the microwave is on, such that IPL oscillates in time at fre-

quency fAM. Locking in to the signal, we extract the differential fluorescence

signal ∆IPL. As we sweep the microwave frequency fMW, ∆IPL remains low

when fMW is off resonance with the transition between spin states and
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Figure 4.5: Amplitude-modulated ESR of NV centers in optically trapped nanodiamonds

in water. These nanodiamonds are irradiated. (A) Schematic of the amplitude-modulated

microwave signal used in the experiments, with fMW lowered for illustration. (B) The read-

out contrast of the fluorescence signal created by the modulation amplitude of resonant,

fMW = 2.868 GHz, microwaves, modulated at frequency fAM = 1 Hz. We use a software lock-

in (blue line) to extract the differential fluorescence intensity ∆IPL = 58.5 kCts/s or the rela-

tive ESR signal∆IPL/IPL, high = 6.64%, where IPL, high = IPL when the microwave is off. (C) Op-

tically detected ESR spectrum obtained by sweeping fMW while fAM = 1 kHz. The Gaussian

fit (purple line) has a FWHM of 27.8 MHz and a peak at 2.87 GHz, which is the zero-field

splitting between the ms = 0 and the ms = ±1 levels. This ESR spectrum was collected in

150 s. Reprinted from Ref. [1].
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increases when fMW is on resonance. If X and Y are the two output channels

of the lock-in, and R =
p

X 2 +Y 2, then ∆IPL = 2R. Figure 4.5C shows the

ESR spectrum for an ensemble of trapped nanodiamonds in water with no

externally applied magnetic field. The nanodiamonds are specified to be

100 nm in diameter and contain 500 NV centers each. The spectrum has

a linewidth of 23.6 MHz and a maximum at 2.87 GHz, agreeing with the

expected zero-field splitting of the NV center. Off resonance, the curve does

not go to zero because the lock-in is not phase locked.

4.3 Trapping nanodiamonds

The optical trap attracts nanodiamonds and traps them. Figure 4.6 shows

the measured IPL and contrast ∆IPL before and after turning on the trap-

ping beam. As the trapping beam remains on, fluorescent nanodiamonds

stochastically enter the trap and cause IPL to increase in discrete steps, with

coincident rises in ∆IPL indicating the presence of NV centers. When the

trapping beam is turned off, the nanodiamonds scatter out of the trap from

Brownian motion, causing the luminescence to cease.

4.4 ESR of immobilized nanodiamonds

Figure 4.7 shows ESR of nanodiamonds that are drop-cast onto the coverslip.

To mitigate the influence of non-NV-based fluorescence, we photobleach the

sample with the 532 nm laser, intending to let only the non-photobleaching

NV fluorescence signal remain. The ESR signal splits into more than two

peaks, indicating that the measurement ensemble includes multiple NV

centers at different orientations. These nanodiamonds are not irradiated.
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Figure 4.6: (A) Time trace of IPL showing discrete steps of increasing photoluminescence as

clusters of NV centers enter the optical trap with the green excitation laser on. The trapping

laser is initially blocked (blue shaded times). The trapping laser is unblocked at time t =
60 s, and IPL remains low, indicating an empty trap, until the first discrete step at t ∼ 73 s.

At time t ≈ 120 s, the trapping laser is blocked to release the particles from the trap, with

IPL dropping commensurately. (B) The coincident ESR response of resonant microwaves,

applied at fMW = 2.87 GHz, indicates that the fluorescent particles in the trap are indeed

nanodiamonds that contain NV centers. Data in (B) are smoothed. Reprinted from Ref. [1].
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Figure 4.7: (A) Optically detected ESR of dry nanodiamonds drop-cast and dried on a cover-

slip near a microwave antenna. These nanodiamonds are not irradiated. While a single spin

will split into two peaks, here we observe at least four peaks, which indicate we are measur-

ing multiple NV centers at different orientation with respect to the applied magnetic field.

The frequency peaks of these ESR spectra are plotted in (B) as they vary with magnetic field.

Reprinted from Ref. [1].

For convenient comparison to conventional continuous wave ESR mea-

surements, the divisor for normalization is the IPL detected during those

intervals when the microwave is off, as calculated by the lock-in software.

Next, we combine the ESR spectrum measurements with the optically

trapped nanodiamonds in the presence of a magnetic field.
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Magnetometry with optically

trapped nanodiamonds

In this chapter, we use the optically trapped nanodiamonds to measure an

external magnetic field.

5.1 Apparatus and techniques

Figure 5.1 shows a schematic of the optical apparatus and Fig. 5.2 shows the

measurement geometry. The 1064 nm trapping laser optically traps nano-

diamonds in solution in water. The 532 nm laser excites photoluminescence

and polarizes the NV spin into the ms = 0 spin state. These lasers are at-

tenuated to 30 mW and 90 µW, respectively, measured at the back opening

of the objective. The photoluminescence signal is detected by the APD. The

1064 nm and 532 nm beams are combined using dichroic mirrors. The oil-

immersion objective with 1.3 NA focuses the beams onto the sample. We

mount the sample on the 3-axis piezoelectric stage, which enables moving

the antenna/coverslip assembly by up to 100 microns in X and Y and up to

20 microns in Z. We calibrate the electromagnet (EM050-6H-222, APW Com-
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Figure 5.1: The apparatus, with an optical tweezers path (1064 nm laser), an excitation beam

path (532 nm laser), and a collection path. All three optical paths are adjusted to the sam-

ple focus at the sample so that the photoluminescence signal is collected from the same

confocal region where the nanodiamonds are trapped. During measurements, the trapping

location remains fixed while a 3-axis piezoelectric stage controls the sample position. See

also Figs. 2.6 and 3.2 and Tables 2.1, 3.1, and 3.2.
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Figure 5.2: Schematic of nanodiamond optical trapping, photoexcitation, and luminescence

detection at the focus of the objective. The magnetic field is applied externally, along the axis

of the objective. The microwave antenna and glass coverslip are also shown. Reprinted from

Ref. [1].

pany; current provided by a Keithley 2400 Sourcemeter) with a Hall probe

(HMMA-1808-VR probe and 455 DSP Gaussmeter, Lakeshore). A Hewlett

Packard ESG-D4000A generates the microwave signal, which is amplified by

an Amplifier Research 5S1G4. The optical signal is filtered with three filters:

the 640 nm long pass, the 1064 nm notch block, and the XB11 filter1 to re-

move laser scatter prior to APD photon detection. All optical measurements

were taken with room lights off to avoid extra photon counts.

1The XB11 filter blocks both 1064 nm and 532 nm, which could seem redundant. I found

that three filters better removed the laser scatter than one or two, but the signal to noise ratio

might be improved by using fewer filters.
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5.2 Estimating trap population of nanodiamonds

The trap collects an ensemble of nanoparticles, each specified to contain at

least 500 NV centers. From Eq. (2.3) we expect that the trapping laser has a

beam waist diameter of 2w0 = 0.4 µm and the excitation laser has a beam

waist diameter of 2w0 = 0.2 µm. The trap width is in good agreement with

the width observed in optical images (see Fig. 2.14). The depth of focus is

experimentally ∼0.8 µm for the measurement volume (see Fig. 3.6), and the

trapping laser is expected to have twice the depth of focus, ∼1.6 µm. There-

fore the trapping volume is approximately 0.1 µm3 and the measurement vol-

ume is approximately 0.02 µm3. Assuming a unity packing-fraction to make

an order-of-magnitude estimate, the maximum number of 100 nm diameter

particles, each of approximate volume 0.001 µm3, that can occupy the trap

and measurement volumes is ∼100 and 20 particles, respectively. This cor-

responds to ∼8000 NV centers in the measurement volume, assuming max-

imum packing and the minimum 500 NV centers per particle. However, we

would expect only 20×4 = 80 NV orientations in the measurement volume at

a given instant.

The highest stable IPL we observed in our experiments was ∼3000 kCts/s.

Assuming this value corresponds to a fully packed trap with∼8000 NV centers

(assuming only 500 NV centers per particle), we would expect each NV to

contribute ∼0.4 kCts/s. This value is close to the experimentally measured

value of 1 kCts/s, obtained by measuring the minimum step height of IPL as

35 nm diameter nanodiamonds (also from Adámas Nanotechnologies), each

specified to contain approximately 1 to 4 NV centers, enter the optical trap.
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5.3 Optical collection efficiency

The IPL we measure is approximately 1 kCts/s per NV center, which is about

two orders of magnitude lower than the IPL we might expect. This arises from

a number of different factors, include the following:

1. The collection path includes multiple beamsplitters that enable mul-

tiple simultaneous measurements but that also decrease signal to the

APD, as shown in Fig. 5.1. Only 23% of the collected IPL reaches each

APD.

2. The NV centers are not aligned along a particular axis for optimal ex-

citation and collection and are likely rotating in the trap. NV centers

that are not aligned with the optical axis have decreased excitation and

collection efficiencies. Assuming an isotropic distribution of NV orien-

tations, the IPL of the ensemble will scale as

mean amplitude

aligned amplitude
=

1
2

∫ π
0 A1(θ) sinθdθ

A1(0)
= 57%

compared to the IPL of an aligned ensemble of NV centers, using the

expression for A1(θ) that appears in Eq (5.4).

3. The dichroic that directs the trapping laser into the objective also re-

flects away the longer wavelengths of the NV center emission spec-

trum, as shown in Fig. 5.3. (For comparison, see Fig. 3.1.) This de-

creases the collected light to 58%. We obtained this percentage by mea-

suring the count rate of dry 500-NV nanodiamonds drop cast on a cov-

erslip, both with the 1064 nm dichroic in the optical path (5194 kCts/s)

and without it (8992 kCts/s). One improvement to the collection effi-

ciency would be to replace this dichroic with one that transmits rather

than reflects wavelengths from 700 nm to 800 nm.
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Figure 5.3: Photoluminescence spectrum of an ensemble of optically trapped nanodia-

monds. The arrow marks the NV zero phonon line. The spectrum of the phonon sideband

is attenuated for wavelengths longer than 700 nm because of a dichroic optical filter that

reflects the trapping laser into the objective. These nanodiamonds are not irradiated. The

photographic inset shows this nanodiamond ensemble in the optical trap. Reprinted from

Ref. [1].

4. We have consistently observed that immobilized nanodiamonds show

a decrease in count rate to ∼60% when they are in water, even if the

particle is adhered to the glass coverslip such that the optical pathway

does not pass through a significant amount of water. This could be

caused by surface effects of the nanodiamond. We obtained this per-

centage by measuring the count rate of a nanodiamond immobilized

on the coverslip, both dry (50 kCts/s) and wet (31 kCts/s), for example.

5. We have attenuated the excitation laser so that the nanodiamonds are

not saturated; they are emitting at ∼60% of the saturated IPL.

6. The three optical filters in the collection path, the 640 nm long pass, the

1064 nm notch block, and the XB11 filter (which blocks both 532 nm

and 1064 nm) help remove laser scatter but they also likely attenuate

97



Chapter 5 Magnetometry with optically trapped nanodiamonds

light at the emission wavelengths.

7. Misalignment of the optical paths is certainly a factor in decreasing the

count rate. With chromatic aberration of the objective, it is not straight-

forward to axially align the infrared focus and the visible focus, so that

the measurement volume is not necessarily fully overlapped with the

trapping volume.

Taking only the first five items into account, we expect to see a reduction

in IPL to 3% of the maximum per NV center, with optical misalignment, es-

pecially caused by chromatic aberration (see Section 3.6), accounting for a

further decrease.

While the count rate per NV center could certainly be increased (for ex-

ample, by increasing the collection path efficiency and increasing the exci-

tation laser power), in our ensemble measurements we did not find it nec-

essary to increase the overall count rate, which reached as high as 3 × 106

counts/second. However, increasing the signal collection efficiency could

improve the signal-to-noise ratio in future experiments and would be of par-

ticular value for measurements of single NV centers.

5.4 Modeling the ESR spectrum

To understand the lineshape and magnetic field dependence of the ESR spec-

tra of the trapped ensemble, we develop a model consisting of a statistical av-

erage over all possible NV center orientations with respect to a fixed magnetic

field, incorporating the directional dependence of the transition frequencies

from the NV center Hamiltonian and the anisotropic excitation and collec-

tion efficiencies of our confocal microscope. In this model, the orientation
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of the NV center’s symmetry axis, relative to the magnetic field and optical

axis, determines its ESR resonance frequency and contribution to the overall

spectrum: a perpendicular orientation yields a minimal contrast contribu-

tion and frequency shift, while a parallel NV center gives a maximal contribu-

tion and shift (2.80 MHz/G). The NV centers contained in the nanodiamond

ensemble are not expected to be aligned or oriented in any particular direc-

tion. In addition, the particles may rotate in the optical trap. Therefore, we

model the ESR spectrum by assuming the NV centers are randomly oriented.

Summing over an isotropic distribution of NV center orientations, we expect

the overall ESR spectrum to have two broadened peaks, in accord with our

experimental observations. To infer the model parameters and their associ-

ated uncertainties for each measured spectrum, we apply a Bayesian Markov

Chain Monte Carlo approach [108] and plot the best-fit curves over the plot-

ted data.

5.4.1 Angular dependence of the excitation

We begin by calculating the angular dependence of the excitation (i.e. ab-

sorption) of a single NV center. In Section 3.5.1, we found that the absorption

of a single NV center is proportional to 1−cos2φsin2θ (Eq. 3.3), as shown in

Fig. 5.4A, where φ is the azimuthal angle between the excitation polarization

axis and the NV center axis, and θ is the polar angle between the NV axis and

the axis of the objective, as shown in Fig. 5.4B. The laser polarization would

be important if the magnetic field were applied along a different axis with re-

spect to the microscope objective, but our geometry has a symmetry so the

polarization of the laser is not important. Laser polarization control could

provide a route to vector magnetometry using an ensemble of randomly ori-
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ented NV centers. For now, we have a system that is symmetric in φ, because

the NV ensemble includes NV centers at every orientation. Therefore, we in-

tegrate over all φ to obtain

Absorption ∝ 1+cos2θ, (5.1)

as shown in Fig. 5.4C. We will integrate over all angles θ at a later point in the

calculation.

Is Eq. (5.1) what we might expect? We can consider a few test cases to

convince ourselves that it is. First, we can begin by assuming that there is no

dependence onα of the NV center’s rotation about its own axis. We showed it

rigorously in Section 3.5.1, but it is not surprising that the rotation of the NV

center about its own axis would have little effect on the NV center’s ability to

absorb the excitation beam. So we can arbitrarily fix α = 0. Having fixed α,

now p̂1 = û and p̂2 = ŝ = N̂ × û. Since p̂1 = û is perpendicular to the optical

axis, the absorption of this dipole will have no dependence on θ. Let’s say

the first dipole has one arbitrary unit of absorption, regardless of the polar

angle θ. In the case that the second dipole is perpendicular to the optical axis

(i.e. if the NV is parallel to the optical axis), then the second dipole will also

have one arbitrary unit of absorption. Adding that with the absorption of the

first dipole, we have two arbitrary units of absorption when θ = 0. However,

in the case that the NV is perpendicular to the optical axis, then the second

dipole will be parallel to the optical axis, and so it will have zero absorption.

Then the total absorption will be one arbitrary unit when θ = π
2 . These two

test cases agree with Eq. (5.1).
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Figure 5.4: The angular dependence of the absorption and emission of a single NV center.

(A) The absorption of a single NV center depends, in general, on both φ and θ, according

to Eq. (3.3). (B) The unit vector N̂ is parallel to the NV center axis. The polar angle θ and

the azimuthal angle φ describe the orientation of the NV center. The optical axis is parallel

to ẑ. (C) Integrating the absorption over all angles φ, we obtain the absorption of the NV

center as a function of the polar angle θ, according to Eq. (5.1). (D) The emission collected

by the 1.3 NA objective, assuming uniform absorption over all angles in the collection cone,

has a slight dependence on the angle the NV center makes with the optical axis, according to

Eq. (5.2).
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5.4.2 The emission collected from a single NV center

In order to calculate the collected emission of the transition dipole, we begin

by calculating the angular part of the emission function of a dipole p, which

we treat classically. The component of the dipole that is orthogonal to the

direction vector r̂ is

p⊥ = p− r̂ (r̂ ·p),

where

r̂ = sinϑcosϕ x̂ + sinϑsinϕ ŷ +cosϑ ẑ.

The power radiated by the dipole is proportional to |p⊥|2 [109]. We integrate

over the collection cone of the microscope objective to find the angular part

of the power collected,

P1 ∝
∫ ϑmax

0

∫ 2π

0
|p⊥|2 sinϑdϕdϑ

where P1 is the collected emission of one dipole and ϑmax is the maximum

angle at which the objective can collect light; since NA = n sinϑmax with n =
1.515 and NA = 1.3, we have ϑmax = 59.1◦. At this point in the calculation we

do not take into account the excitation anisotropy. We assume that the objec-

tive has uniform efficiency for collecting light from all angles in its collection

cone. The result is

P1(p) ∝ 2.43(p2
x +p2

y ) + 1.25 p2
z ,

where px , py , and pz are the components of p. This is not a very strong de-

pendence on dipole orientation. An objective with a lower NA would have a

stronger angular dependence of the collection.

We recall Eq. (3.2) to describe the geometry of the two dipoles associated
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Figure 5.5: The ground state energy eigenvalues of an NV center as a function of magnetic

field when the angle between the NV axis and the magnetic field vector is θ = 10◦, calculated

from Eq. (5.3). There is a level anti-crossing near 1026 G.

with the NV center. Then the collected emission of a single NV is

PNV = P1(p1)+P1(p2), which evaluates to

PNV ∝ 2.43+2.43cos2θ+1.25sin2θ, (5.2)

as shown in Fig. 5.4D. We see that the angular part of the collected emis-

sion PNV depends only on θ, the angle between the NV center axis and the

axis of the microscope objective. Thanks to symmetry, it does not depend on

α or φ.

5.4.3 Zeeman splitting

The energy levels of the spin states of the ground state of the NV center are

calculated directly from the ground state Hamiltonian,

ĤNV = DŜ2
z + gµBB · Ŝ, (5.3)

where D = h ·2.87 GHz = 11.8 µeV, g = 2.00, µB = 5.79×10−9 eV/G is the Bohr

magneton, and the components of Ŝ are the spin 1 matrices. Terms of the

Hamiltonian not relevant to this calculation have been suppressed. Some
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calculated energy levels are shown in Fig. 5.5. The difference between spin

levels gives the frequency of the peaks measured in the ESR spectrum of a

single NV center. That is, for a given field B, the spectrum will have peaks

corresponding to

h f0→+1 = Ems=+1 −Ems=0 and

h f0→−1 = Ems=−1 −Ems=0,

where Ems=0, Ems=−1, and Ems=+1 are the three eigenvalues of ĤNV. Figure 5.6

shows how these spin sublevel frequencies depend on the angle of the NV

center to the magnetic field. For zero field, Ems=−1 = Ems=+1, so the peaks are

degenerate, h f0→−1 = h f0→+1 = D . The frequencies split with magnetic field.

For NV centers aligned with the magnetic field, and for fields below 1026 G,

the frequencies are linear in the magnetic field:

h f0→±1(θ=0) = D ± gµBB ,

where gµB/h = 2.80 MHz/G and θ is the angle between the NV axis and the

magnetic field vector. However, the frequency f0→−1 varies more with θ than

f0→+1 does, causing an asymmetry at nonzero fields.

5.4.4 ESR spectrum of a single NV center

We assume that each NV center in the distribution has an ESR spectrum with

two Gaussian functions, one peak centered at f0→−1 and the other at f0→+1.

These frequencies depend on the magnetic field strength and the angle θ be-

tween the magnet and the axis of the NV center. Note that for our geometry,

where the magnet and the objective share an axis (see Fig. 5.2 or 5.1), this is

the same angle as the angle between the NV center and the axis of the micro-

scope objective; for the purposes of the calculation, we assume no misalign-
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Figure 5.6: The calculated spin sublevel transition frequencies f0→−1 and f0→+1 depend on

both the magnitude B of the magnetic field and the angle θ between the NV symmetry axis

and the magnetic field vector. Here we assume the zero-field splitting is D = 2.87 GHz. Top

subfigure is reprinted from Ref. [1].

ment between the magnet and the microscope objective. The amplitude of

this double-Gaussian single-NV ESR spectrum depends on the angle θ be-

tween the axis of the NV center and the axis of the microscope objective:

A1(θ) ∝ (1+cos2θ) (2.43+2.43cos2θ+1.25sin2θ), (5.4)

where Eqs. (5.1) and (5.2) give the angular dependence of the absorption and

collected emission of the NV center (see Fig. 5.7). Note that the NV center

can emit a photon via either dipole, regardless of the dipole that absorbed a

photon. We approximate that the microwave power affects the NV centers

uniformly, regardless of NV orientation or microwave frequency. Therefore
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Figure 5.7: The calculated angular dependence A1 of the measured IPL of an NV center and

the contribution to IPL of each angle θ in an isotropic ensemble of NV centers, A1 sinθ. The

normalized function A1(θ) is plotted, showing the dependence of the measured IPL of an NV

center as a function of the angle between the NV center and the optical axis (see Eq. (5.4)).

For an ensemble of randomly oriented NV centers, the angular dependence of the contri-

bution from NV centers of each angle is multiplied by the probability, sinθ, of any given NV

center from the ensemble being in that orientation. (See Eqs. (5.5) and (5.6).)

the ESR spectrum C1(B ,θ; fMW) of a single NV has angular dependence

C1(B ,θ; fMW) = A1(θ) [G( f0→+1; fMW)+G( f0→−1; fMW)], (5.5)

where G(x0; x) is a Gaussian function of x centered at x0, and f0→+1 and f0→−1

are functions of B and θ. Examples of C1 curves are plotted in Fig. 5.8. The

widths of the two Gaussian functions must be determined empirically and

are assumed to be equal to each other.

5.4.5 ESR spectrum of an isotropic ensemble of NV centers

The measured ESR spectrum is a sum of the ESR spectra of all the NV cen-

ters in the measurement volume. Therefore, to obtain the ESR spectrum of

an isotropic ensemble of NV centers, Cmodel(B , fMW), we integrate over all an-

gles θ,

Cmodel(B , fMW) =
∫ π

0
C1(B ,θ; fMW) sinθdθ, (5.6)

and the result is plotted in Fig. 5.9. Note that for an isotropic distribution of
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Figure 5.8: The modeled ESR spectrum, C1(B ,θ; fMW), for a single NV center, normalized and

plotted for a series of NV orientations. These orientations range from θ = 0◦, with maximal

splitting, to θ = 90◦, with minimal splitting. The magnetic field is assumed to be parallel

to the axis of the objective and to have a magnitude of 50 G. The width of each Gaussian

is set to 50 MHz. In the case of a continuous wave ESR measurement without lock-in, the

Gaussian functions would be dips instead of peaks. We assume the excitation laser is not

saturating the NV center. The effects of laser polarization angle φ are ignored because this

calculation uses Eq. (5.1) rather than Eq. (3.3); this has a physical interpretation for single

NV measurements only if we assume the laser is circularly polarized. (We can ignore the

effects of laser polarization angle regardless of laser polarization in the experiment, however,

because we will use C1 to describe isotropic ensembles of NV centers.) The curves for θ =
0◦ are the strongest, but in an isotropic ensemble, the probability of having an NV center

perfectly aligned with the objective/magnet axis is vanishingly small.
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Figure 5.9: Modeled ESR spectra for an ensemble of randomly oriented NV centers, cal-

culated from Eq. (5.6), normalized, and plotted with a zero-field width of 61.7 MHz and

D = 2.87 GHz. The magnetic field is assumed to be parallel to the axis of the objective.

Reprinted from Ref. [1]. These curves are also plotted as a colormap in Fig. 5.11B.

NV centers, more NV centers will be perpendicular to the axis of the mag-

net/objective than parallel to this axis, with a probability distribution given

by sinθ, as shown in Fig. 5.7. The model predicts two peaks separating and

broadening as the magnetic field is increased. The right peak is predicted to

be taller and narrower than the left peak because of the asymmetry between

f0→−1 and f0→+1.

Although the ESR spectra modeled here are effectively an average over

ensembles of randomly oriented NV centers, the spectra at low magnetic

fields retain qualitative similarities to measurements of aligned NV centers:

the spectra exhibit two distinct peaks that shift approximately linearly as a

magnetic field is applied. However, unlike aligned NVs, the spectral peaks

broaden with increased magnetic field.
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5.4.6 Fitting the ESR curves

The model of Eq. (5.6) can be fit to the data by adjusting the following fitting

parameters:

1. Magnetic field Best, which can then be compared to the calibrated mag-

netic field,

2. The crystal field splitting D , which should be near 2.87 GHz, but which

may vary with a change in strain or temperature,

3. The background signal y0 measured far off resonance, which is not zero

because the lock-in lacks phase-locking, so the data has a dc offset

when the noise exceeds the signal (e.g. when fMW is off resonance),

4. Amplitude, which is not determined by the model because Eq. (5.4)

only gives a proportionality, and

5. The width w of the Gaussian function G in Eq. (5.5), which equals the

zero-field width, and which must be determined empirically.

The sixth parameter that is determined from the fitting algorithm is noise,

σest. We use a Markov Chain Monte Carlo approach to fitting, in which the

parameters iterate towards the best fit, then continue to iterate to explore

the parameter space. Ignoring the first few iterations, this exploration of the

parameter space gives the probability curve for the parameter to have certain

values. The peak of the probability curve gives the best fit, the mean of the

probability curve gives the best estimate of the value for the parameter, and

the spread of the probability curve gives the error for the fit. More details of

the fitting algorithm are available in the SI Text of Ref. [1].
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5.5 Results and Discussion

We optically trapped an ensemble of nanodiamonds near a microwave an-

tenna in an external magnetic field and measured the ESR spectra (Fig. 5.10).

Measured ESR spectra up to 60 G are shown in Fig. 5.11A. In Fig. 5.11B, we fix

the model parameters found at 0 G, adjust only the parameter for the applied

magnetic field, and obtain excellent qualitative agreement with the data.

By fitting the data to modeled curves as described in Section 5.4.6, we de-

termine the magnetic field Best measured by the trapped nanodiamond en-

semble and plot it against the applied magnetic field in Fig. 5.12. The theo-

retical magnetic sensitivity is related to the noise and the lineshape of the as-

sociated ESR spectrum. At a given microwave frequency, fMW, small changes

in the measured contrast signal C ≡ ∆IPL/IPL occur with a change in mag-

netic field according toδC = δB ∂C
∂B and thus the most efficient magnetometry

measurement would take place at the fMW where this derivative is largest in

magnitude. In the low-field limit, this maximum in
∣∣∂C
∂B

∣∣ occurs for fMW cen-

tered between the two peaks, approximately fMW = 2.87 GHz; however, once

the two peaks split by about twice the FWHM, the most sensitive fMW for

measurement occurs on the downward slope of the highest frequency peak.

If the minimum detectable change in magnetic field is δBmin, then the esti-

mated optimal magnetic sensitivity is [21, 110]

ηB = δBmin

p
∆t = σC

p
∆t

max
∣∣∂C
∂B

∣∣
,

(5.7)

where σC is the estimated standard deviation of C for measurement time ∆t

from the analysis.

From the model, we can gain an intuition for the optimal conditions for

dc magnetometry in our system. Since the splitting of the peaks is approx-
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Figure 5.10: Optically detected ESR spectra of trapped nanodiamond ensembles at cali-

brated low field strengths. The best-fit curve from the model with five fitting parameters

is shown (black lines). The measurements occurred at calibrated applied magnetic fields of

0, 5, 10, and 15 G. By fitting to the model, we obtain estimated magnetic fields of 1.5, 9.4,

14.5 and 20.8 G, respectively. Each ESR spectrum has a total acquisition time of about 200 s.

IPL ≈ 510 kCts/s and fAM = 1 kHz. Reprinted from Ref. [1].
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Figure 5.12: Magnetic field Best measured by the trapped NV ensemble versus applied mag-

netic field. Plotted error bars are 95% highest probability density intervals. The measured

values are inferred from the model fitting while the applied values are set by an ex situ cali-

bration. The solid line of unit slope and zero offset is used to compare the data against the

ideal measurement. Reprinted from Ref. [1].
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imately linear with increasing field and the contrast diminishes, we would

expect that the magnetic sensitivity generally worsens at higher fields. Simi-

larly, when the two resonances become unresolved near zero magnetic field,

the line shape becomes weakly dependent on B and the sensitivity is poor.

For this reason, an optimum condition exists at low fields ∼5 G when the res-

onances are split but the contrast is still large.

We calculate the maximum-magnitude derivative of the model with re-

spect to the parameter B and corresponding error parameter over samples

from the Markov Chain Monte Carlo output to obtain a probability density

for the optimal sensitivity given the lineshape inferred from experiment. The

mean estimated and 68.2% highest probability density intervals [111] from

this distribution are plotted as black circles in Fig. 5.13. In addition, the stan-

dard deviation of the marginal density for B , scaled by the square root of the

total acquisition time, serves as an empirical measure of the actual sensitivity

obtained in the experiment, and is plotted (open purple circles) for compar-

ison to the optimal estimates.

The most sensitive estimate of ∼45 µT/
p

Hz, measured with

IPL ≈ 510 kCts/s, occurs at low fields (∼5 G) when the peaks are at

least partially split. Further improvements to the collection efficiency and

operating at a higher modulation frequency could improve the sensitivity

of this technique by a factor of ∼20, making it competitive with existing

NV scanning-probe dc magnetometry protocols [24–26]. Stable trapping

of single nanodiamonds would ameliorate noise from collisions within

the trap and improve the spatial resolution of the technique. The use

of shaped diamond particles trapped with a controlled orientation [112]

and aligned along the appropriate crystallographic axis would remove the

degrees of freedom that complicate the ESR lineshape from the situation
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Figure 5.13: Estimated sensitivity of the diamond-based magnetometer using the optimal

measuring scheme (black circles). The estimates are computed using values inferred from

experiment, and the error bars reflect the 68.2% highest probability intervals from the prop-

agated uncertainties. The demonstrated sensitivity (open purple circles) of the optically

trapped nanodiamond-ensemble magnetometer is plotted for comparison. Reprinted from

Ref. [1].

in bulk, opening the possibility of improved contrast and even vector

magnetometry [33]. Alternately, an optical trap with a helical mode could

be used to controllably rotate a trapped diamond particle such that the

orientation would vary with a fixed rate [113], which would similarly remove

the degrees of freedom that cause the broadened ESR lineshape.
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Conclusion

The combination of optical trapping and NV-center-based sensing enables

the three-dimensional mapping of magnetic fields in solution and addresses

the need to probe complex environments, such as the interiors of microflu-

idic channels. Together, these two powerful techniques could pave the way

for exploiting the unique electromagnetic and thermal sensing properties

of NV centers at the nanoscale. Using optically trapped nanodiamonds for

intracellular sensing [12] and the mapping of neurons [35, 114] are particu-

larly exciting applications of this technique. The three-dimensional position

control and on-demand release of optically trapped nanodiamonds enables

applications requiring nanoscale precision placement of NV centers within

existing systems, such as the controlled tagging of a single biological cell.

Additionally, this technique may serve as a tool for monitoring physical and

chemical processes at liquid/solid interfaces, which could help improve the

understanding of electrochemical cells, surface catalysis, or lipid membranes

in biomedicine.
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Appendix A

Etched nanodiamonds

Commercial nanodiamonds are generally produced by growing synthetic

high temperature high pressure microdiamonds, then milling them into

smaller particles. All nanodiamonds measured in the main text of this

dissertation were produced this way. Another method is through a detona-

tion process. Detonation nanodiamonds are generally smaller than milled

nanodiamonds. They are also usually contaminated with a great deal of

graphite.

Bulk diamond NV centers have significantly better properties for quan-

tum information processing than commercially available nanodiamonds.

For example, bulk diamond NV centers have a T2 time of up to 1.82 ms in

isotopically pure CVD samples [115] whereas nanodiamond NV centers have

a T2 time ranging from 250 ns to 1.4 µs [116]. It is true that the coherence

times may be extended using dynamical decoupling [117], nevertheless the

comparison between the bulk and nanocrystal T2 times indicates that the

NV in the bulk diamond has a much cleaner environment than the NV in the

nanodiamond.

I used an inductively coupled plasma (ICP) to dry-etch a diamond
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deposit masking  

nanoparticles 
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nanodiamonds 

masking  

nanoparticles 

Figure A.1: Procedure for etching nanodiamonds.

membrane to the desired thickness, checking the thickness at intervals by

scanning electron microscopy (SEM). For this first plasma etch, I used Ar/Cl2

gas, though I also experimented with CF4/O2 gas [118]. When the diamond

membrane was at the desired thickness, I drop-cast (see Section 3.2.1) gold

nanoparticles onto the membrane as an etch mask. An anisotropic oxygen

etch selectively etched the diamond and not the gold or the silicon oxide

substrate. The etching procedure is shown in Fig. A.1.

We obtained randomly scattered diamond nanoparticles on the sil-

icon oxide substrate (Fig. A.2A) with gold caps on top of the diamond

particles (Fig A.2B-C and Fig. A.3A-B). The gold caps were subsequently

removed (Fig. A.3C) using a gold etch.

The fabrication of nanoparticle diamonds is an ongoing project. By shap-

ing nanodiamonds into rods, we hope to be able to form a shape that will not

rotate in the optical trap.
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5 µm

A

200 nm

B

200 nm

C

Figure A.2: SEM images of etched nanodiamonds with gold caps / etch masks. Stage tilted

at 45◦.

200 nm 200 nm200 nm

A B C

Figure A.3: SEM images of an etched nanodiamond (A) with gold caps / etch masks, (B) with

gold caps after being metalized for SEM imaging, and (C) after gold caps have been removed

with a wet etch. Stage tilted at 45◦ in all three subfigures. The image in (A) is smeared because

the diamond surface is not conductive and it is charging.
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