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Abstract

In working towards a quantum internet, nodes based on nitrogen-vacancy (NV) centres
in diamond have shown great potential. A key challenge in scaling these networks is the
low entanglement generation rate due to low coherent photon emission (= 3%) and limited
collection efficiency (= 15% using state-of-the-art solid immersion lens setups). Both can be
improved by integrating NV centres in an optical cavity. In this thesis NV centres coupled
to an open Fabry-Pérot microcavity are investigated. The NV centres are integrated into
the cavity by bonding a pm-thin diamond sample to one of the mirrors.

The goal of this thesis is to move towards the realisation of an efficient spin photon interface
of NV centres in an open microcavity. To this end, short optical pulses for eventual spin-
photon entanglement creation and microwave electronics for spin control are implemented.

A cavity is formed and characterised. A finesse of 3.3x10% is found, along with a quality
factor of (3.14 + 0.03)x10° and a mode volume of 83 A3. From this, a theoretical outcoupled
coherent photon fraction of 14% is determined. NV centres are found in the cavity, and
their coupling strength is determined using off-resonant lifetime measurements. From
this, the actual outcoupled coherent photon fraction is determined to be (12 £ 1) %. Which
represents a more than 25 times improvement over NV centres in solid immersion lenses.

The electron spin resonance (ESR) of an NV centre is measured and a magnetic field
strength aligned with its spin axis of (36 £ 1) G is found. A lifetime measurement of an
NV centre using pulsed resonant excitation is shown. The last two measurements can be
extended to achieve coherent control and resonant readout of the NV spin. Paving the way
towards a more efficient spin-photon interface.
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Introduction

The internet has arguably been one of the most impactful developments of the last 50 years.
Right now a quantum internet [1, 2] is being worked towards. In a quantum internet, the
fundamental unit of information is the qubit instead of the classical bit. A qubit can exist
in a superposition of the classical bit states. It therefore stores much more information
than a classical bit in a different way. Just as at the dawn of the internet it is impossible
to predict all eventual applications. However, some important potential applications are
already known. These include cryptography secured by the laws of physics [3], as well as
distributed quantum computing [4, 5]. One essential building block of a quantum internet
is remote entanglement generation where two qubits can be entangled over a long distance.
Most feasible protocols use photons as a way to transfer quantum information required to
create entanglement remotely. As such a qubit is needed that can coherently transfer its
quantum state to a photon.

Colour centres in diamond are specific lattice defects with a localised spin. They have
shown promise as quantum internet nodes [6]. Apart from long coherence times, their level
structure makes it possible to coherently couple their spin state to an optical wavelength
photon. Forming something known as a spin-photon interface. Diamond is an attractive
material since it has a large (5.5 eV) bandgap. Colour centers which have their levels
within the bandgap are thereby well isolated from electrons in the rest of the diamond. The
large abundance of nuclear spin zero 2C means that diamond also does not host a strong
nuclear spin bath. Leading to well-isolated stable states. A lot of progress has been made
with the nitrogen-vacancy (NV) centre in diamond, here a nitrogen atom exists next to
a vacancy in the diamond lattice [7]. Advancements include a multi-node network [8, 9],
and metropolitan-scale entanglement [10]. The NV centre has excellent spin properties
such as a long coherence time and control over the spin via electric and magnetic fields
[11]. The NV centre also allows tuning of emitted photon frequency by electric fields [12].

However, the NV centre has a significant limitation. The emission rate of coherent photons
suitable for entanglement generation is low. A breakdown of the reasons for this low rate
is shown in Fig. 1.1. The NV generates a photon entangled with its spin state under an
optical excitation pulse. The probability of detecting a useful photon per excitation pulse
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Figure 1.1: Probability to detect a coherent photon per excitation pulse. This is a product of the probability that
the excitation pulse excites the emitter is pe, the probability that the photon is emitted in the ZPL, pzpr, and
subsequently collected into an optical fibre p.. The probability it is not lost in the fibre pg. The detector efficiency
Pder and finally the probability it arrives in the right time-window p; to allow time-filtering of the excitation light.
Adapted from [13].

Pp is low. This is mostly due to only about 3% of the light being emitted as a single photon
without additional phonons (p,1) [14]. As well as limited collection efficiency of photons
out of the diamond (p.). Depending on the entanglement protocol used, the entanglement
rate scales either linearly [15, 16], or quadratically with p, [17]. This limits entanglement
generation rates and makes it hard to scale to more than a few nodes.

To overcome this limitation an NV centre can be coupled to a photonic cavity. The zero
phonon emission line (ZPL) can then be enhanced by the Purcell effect [18]. Furthermore,
the photons couple to the easier to collect cavity mode, enhancing the collection efficiency.

1.1 Motivation

Because of the sensitivity of NV centres to surface electric fields, embedding NV centres in
cavity structures embedded within diamond while retaining good optical properties has
not yet been demonstrated [19, 20]. Therefore an open microcavity is chosen, where a
bulk-like diamond sample is embedded in an external Fabry-Pérot cavity. Cavity-enhanced
NV centres have been reported in open microcavities [13, 14, 21], but spin-photon entan-
glement has remained elusive. The main aim of the thesis is to work towards spin-photon
entanglement in an existing cavity setup, paving the way to higher entanglement rates.
For this, both spin control and resonant spin readout are required. In this thesis the setup
is augmented with the fast control electronics necessary for these. Single-sideband mod-
ulation of microwaves is added in preparation for spin control by applying microwave
pulses. Spin-photon entanglement creation requires short optical pulses on the timescale
of the lifetime. Shorter pulses allow for easier time-filtering, increasing the time window
and thereby increasing p:. This is especially relevant for Purcell-enhanced NV which have
shorter lifetimes. A novel pulse setup is implemented, which generates shorter optical
pulses than previously used in our group [22].

Chapter 2 introduces the relevant theory about NV centres and cavities. Chapter 3 discusses
the microcavity setup used. Chapter 4 presents the characterisation of the novel setup
used to generate shorter excitation pulses. Chapter 5 details the cavity formed. Chapter 6
presents Purcell enhancement of NV centres in this cavity. Chapter 7 discusses resonant
excitation in the cavity and, finally, chapter 8 concludes the thesis and sketches an outlook.



Theory

2.1 Nitrogen-Vacancy centre

The nitrogen-vacancy (NV) centre in diamond is one of the most well-studied colour centres.
It consists of a substituted nitrogen atom next to a vacancy in the diamond crystal lattice.
This defect leaves five unbonded electrons (two from the nitrogen, and three from the
dangling bonds on the carbon atoms neighbouring the vacancy). It can also capture an
additional electron from the environment in which case it has six electrons, and is referred
to as the negatively charged NV centre (NV"). The NV~ state is mostly used for quantum
information experiments. In the remainder of this thesis, NV refers to the NV~ state unless
stated otherwise. The defect exhibits Cs, symmetry. From this symmetry four available
molecular orbitals can be computed {a/l, a; ey, ey}. The lowest level is in the valence band
and is always filled fully. The other three levels lay within the large bandgap (5.5 eV) of
diamond. The ground state of NV~ is labelled as ae? where the lowest two orbitals are
filled and two electrons are in the higher e energy levels. The defect has an excited state
(aje®) where one of the a; electrons is excited to the e levels [11]. The energy levels of the
NV centre are shown in Fig. 2.1.

Ground state

The lowest energy state is an anti-symmetric combined wave function of one electron in
both e, and ey (lexey —eyex)) since this state minimises the Coulomb repulsion between the
electrons. Pauli’s exclusion principle then forces the spin state of the two electrons to be a
spin triplet. Under spin-spin interactions the spin-triplet splits further into the degenerate
mg = £1 states, and a lower energy m; = 0 state. This causes the NV~ ground state splitting
of Dys = 2.88 GHz. An external magnetic field splits the m; = +1 degeneracy due to the
Zeeman effect. The Hamiltonian for the ground state triplet is given by

Hys = DgsS2 +7.S - B, (2.1)
where y. is known experimentally to be 2.802 MHz/G. After applying a magnetic field either

ms = +1 or mg = —1 can be used together with ms = 0 to define a qubit. Where |0) = [ms = 0)
and |1) = |mg = —1) or [1) = |ms = +1).
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Figure 2.1: Level structure of the NV~ centre. A) shows the singlet and triplet states. B) shows the further
splitting of the triplet state due to spin-orbit and Coulomb interactions and the allowed transitions which become
observable at cryogenic temperatures. The allowed radiative transitions are spin-preserving. D) shows the
splitting off the triplet ground state, due to the Zeeman effect. Typically the ms = 0 and ms = —1 states are used as
the qubit subspace. Figure adapted from [23].

Qubit control

The qubit as defined above can be controlled by applying an oscillating magnetic field. This
is usually done by applying microwaves. Rabi oscillations between |0) and |1) are induced
by microwaves on resonance with the qubit energy splitting (wo/27 in Fig. 2.1). The
frequency of the oscillations depends on the amplitude of the microwaves. The microwave
phase determines the rotation axis on the Bloch sphere. All single qubit operations can be
performed using a combination of microwaves and waiting, which rotates the state around
the z-axis of the Bloch sphere.

Optical interface

The excited state triplet is 1.945 eV higher in energy than the groundstate, which corre-
sponds to light of 637 nm. Since in the excited state the orbital parts ajefe; and ajege are
degenerate, the excited state triplet is sixfold degenerate. Under spin-spin and spin-orbit
interactions, these states split according to Fig. 2.1. Where E, and E; ; are both doubly
degenerate. At room temperature, all optical transitions between the ground and excited
state are phonon broadened and not separately observable. At cryogenic temperatures the
different allowed transitions in Fig. 2.1 B) become observable. The excited state can either
decay directly or via the metastable singlet state. Decay over the singlet state is more likely
for mg = £1 states. The direct transitions are radiative, emitting photons either with or
without accompanied phonons. The zero-phonon process emits light at a wavelength of
637nm and is referred to as the zero phonon line (ZPL). Emission accompanied by phonons
occurs in a broader band mostly from 650 nm to 800nm, the phonon sideband (PSB). Exci-
tation of the ground state can occur either resonantly or off-resonantly via higher energy
photons over the phonon sideband.
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The spin state can be read out selectively by resonantly driving the Ey or Ey transition.
Since this excitation is spin-selective excitation only occurs for the |0) state and the relax-
ation photon will be entangled with the defects’ spin state. This spin photon interface can
be used to create spin-spin entanglement between two NV centres [24]. Entanglement
protocols necessitate indistinguishable photons, therefore only ZPL photons can be used.
The Debye-Waller factor (f), the ratio of ZPL photons to the total photons emitted, is
2.55% for the NV centre [14]. This is one of the main limiting factors for scaling NV-based
networks. The next section discusses how to overcome this limitation using optical cavities.

2.2 Optical Cavities & Purcell effect

A photonic cavity is a structure which acts as a resonator for light. We will treat Fabry-Pérot
cavities, consisting of two mirrors a distance L apart. An optical cavity can only confine
certain wavelengths of light, others are suppressed by destructive interference after several
round trips. Constructive interference occurs for modes of the cavities with a narrow band
around the resonance frequencies

J— ¢ J—

V=g, T =qVEsR. g €1,2,3... (2.2)
with c the speed of light, n the refractive index, q an integer labeling the mode number and
vrsr s the frequency spacing of neighbouring modes (free spectral range). We can calculate
the resonance strength at certain frequencies by treating the following model. We consider
the left mirror in Fig. 2.2 a) to have reflectivity Ry = 1 —Tj, and the right R, = 1—T;. If we
now shine light into the cavity from the left side a part /T; of the electric field will be
transmitted by the left mirror. Light, once it is in the cavity, can make an arbitrary amount
of round-trips before it leaves. But the amplitude decreases with each round trip (since the
mirrors partially transmit). We can calculate the change in the electric field when making
a round trip bouncing of both mirrors

glw) = \/Rlee_imchn )

a) _ b)
/_\q—l q qg+1 q+2
—————)|
g=2 >
<
q=3
* L > Vemitter

Figure 2.2: Resonances of a simple Fabry-Pérot cavity. a) shows a model cavity with two mirrors opposite to each
other, with different resonance modes sketched. b) shows the internal electric field enhancement as a function of
input frequency. The frequency spacing vrsr and linewidth A, are indicated.
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The total internal field is given by the addition of all possible numbers of round-trips, so
the total response function of the cavity is given by

G(0) = T(1 + 8(0) + g(@)? + g(@)* +..) = T —

1-g(w)

Where the sum converges since |g(w)| = VR;1Rz < 1. The total strength of the resonance is
given by the ratio of the internal and incoming electric field intensity:

Aw) = 22— (1-Ri) .
Iinc (1 - \)Rle)z +4 JRiR,y sinZ(ZTLCa))

The function is sharply peaked around frequencies for which the sine is zero. These are
the mode frequencies given in equation (2.2). The width of the modes depends on the
mirror reflectivities. For high reflectivity mirrors (R; = 1, R; = 1) the cavity mode is narrow
and can be modelled well by a Lorentzian. This can be seen by applying a small angle
Taylor expansion to the sine. This approximation holds for the cavities considered in this
thesis. From the Lorentzian approximation one can extract the full width at half-maximum
(FWHM), also called the cavity linewidth

(2.3)

(2.4)

A, = WFSR = —— (2.5)

1
T F

1— VRiR; WFSR
4
JVR1R,

4
VRiR;

where F = 7 TR 18 the cavity finesse. The cavity finesse is a measure of the amount of

round-trips a photon makes on average before leaving the cavity. For high-finesse cavities,

the approximation
21 27 2

F = = ~ —
1-RyR;, 1-(1-T)(1-T) L
where £ =T; +7T; are the total losses in the cavity holds. Losses from the cavity ideally

only occur from the mirrors, however additional losses such as scattering losses are often
present in experimental realisations. The additional losses lower the finesse

(2.6)

2r 2
Lot T +T+ ﬁadditional .

T’

The finesse is purely a function of the total losses and does not depend on the cavity length.
An analogous measure called the quality factor (Q) also exists, which is related to the
energy lost per oscillation of the electric field. It does depend on the cavity length and is

given by Q = A% = ﬁf’ where o is the angular resonance frequency of a given mode.

2.2.1 Purcell Effect

When a two-level emitter is coupled to a cavity mode, the emitter’s spontaneous emission
rate is increased due to the Purcell effect [25]. The cavity opens up a new decay channel
for ZPL photons. A ZPL photon can be spontaneously emitted in the cavity mode at a rate
I'p compared to the preexisting rate into free space I'zpr.. The enhancement of ZPL photons
can be quantified by the ZPL Purcell factor

I'p

ZPL _
FP - r .
ZPL

(2.7)



2.2 OprTiCcAL CAVITIES ¢ PURCELL EFFECT 7

The rate for spontaneous emission is given by Fermi’s golden rule

27T 2 27| N 2
Feog(0) = 25 Memgl D(@) = 37 fieg Ezvr| D(®), (2.8)

where the matrix element M., can be computed from the Hamiltonian for the dipole
interaction H = —E -d. It is determined by the overlap of the transition dipole moment

(o_i) = Jleg) and the zero-point electric field. The zero-point or vacuum electric field arises
when quantising the electric field in a medium. Upon quantisation, photonic modes become
harmonic oscillators which have a non-zero ground state energy even without photons.
This residual energy leads to the zero-point electric field

ho
-e,
2e,€0V

6=

Ezpr = ‘EZPF (2.9)
where ¢é is the polarisation direction, €, the relative permittivity of the medium, €, the
vacuum permittivity and V the quantisation volume. The emission rate depends on the
density of photon states D(w). In a homogeneous medium, this is given by

w*Vn?
3

Dpom(w) =
e
For free space emission, the zero-point field polarisation is randomly oriented to the emitter

dipole (yieg = peg(i) averaging |d-é|? over all orientations leads to a factor % Substituting
the above in equation (2.8) gives the unenhanced ZPL rate

3,3,,2
w’n’pgy

_ 2.10
3hmepec3 (210)

Izpr =
When the electric field is quantised in a cavity one cavity mode corresponds to one bosonic
mode, with the same distribution in frequency space as follows from equation (2.4). This
means the density of states can be locally very high around the resonance frequencies since
the modes are confined in frequency. The density of states for one mode is the Lorentzian:

1 A
27 (0 —we)? + (A, /2)%

Dcav(w) = (2~11)

where @, is the resonance frequency of the cavity mode, and A,,_ is the width of the mode
in frequency space A, = % which is determined by the cavity quality factor Q. This locally
high density of states causes the Purcell effect. Using equation (2.8) and (2.11) the decay

rate into the cavity mode I'p can be calculated under the assumption of a resonant cavity
(we = w), substituting this into equation (2.7) gives:

r d-é2 De(w)  6mc® |d-éf2
[ S | 1 " Deav(@) _ 7T3 n 3| XQ, (2.12)
TzpL 3 Dnom(@) n w Vv

where ¢é is now the polarisation of the cavity mode and V is the appropriate quantisation
volume for the cavity mode, the cavity mode volume. In general, for arbitrary w,. the Purcell
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factor is a Lorentzian function of the detuning between the emitter and cavity (A = v — w.).
The main objective of Purcell enhancement is to enhance the fraction of ZPL photons.
The PSB transitions of the NV are broad in frequency and effectively not enhanced. The
cavity-enhanced ZPL fraction f is given by the branching ratio:

f= I'p _ PoFe™™
- I'psg +T'zpr, +T'p - 1+ ﬂoFEPL

(2.13)

To maximise the Purcell factor, the quality factor should be maximised and the mode
volume minimised. Since the quality factor depends on the Finesse, the losses in the cavity
should be minimised.

2.3 Open microcavities

The specific cavity system used is an open microcavity system, where a diamond sample
containing NV centres is embedded in an external Fabry-Pérot cavity. The diamond sample
is bonded to a planar mirror opposite to an optical fibre which has an embedded spherical
dimple mirror [26]. This structure is shown in Fig. 3.1. This section discusses the reasons
for and implications of such a structure.

The NV has a permanent electric dipole moment. This makes its excited states first-
order sensitive to shifts in electric fields, which can also be seen in Fig.2.1 c). As surfaces
exhibit a lot of electric field noise, this can cause NV transition lines to broaden if near
surfaces [27]. This makes entanglement generation difficult as indistinguishable photons
are needed. This makes nanophotonic cavity structures, such as those often employed with
other emitters such as group IV colour centres [28], difficult to use with the NV centre.
To use the NV centre in a cavity an open microcavity is employed. The cavities in this
thesis consist of one spherical mirror with a certain radius of curvature (ROC) and one
planar mirror. A diamond slab is bonded to the planar mirror. The cavity then consists of
two media, diamond and air. The vastly different refractive indices cause the diamond-air
interface to be partially reflective. This leads to a coupled system of two cavities, one in air
and one in diamond.

2.3.1 Mode spectrum

The resonances of the coupled system are given by [19]

c ng—n Naty — Ngt,
v=—————|qr—(—1)?arcsin 4= Gin on , (2.14)
27 (nat, + ngtq) ng+n, Nata + Ngtq

where n, and ng are the refractive indices of air and diamond respectively, ¢, and t4 are
the air gap and diamond thickness respectively, and q is the mode number. The mode
spectrum can be seen in Fig. 2.3 a). For a given cavity frequency, the diamond thickness
determines whether the electric field is more pronounced in the diamond or air part. Fig.
2.3 ¢) shows the former, ’diamond-like’, mode. For these modes, the mode dispersion is
relatively flat. The resonances depend mostly on the diamond thickness and are almost
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Figure 2.3: a) shows the mode dispersion of an air-diamond cavity for a certain diamond thickness in the solid blue
line. Modes near intersections with the dotted orange lines are diamond-like modes. Modes near the intersection
with the dotted green line are air-like modes. The diamond thickness determines whether the mode at the NV
is air or diamond-like. b) and c) show the relative electric field distribution for an air and diamond-like mode
respectively. Images adapted from [21] and [19].

constant with respect to the total cavity length. The latter, ’air-like’, mode is shown in Fig.
2.3 b). For these modes the mode profile is steep. Whether the modes at the ZPL frequency
of the NV centre are more ’air-like’ or ’diamond-like’ is purely a function of the diamond
thickness, as can be seen in Fig. 2.3 a). In between these two extremes, these modes
hybridise forming hybrid modes with mixed properties. To enhance the ZPL emission, in
principle "diamond-like’ modes are preferable. The coupling is stronger since the electric
field is more contained in the diamond compared to the ’air-like’ modes. Furthermore,
the flat mode profile makes the system less sensitive to changes in cavity length, which
makes the system less sensitive to vibrations. However, the electric field in ’diamond-like’
modes has an anti node at the diamond-air interface. This can increase scattering losses,
lowering the cavity finesse. These scattering losses depend strongly on the diamond’s
surface roughness. In practice, operating in ’diamond-like’ modes sets stringent constraints
on the diamond surface roughness.

2.3.2 Higher order modes

Up until now, a one-dimensional cavity model has been considered. In three dimensions
the complex amplitude of the electric field U(r) can be shown to follow the Helmholtz
equation

VU +k?U =0, (2.15)
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Figure 2.4: Schematic overview of the beam profile in a cavity with one planar and one spherical mirror. The
radius of curvature of the spherical mirror is denoted ROC. The mirrors are distributed Bragg reflectors (DBR)
and consist of layers of different refractive indices.

with the wave number k = . Because the mirrors are spherical and planar the paraxial
approximation can be made U(r) = A(x, y)e "*?, assuming the wave travels in the z-direction.
Substituting this in equation (2.15) and solving yields an infinite set of solutions indexed
by two integers. These are Gaussian-Hermite functions, their exact form can be found here
[19]. The mode indexed with both integers zero is called the fundamental mode and is
sketched in Fig. 2.4. Other modes present are called higher-order modes. For this thesis, we

will always consider the fundamental mode. U(r) for the fundamental mode is given by

2 2
M:V((;) exp <_Wl2)(z)> exp (—ikz —ik 2}/;(2) +i§(z)> , (2.16)

where p is the radial distance from the centre of the beam in the transverse plane. Ay is
the electric field amplitude, W(z) is the waist of the beam at position z, and wy is the waist
of the beam at its most narrow point (at the planar mirror). the Gouy phase {(z), indicates
the phase shift between a plane wave and the Gaussian wave. Finally, R(z) is the radius of
curvature of the wavefront at position z, they are all specified in literature [19]

Ur) =A

At any given z the beam intensity follows a Gaussian in p. This is why these modes
are also called Gaussian modes. For the cavities considered here with a diamond embedded

the beam waist is given by
) (2.17)

A
W = /7‘) i/<t3+ ”atd> (ROC— (ta+ fald
TN, nq nq

where t, and t4 are the air gap and diamond thickness.




2.4 RESONANT EXCITATION 11

2.3.3 Mode volume

The mode volume of a cavity with one spherical and one planar mirror is given by [26]

2
_ W

V=" 2.18
1L (2.18)

Embedding the diamond in the cavity changes the effective mode volume. The cavity length
L should be replaced with an effective cavity length taking into account the distribution of
the electric field [29]:
_ fay €@NE@)P dz
off =7 5
60”?1 |Emax,c1|2 /2

where |Ep,y 4l is the maximum electric field amplitude in diamond. For the Purcell factor, it
is more effective to minimise the beam waist rather than the cavity length since decreasing
the latter will also lower the quality factor.

(2.19)

2.3.4 Outcoupling

Cavities provide not only the possibility for an enhanced ZPL fraction, but also for enhanced
collection efficiency. The collection efficiency of NV centres outside a cavity is limited
by the random orientation of emitted light and the high index of refraction of diamond.
State-of-the-art solid immersion lens setups achieve a collection efficiency of around 15%
[30]. The collection efficiency in a cavity is a function of the losses. The probability that a
photon exits the cavity through one mirror is given by the ratio of its losses to the total
losses. If detection happens on the side of the plane mirror the outcoupling efficiency is
given by

Liotal '
so ideally the majority of the losses are associated with the mirror on the side of the
detection. The outcoupling efficiency can be multiplied with the cavity ZPL fraction f,
equation (2.13), to extract the outcoupled ZPL fraction:

Outcoupling efficiency = (2.20)

Ly
ﬁout = Ep = ﬁ (2.21)
total

This is the main figure of interest for enhancing entanglement rates.

2.4 Resonant Excitation

To create spin-photon entanglement commonly a short resonant optical excitation pulse is
used. The resonant pulse is also known as an optical pi-pulse since it ideally performs a full
population inversion from the ms = 0 to the excited state. The following section discusses
how an excitation pulse can be modelled in a cavity.

2.4.1 Cavity quantum electrodynamics
As discussed in previous sections, placing an emitter in a cavity effectively opens a new
decay channel into the cavity mode. However, it should be noted that this is a symmetric

process, in that a photon in the cavity mode can also excite the emitter from the ground state.
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The interaction between the emitter and cavity mode comes from the dipole interaction
Hamiltonian:

AV =-d-E=hg (64 +6) (d.+d."), (2.22)
where
Heg = A Ileg hw A A
= —2|Ezpr|ld- €| = == d-é,
8c A |Ezpr||d - €] A 2€r60V| é|

is the emitter-cavity coupling strength, a. the annihilation operator for photons in the
cavity mode, ¢é is the polarisation of the cavity mode, jg is the transition dipole moment
and V the cavity mode volume. The operators o, are the raising and lowering operators
for the emitter. Using the rotating wave approximation and including terms for the cavity
and emitter energy the dynamics can be described by the Jaynes-Cummings Hamiltonian:

Hic = hoca] e + hoegle)(el +ihge (6. — a7 ). (2.23)

The two possible transitions are directly observable in the Hamiltonian, the term dle){g|
destroys a photon in the cavity and thereby excites the emitter to the excited state, its
hermitian conjugate a*|g)(e| does the opposite. In the rotating frame of the emitter, we can
define the detuning A = w. — weg and the Hamiltonian simplifies to

Hyc = hAG] 4. +ihg. (644, —6-a]). (2.24)

If the system starts in the state |e) ® |n) the only other state accessible is |g) ® [n+ 1) so we
can restrict our study to this subspace. For this subspace, the Hamiltonian becomes:

H® — 1, ( nA —ige Vn+1

. 1., 1
igo T (n+ DA =g \/n+10y+(n—E)AI+ EAO'Z. (2.25)
&

The eigenstates can be found, they are superpositions of the aforementioned states and are
called dressed states. The 6, term is of special interest. This will drive Rabi oscillations
between |g) ® |n+ 1) and |e) ® |n). An excitation will coherently oscillate between the cavity
and the emitter. The rate at which this happens is proportional to the square root of the
number of photons in the cavity times g.. These coherent oscillations can be used to excite
the emitter. The driving strength depends on the square root of the number of photons in
the cavity, resembling the proportionality to the electric field strength.

2.4.2 Non-unitary evolution

To properly simulate time dynamics we also need to consider non-unitary evolution
in addition to the Hamiltonian of the previous section. The cavity mirrors have finite
transmission values and additional losses exists in the cavity so we need to consider photon
loss in the cavity. The loss rate of the cavity can be computed by combining the cavity
round trip time and the losses in the cavity. It is related to the linewidth

Kk =A, = 27A,. (2.26)
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Furthermore, we also need to consider decay of the emitter into other channels than the
cavity mode this is given by the unenhanced decay rate I'. For a two-level system I' = %,
where 7 is the lifetime of the excited state without any Purcell enhancement. The system
with these two decay processes can be modelled by using the Lindbladian formalism. The
Lindbladian extends the Schrodinger equation to mixed states by treating the density matrix
instead of a pure state. The master equation for the density matrix reads

. 5 r_1
p=-[H.pl+ > vi (LipLi —Z{LJLi,p}), (2.27)
i

where L; are jump operators describing the decay processes and y; are corresponding decay
rates. In our case L; = a,6_ and y; = k,T.

Weak cavity regime

In the weak cavity regime (x > g. > I), also known as the Purcell regime [31], the rate of
photon decay is faster than the coherent coupling rate. In this case, coherent oscillations
do not occur, as photons decay out of the cavity before they can meaningfully drive the
emitter population back. The emitter experiences an enhanced decay rate, and therefore
shortened lifetime, in the cavity as found in section 2.2. Assuming a resonant cavity, the
ratio of the Purcell enhanced total decay rate to the unenhanced decay rate is given by
4g?

Tp+T
ELED o) (2.28)
Teay T kI’

where 7,y is the excited state lifetime in the cavity and C = ByF5F" is a parameter known
as the cooperativity. Open microcavities typically operate in this regime due to the com-
paratively large mode volume. The Purcell factor and cooperativity can experimentally be
determined by measuring the lifetime with and without Purcell enhancement, which can
be done by detuning of the cavity mode.

Driving

To perform an optical pi-pulse the emitter can be excited through driving the cavity mode.
Under the assumption of a small roundtrip time compared to the cavity decay rate, which
is the case for high finesse cavities, we can model the electric field to instantaneously
change everywhere in the cavity. We drive the cavity by illuminating one of the mirrors,
the input mirror, with a laser of a certain power Py,. In the co-rotating frame with the
driving frequency the following driving term can then be added

in (al —ac).

where n = | /% is the driving strength given by the square root of the rate of photons
hitting the input mirror multiplied by the loss rate of the input mirror. The input mirror
loss rate ki, is given by k ft‘;‘t Excitation is therefore more efficient from the higher loss
side mirror, which agrees with equation (2.4). Assuming the driving is resonant with the

transition the final Hamiltonian reads

H =hAdla. +in (6 —a.) +ige (6+4.—6-4a7), (2.29)

where A is the detuning between the cavity mode and emitter [32, 33]. To simulate pulsed
excitation one can vary the input power P;, in time.







15

Setup and Methods

3.1 Cryogenic open microcavity setup

The Fabry-Pérot microcavity is constructed by using a single-mode fibre with a spherical
dimple mirror opposite to a diamond slab bonded to a coated plane mirror, see Fig. 3.1.
A dimple is created on the cleaved fibre tip by laser ablation, afterwards, the coating is
applied resulting in a spherical mirror. The coating exists of varying layers of Ta;O5 and
SiO; to form a distributed Braggs reflector (DBR). The plane mirror coating consists of the
same two materials. The coating parameters are designed so that the fibre mirror has losses
of Lg, = 50 ppm at A = 637 nm. The planar mirror has design losses of Ljane 875 ppm at A
= 637 nm. The radius of curvature of the fibre dimple mirror is 21.4 pm. The planar mirror
reflects up to wavelengths of 680 nm. Longer wavelengths are mostly transmitted, ensuring
the PSB is still partially collectable. However, since no solid immersion lens is embedded
the PSB collection efficiency is low [19]. Embedded in the mirror are three gold striplines,
used for microwave driving of the NV centres. These are connected by bondwires to a PCB
supplying the microwaves.

As mentioned open microcavities are sensitive to vibrations. To minimise vibrations
the cavity is embedded in a cryostat designed to have high vibration stability. It is a float-
ing stage Helium-free optical closed-cycle cryostat with an off-table coldhead (Montana
Instruments High Intertia Low Acceleration (HILA)). A drawing of the cryostat can be
seen in Fig. 3.2. Inside the radiation shield is the positioning stage containing the fibre and
sample mirror. The positioning stage is mounted on the baseplate.

Fibre positioning

The cavity fibre containing the mirror is mounted on a positioning stage (JPE JCPSHR1-
a) to allow the fibre to be moved with respect to the sample. This allows the selection
of promising cavity locations on the sample and allows the cavity length to be tuned.
The positioning stage is equipped with three linear actuators attached to a tripod system
that holds the fibre. This three-axis design allows movement in all three dimensions.
Additionally, piezo scanning actuators are also included. This allows for fast modulation of
the cavity length (on the order of kilohertz). The positioning system is designed to reduce
vibrations. It is connected to the cryostat through a vibration isolation stage (JPE CVIP1).
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Figure 3.1: Schematic of the open microcavity cryostat. The fibre mirror is located a distance ¢, above the diamond
sample bonded to the mirror. Microwaves are applied with bond wires to the sample coming from a PCB on the
mirror holder. Figure adapted from [34].
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Figure 3.2: Drawing of the cryostat vacuum chamber, the fibre is fed through the fibre feedthrough system into the
cryostat leading to the positioning stage. The mirror holder and positioning stage are mounted on the baseplate.
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The resonance frequencies of the positioning system and the baseplate of the cryostat are
purposely mismatched with each other. This further reduces vibrations.

3.1.1 Optical fibre-side setup

The following sections will discuss the optics used in the setup. Starting with the optics on
the fibre-side of the cavity, see Fig. 3.3 a). Laser light is sent to the cavity over the fibre, as
this is far less sensitive to alignment. There are four main lasers used in this setup:

1. New Focus Velocity TLB-6300-LN (637 nm, continuous); referred to as cavity check
laser

2. Hiibner Photonics Cobolt MLD 515 (515 nm, continuous); referred to as off- resonant
green laser

3. KT Photonics Katana-05HP (532 nm, pulsed, 230 ps pulse duration, 5-12 MHz repeti-
tion rate); referred to as off-resonant pulsed green laser

4. KT Photonics SC-450-2 (450-2000 nm, pulsed, 6 ps pulse duration, 20 MHz repetition
rate); referred to as supercontinuum white light source

The cavity check laser allows us to operate a side of fringe lock on the cavity mode. This
can be used to compensate for any drifts in the cavity length. The off-resonant green laser
is used for continuous off-resonant excitation and with the pulsed green laser lifetime
measurements can be performed. The supercontinuum white light source is used to obtain
the cavity mode spectrum.

The two green lasers are combined using a 30:70 beamsplitter. The cavity check laser
intensity is modulated by an acousto-optic modulator (Gooch and Hoosego FiberQ 633nm).
The laser can be modulated by a phase electro-optic modulator (Jenoptik PM635) to create
optical sidebands. The laser is then coupled to free space and sent through a linear polariser
with a full set of polarisation controls (half-wave plate (HWP) and quarter-wave plate
(QWP)) before and after. After, it is combined with the two green lasers using a dichroic
mirror (Semrock FF560-FDi0), which transmits light above and reflects light below 560 nm.
The combined red and green laser paths are coupled into the input of a 4 x 1 single-mode
fibre switch box (Agiltron custom version). The supercontinuum white light source is
filtered into a band of 600 nm to 700 nm by a combination of a longpass and shortpass
filter. The filtered light is connected to a different input port of the fibre switch box. The
switch box allows the selection of one of the inputs to be connected to the output. The
output of the switch box is connected to the cavity fibre.

3.1.2 Optical free space side setup

The optics after the plane mirror are mostly free space optics, see Fig. 3.3 c). Since the planar
cavity mirror is designed to have higher losses (and thus more efficient outcoupling). The
free space side of the cavity is used both for detection and pulsed resonant excitation. Light
from the cavity mode is collected with an objective (100x magnification, 0.75 numerical
aperture, 4 mm working distance, Zeiss LD EC Epiplan-Neofluar) mounted on a translation
stage. A retractable power meter can measure the outcoupled cavity power. A 50:50 pellicle
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beamsplitter (Thorlabs BP150) and a corrective lens are positioned on flip mounts, allowing
the cavity to be imaged on a camera. Then there are multiple possible paths, depending
on the position of mirrors on flip mounts. If the mirror after the beamsplitter (mirror 1)
is in the path, the beam is directed either towards a spectrometer (Princeton Instruments
SP-2500i) or a free space photodiode, depending on the position of a second flip-mounted
mirror (mirror 2). In the photodiode (Thorlabs APD 130A2/M) path, the light is filtered
with a 600 nm long-pass filter (Thorlabs FESH0600) to discard any green light transmitted
through the cavity. If mirror 1 is retracted a dichroic mirror (Semrock DI 02-P365) is used
to separate the PSB and ZPL light. The PSB path is filtered with a long-pass 650 nm and
a short-pass 700 nm filter and fibre-coupled into a multimode fibre. The fibre is directed
to a single photon avalanche diode (APD). The ZPL path is combined with the resonant
excitation path (see section 3.2) using a polarising beamsplitter (PBS) to enable polarisation
suppression. After the polarisation optics, a retractable etalon (LightMachinery custom
coating) with FWHM = 100 GHz to filter the ZPL light is placed on a rotation mount. The
rotation mount changes the angle of incidence, allowing tuning of the centre frequency
of the etalon. The light is additionally filtered with a 640 nm band-pass filter (Thorlabs
FBH640-10, FWHM = 10 nm) and a 600 nm long-pass filter (Thorlabs FESH0600), before it
is collected into a single-mode fibre and sent to the APD.

3.1.3 Microwave and electrical control

Fig. 3.4 shows the control electronics. The measurements are coordinated by a real-time
microcontroller (Jager ADwin PRO II). The ADwin has a time resolution of 1 ps. For faster
electrical control an arbitrary waveform generator (AWG) is used with a timing resolution of
1.2 Gs/s (Tektronix AWG5014). For time-resolved photon detection, a timetagger (Picoquant
Hydraharp 400) is used. To apply microwaves to the sample a vector signal generator (Rohde
and Schwarz SMBV100A) is used in combination with a microwave amplifier (Minicircuits
ZVE-6W-83+). The AWG is connected to the I and Q ports of the signal generator to enable
fast control over the microwave frequency using IQ modulation.
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Figure 3.3: The optics used in the setup. The setup consists of three separate parts. The optical fibre-side excitation
setup is shown in a). The short optical pulse setup for resonant excitation is shown in b). Lastly c) shows the
optical free-space side setup which combines both detection and resonant excitation. Flip-mounts are extensively
used to enable many different configurations, depending on the specific experiment being performed.



20 3 SETUP AND METHODS

Experimental control

Timetagger

ADwin H
4—{ M; <1 From APDs
P A
——— i y Pulse generator
Computer ¥ EA\’V(,

L=

RF|[source y Y
LQ To AOMs 3.3 b)
[&]] é
- — |L| wrhreessmTo EOM 3.3 b)
e >To cavity

Powersupply

Figure 3.4: Control electronics of the setup. The ADwin PRO II microprocessor orchestrates the measurements.
It triggers the AWG to play waveforms for experiments requiring fast control such as resonant excitation. The
resonant pulses are generated with a custom pulse generator. The timetagger enables accurate timings of photon
detection events.

3.2 Short optical pulse setup

Here, we describe the short optical pulse setup used to generate resonant pulses for the
creation of spin-photon entanglement. This setup overcomes a common limitation associ-
ated with driving electro-optic modulators (EOMs) for pulse generation.

The short optical pulse setup is shown in Fig. 3.3 b). The important optical elements
that generate the pulses are two acousto-optical modulators (AOMs) and an electro-optical
modulator (EOM). The laser (Toptica TA-SHG pro) is first attenuated to the maximum
input power of the EOM (20 mW). The AOMs (Gooch and Hoosego FiberQ 633nm) have
a high on/off ratio of over 50 dB and a rise time of 20ns. Two are used to pre-modulate
the laser into pulses with a width of around 50 ns. The EOM (Jenoptik AM635 [35]) has a
rise time of 200 ps and is used to shape the fast optical pulse. Depending on the device the
on/off ratio is 27-40 dB. The AOMs are required to prevent unwanted excitation by leakage
light during the pulse off-time.

Electrical control

The AOMs are driven by two RF drivers (BKT Zepto RF-driver). An AWG (Tektronix 5204)
opens and closes the AOMs using the digital input of the drivers. A second, analogue, input
of the drivers determines the output power level of the AOMs when open. This input is
connected to the ADwin and allows tuning of the pulse power. An EOM modulates optical
power as a sinusoidal function of its input voltage, with a period 2V,. We operate the
EOM such that it is normally closed, by DC biasing it in a minimum of the modulation
function. It can then briefly be fully opened by applying an electrical pulse with amplitude
V. Commonly an EOM is electrically controlled with an arbitrary waveform generator
(AWG). In this case, typically the AWG bandwidth, not the EOM, limits the shortness of the
optical pulse. To overcome this limitation, here the AWG triggers a custom electrical pulse
generator. The pulse generated is tunable in width, but not in amplitude. The amplitude of
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the electrical pulse generated is 3V, about twice the desired amplitude V,; for the EOM used.
There are two strategies to remedy this. For the shortest pulses, the width of the electrical
pulse is tuned such that the pulse generator cannot fully open and only reaches V, in
amplitude. For longer pulses a tunable RF attenuator is used. Repetitively pulsing the EOM
leads to charging effects, which can shift V;. To prevent charging every pulse is followed
by a negated counterpulse, such that the total applied current is zero. The negated pulse is
taken from the inverted output of the pulse generator and delayed using a delay line of 10
meters before it is combined with the original output using an RF combiner. DC biasing is
performed with a programmable benchtop power supply (Tenma 13360) connected to the
pulse line with a bias tee (Minicircuits ZX85-12G-S+). The wiring is also shown in Fig. 3.4,
and more detail is provided in appendix A.

Stability

To eventually ensure high-fidelity pi pulses, the pulse power stability is important. EOMs
are sensitive to fluctuations in external conditions, such as the input power and temperature.
Therefore it is one of the first elements in the chain, this ensures it always receives the
same power directly from the laser. It is also temperature-stabilised at 30 °C using a PID-
controlled resistive heating element. Still, V, drifts over time. The power meter after the
final beamsplitter is used to monitor the EOM leakage. If a significant drift in Vj is detected
the biasing can be optimised automatically. Polarisation fluctuations get converted into
power fluctuations by a polariser after the setup. To ensure polarisation stability every
element uses polarisation-maintaining (PM) fibre, and fibre polarisers are used in between
sensitive elements. To further improve polarisation stability, all optical fibres are tightly
taped to the optical breadboard.
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Optical pulse setup characterisa-

tion

This chapter focuses on characterising the optical pulses generated with the setup from
the previous chapter and comparing them to a typical quantum network node setup [22].
In section 4.1 the power and polarisation stability of the setup is discussed. Section 4.2
characterises and compares the optical pulses.

4.1 Power and stability

Power and polarisation stability of optical pulses are required for quantum network node
applications. Both are necessary to achieve high-fidelity optical pi pulses, power fluctu-
ations can lead to under or over-rotation of the ground to the excited state. Polarisation
fluctuations in this setup will be converted to power fluctuations by a free-space polariser
after the setup (see Fig. 3.3 c)). The polarisation stability of each element was monitored
with a polarimeter. The main elements causing polarisation instability were the two AOMs.
Starting from a stable input polarisation (polarisation extinction ratio > 22 dB) a polarisa-
tion extinction ratio of 12.4 dB and 12.0 dB was measured, corresponding to polarisation
fluctuations of around 7%. A fibre polariser was put in between the AOMs to stabilise the
polarisation. The last beamsplitter seems to be slightly polarising, an output polarisation
extinction ratio of 18.4 dB was measured.

The maximum usable power output is set by the EOM, specified with a maximum in-
put power of 20 mW and all losses after. Insertion losses occur at fibre-matings and in
optical elements. The total optical attenuation of all elements and matings after the EOM
was measured to be 10.3 dB, the EOM itself is specified with 7 dB of insertion losses. This
results in a maximum usable output power of = 370 uW after the last beamsplitter in the
setup. The EOM is biased to minimise leakage in between pulses. To quantify the power
fluctuations as well as the stability of the EOM bias the power is monitored every second
on the power meter in Fig. 3.3 b), such a measurement is shown in Fig. 4.1. The system is
stable with maximal power fluctuations on the order of 10 % until 150 minutes after the
start of the measurement. There the EOM bias starts to drift away and rebiasing is needed.
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Figure 4.1: Power stability measurement of the optical pulse setup with EOM biased closed.

4.2 Pulse width characterisation

To characterise the generated pulses the output of the optical pulse setup is heavily attenu-
ated and directed to a single photon detector. Due to detector dead time maximally one
photon per pulse can be detected. To prevent double-photon errors the pulses are attenu-
ated to a weak coherent pulse leading to less than one detected photon every 20th pulse.
A single measurement is averaged over many pulse repetitions. The pulses are triggered
with a repetition rate of 200 KHz. The measurements in Fig. 4.2 and 4.3 a) are made using
a superconducting nanowire single photon detector (SNSPD). The measurements in Fig.
4.3 b) are obtained using a single photon avalanche diode (Picoquant 7-SPAD).
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Figure 4.2: A comparison between pulses generated with the AWG directly and using the pulse generator. a)
shows the pulses with a Gaussian fit in the light blue dashed line. b) shows the same pulses in a logarithmic scale.
In b) both the opening of the AOM and EOM pulse are visible.
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Figure 4.2 compares the optical pulse from the setup shown in Fig. 3.3 b) in the
configuration without microwave attenuator with the optical pulse used in a previous
publication [22], generated by directly controlling the EOM with the AWG. Both were
generated using the same EOM. The full width at half maximum (FWHM) is chosen as a
figure of interest to compare the pulse widths. This is extracted by fitting a Gaussian to
both pulses. These fits are shown as light blue lines in Fig 4.2 a). The fitted FWHM is (457.8
+ 0.2) ps for the pulse generator and (1799 + 2) ps for the AWG-generated pulse. It should
be noted that the impulse response of the SNSPD is not accounted for. This can lead to
an overestimation of the width for both pulses, with a more significant effect for shorter
pulses. Fig. 4.2 b) shows the same pulses in a logarithmic scale. The AOM opening can
also be seen, starting at -20 ns. The pulse generated by the pulse generator shows some
artefacts after the pulse. These come from the pulse generator, which has ripples in its
settling behaviour. In the AWG-generated pulse two "shoulders’, points where the slope
suddenly gets much wider, are visible. These are likely artefacts of the SNSPD impulse
response at the chosen bias current, see appendix B for more information.

Tunability

Another advantage of the pulse generator is that, aside from being faster, the pulse width
is more tunable than using an AWG. The tunability of the AWG is limited by its sampling
rate of 1.2 Gs/s. The pulse generator allows the width of the applied electrical pulse to be
set with a precision of about 10ps. This allows for more control over the optical energy
in an excitation pulse and could lead to improved optical pi-pulses. Fig. 4.3 a) shows the
different applied pulse widths in the configuration without the attenuator, the FWHM is
extracted using Gaussian fits. The optical pulse width is tunable in steps of around 30 ps.
For longer pulse lengths, the attenuator is needed as otherwise the applied pulse overshoots
V. degrading the quality of the pulse. Fig. 4.3 b) shows pulses made in the configuration
with the attenuator, this enables tuning over a larger range. The asymmetry of the pulses
in Fig. 4.3 b) is an artefact of the SPAD used. The FWHM is extracted using Gaussian fits,
convolved with the impulse response to account for this. More details can be found in
appendix B.
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Figure 4.3: Tunability of the temporal width of pulses generated by the pulse generator. a) shows three pulses
generated in the configuration without the microwave attenuator captured with an SNSPD. b) shows pulses
generated with an attenuator in a larger width range captured on an SPAD. FWHM is extracted with Gaussian
fits to each pulse, in b) the detector response is included in the fit.



27

Characterisation of the open mi-
crocavity setup

This chapter shows the full characterisation of the cavity used in this thesis. We optimised
the lateral position of the cavity for finesse and determined all the relevant parameters.
The maximum achievable Purcell factor was also calculated. To this end, the vibration level
in the system is also determined.

5.1 Cavity spot characterisation

The fibre positioner allows the fibre to be moved in the plane of the sample, allowing
the selection of a particular location to form a cavity. A position close (15 pm) to the
stripline is chosen to allow for spin control. The cavity linewidth can be measured by
scanning the cavity length using the fibre positioner fine piezo at a high frequency (= 3
KHz). During this, the cavity is illuminated using the cavity check and a secondary laser.
Both lasers are frequency-stabilised. The transmitted light is detected on a photodiode. In
the transmission signal, two Lorentzians can be fitted and converted to frequency using
the absolute reference the lasers provide. Linewidth measurements for the cavity spot used
in the following chapters are shown in Fig. 5.1. The found linewidth is (1.50 + 0.01) GHz.

To further determine the cavity parameters, the supercontinuum white laser illuminates
the cavity while the cavity length is swept. At every cavity length, a spectrum is taken. All
these spectra together are plotted in Fig. 5.2. The fundamental mode resonances can be
extracted and fitted with equation (2.14). The air gap length and the diamond thickness
are determined from this fit. Together with the linewidth and fibre properties, all relevant
properties can then be extracted using the formulas discussed in Chapter 2. For the cavity
presented in Fig. 5.1 and 5.2 a diamond thickness of 5.53 um and air gap of 8.30 pm is
found. The quality factor is determined to be (3.14 + 0.03)x10° and the mode volume 83 A°.
Assuming perfect dipole overlap and NV placement the Purcell factor is calculated using
equation (2.7) to be 21.
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Figure 5.1: The transmission signal of two lasers measured while sweeping the cavity length at a piezo scanning
frequency of 3546 Hz. This frequency is such that the effect of vibrations on the linewidth can mostly be neglected.
The frequency of the two lasers is used to convert displacement to frequency. An averaged linewidth of (1.50 +
0.01 GHz) is extracted by fitting a Lorentzian to each transmission peak.
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Figure 5.2: Transmission spectra of the cavity at varying air lengths. The fundamental modes are extracted and
fitted using (2.14). Higher-order modes are also visible but less prominently than the fundamental mode.
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5.2 Vibration level

Open microcavities are by design sensitive to vibrations since the two mirrors can move
with respect to each other, shifting the resonance frequency. Vibrations detune the cavity,
reducing the spectral overlap with the emitter and thereby reducing the effective Purcell
factor. Therefore a low vibration level is essential for achieving good coupling. This has
been the main limitation in previous work on the setup [36]. Below the vibration level
is quantified to be lower than reported in [36]. To characterise the vibration level the
linewidth and cavity length are determined first (more detail is provided in section 5.1).
Under illumination with the cavity check laser, the cavity resonance is positioned such
that the laser is on the edge of the cavity mode. The transmitted laser power is measured
on a photodiode. The photodiode signal is recorded for ten seconds on an oscilloscope
(Yokogawa DLM5000 Series Mixed Signal Oscilloscope). Any fluctuations in the cavity
length will modulate the cavity transmission since the transmission is a Lorentzian function
of the detuning, see equation (2.4). Using the linewidth and mode dispersion slope these
power fluctuations are converted to cavity length fluctuations. The vibration level is
extracted from a Gaussian fit to the distribution of cavity length detunings. Additionally,
the frequency spectrum of the vibrations can be determined by a Fourier transform of the
length fluctuations. The standard deviation of the vibration-induced length detunings is
found to be 23 pm.

iy = 23 pm
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Figure 5.3: Vibration measurement with an acquisition time of ten seconds. a) shows a histogram of all the
detunings, the root mean squared vibration level can be extracted from a Gaussian fit to this histogram. b) shows
the cumulative power spectral density of the vibrations. A large component of the vibrations occurs near 4 KHz,
which corresponds to the resonance frequency of the positioning system.

The vibrations can be taken into account by integrating the Purcell factor at each
detuning length over the distribution of vibration-induced detunings in Fig. 5.3 a) [29].
Taking vibrations into account reduces the Purcell factor calculated in section 5.1 from 21
to 14. The finesse at the spot is 3.3x10%, from this, the total losses can be determined. The
out-coupling efficiency determined from the losses using equation (2.20) is 46%. Combining
this with the Purcell factor, the outcoupled ZPL fraction is 14%. This presents a 30 times
improvement compared to an unenhanced NV centre in a solid immersion lens [14, 30].
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Coupling of NV centres to open
microcavities

In this chapter, we present the coupling of NV centres to an open microcavity. NV centres
are detected in section 6.1. Emitter lifetime versus cavity detuning is presented in section
6.2 and the Purcell factor is calculated. Section 6.3 shows an optically detected magnetic
resonance measurement with a magnetic field, showing the electron spin resonance of
cavity-coupled NV centres

6.1 Detection of NV centres

To find cavity-coupled NV centre transitions the cavity length is swept under off-resonant
green laser illumination with 3 mW. The count rate is simultaneously monitored on the
ZPL APD. Fig. 6.1 a) shows three clusters of transition lines. The cavity is stabilised and
swept finer in Fig. 6.1 b) to obtain a more detailed picture of the clusters. This is done
by using a side of fringe lock with the cavity check laser. Locking with the cavity check
laser is interspersed with green pulses during which counts are measured. The cavity
resonance can then be swept by changing the frequency of the cavity-locking laser. Such
a measurement of the middle cluster of Fig. 6.1 a) is shown in Fig. 6.1 b). The cluster
consists of two peaks centred around 45 GHz and 55 GHz (+ 470.4 THz). Under off-resonant
excitation, the NV spin is preferably prepared in the ms = 0 state. Therefore, the visible
transition lines are likely the transitions linking ms = 0 in the ground and excited state Ey
and Ey. These are also expected to be coupled most efficiently to the cavity.
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Figure 6.1: Emitters at various cavity resonance frequencies. a) shows ZPL counts while the cavity resonance
frequency is swept under 3mW off-resonant green illumination. b) shows ZPL counts under pulsed green
illumination interspersed with pulses of the cavity check laser to enable cavity length stabilisation. a) shows
three clusters of NV centres. b) shows the middle cluster in more detail.

6.2 Purcell enhancement

In the weak cavity regime, the Purcell effect decreases the lifetime of the excited state.
The lifetime reduction is a Lorentzian function of the detuning between the cavity mode
and the emitter. We can investigate the Purcell factor achieved in the cavity by measuring
the lifetime reduction. The NV centres are off-resonantly excited with the pulsed green
laser with 1.8 mW. The counts in the ZPL path are resolved in time using the timetagger,
synchronised to the excitation pulses. The cavity resonance is again swept by sweeping
the stabilisation laser with a similar procedure as in section 6.1. The lifetime measurements
were originally done with the linewidth of 1.50 GHz as measured in Fig.5.1. At some
later date, the spot’s finesse had degraded, possibly due to damage from high-power laser
illumination. The linewidth changed to (2.36 + 0.02) GHz, as shown in Fig. 7.3. This
indicates a decrease in the cavity quality, the Purcell factor is therefore also decreased.
Fig. 6.2 shows both lifetime measurement sweeps. There are likely multiple NV centres
contributing to the lifetimes at various frequencies, broadening the features. The lowest
lifetime detected was (9.05 & 0.07) ns. The highest lifetime detected was (11.4 + 0.2) ns
with the degraded linewidth. From this a ZPL Purcell factor F5'* = 8.7 + 0.8 is determined.
Note that this is a lower bound since the emitter appears not to be fully detuned at 40 GHz.
Assuming a natural lifetime of 12.4 ns, more consistent with literature [22], I?PL =123+
0.8 is found. This is (87 & 6) % of the achievable coupling for this cavity as found in chapter
5. The discrepancy can be explained due to non-ideal NV placement and dipole overlap.
Taking this into account the outcoupled ZPL emission is (12 £ 1) %.
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Figure 6.2: Purcell enhancement of the NV centres of Fig. 6.1 b). a) shows lifetime versus detuning at the same
cavity spot before and after finesse degradation had taken place. b) shows three of the lifetime measurements

along with exponential fits from which the lifetimes are extracted. Corresponding colours in a) and b) show the

same lifetime measurement. A lower bound FZ** = 8.7 + 0.8 is found comparing the lifetimes.

6.3 Optically detected magnetic resonance

Optically detected magnetic resonance (ODMR) experiments are performed on cavity-
coupled NV centres, characterising the electron spin resonance of the NV centres. Here
microwaves resonantly drive the spin between mg = 0 and mg = +1 states. During this
driving, the NV centres are continually off-resonantly excited, which preferably initialises
the NV centre in the mg = 0 state. Since the ms = £1 states are more likely to decay via the
relatively long-lived metastable singlet state, not emitting detectable photons for this time,
a contrast in brightness can be seen if driving occurs. Sweeping the microwave frequency
over the transition frequency then shows a dip in photoluminescence (PL) at the transition
frequencies.

Fig. 6.3 shows optically detected magnetic resonance with an applied magnetic field.
The experiment presented is done in a cavity made at a different lateral position on the
sample than shown in chapter 5. To perform a magnetic resonance experiment microwaves
are applied through the striplines in the sample mirror. The microwave frequency is
swept using single-sideband modulation under continuous 3 mW green illumination. Each
frequency is applied for 10 ps, while the ZPL counts are collected. A magnetic field is
applied by attaching a large static magnet outside the cryostat. The cavity is stabilised
during the measurement with the stabilisation laser. The ms = 0 to ms = —1 transition is
visible at (2.776 + 0.002) GHz when driving with +30dBm microwave power measured
before the cryostat. The ms = 0 to mg = +1 transition was difficult to experimentally see
due to increased microwave attenuation of the transmission lines at those frequencies.
Still with +35dBm microwave power measured before the cryostat, an indication of a
dip was found around 2.977 GHz in Fig. 6.3 b). Using these values in equation (2.1) a
magnetic field strength aligned with the quantisation axis of the NV centre of (36 £ 1) G
is found. Consistent with the placement of the magnet from simulations of the magnetic
field strength and direction.
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Figure 6.3: Optically detected magnetic resonance (ODMR) of an NV centre in the presence of a magnetic field. a)
Photoluminescence (PL) intensity as a function of microwave frequency, showing a dip at the ms =0 to mg = —1
transition frequency around 2.776 GHz, indicating spin driving at +30 dBm microwave power. b) Indication of a
dip corresponding to the ms = 0 to mgs = +1 transition around 2.977 GHz at +35 dBm microwave power.
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Resonant excitation of NV cen-
tres in a cavity

Up until now, all excitation was off-resonant. For the use of NV centres as a quantum
node, resonant excitation is needed to enable spin-selective readout by driving a single
transition. Frequency filtering to filter out excitation light is no longer possible for resonant
excitation in the ZPL path. This can be circumvented by using PSB detection, as in section
7.1 and 7.2. However, for entanglement, the ZPL has to be used. In the ZPL detection
path polarisation-based filtering is used. Section 7.3 discusses filtering by polarisation
suppression in cavities.

7.1 Photoluminescence excitation

Indistinguishable photons are needed for entanglement. This necessitates limited inho-
mogeneous broadening of the NV transition lines. The sample used showed narrow NV
linewidths in previous work [20, 36]. Here we present one photoluminescence excitation
(PLE) spectrum to reconfirm the presence of narrow NV transition lines in the current
open microcavity setup.

To perform a PLE measurement the cavity check laser is swept while the counts are
collected in the PSB path. Counts are collected during a resonant pulse of 40 nW for 200 ps.
In between resonant pulses, the off-resonant laser is applied for 10 us to re-pump the NV°
centres back to NV~ if jonisation occurred during resonant excitation. To increase the
signal-to-noise ratio an additional short-pass filter with a 700 nm cutoff is placed in the
PSB path. Fig. 7.1 shows a PLE spectrum from the same cavity as in 6.3. Fig. 7.1 shows four
resonant peaks, two of which were fitted with a linewidth of (110 &+ 20) MHz and (100 + 30)
MHz respectively. Comparable to previously found on the sample and of related work [21].
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Figure 7.1: Photoluminescence excitation (PLE) spectrum of NV centres. The spectrum shows four resonant
peaks, with two peaks fitted with linewidths of (110 + 20) MHz and (100 + 30) MHz.

7.2 Resonant lifetime measurement

To show the resonant optical pulses, discussed in Chapter 4, can excite the NV centres a
resonant lifetime measurement is performed. The cavity check laser is stabilised at 470.4
THz + 45 GHz and is used to stabilise the cavity with a side of fringe lock. The resonant
pulse laser is stabilised at 470.4 THz + 43.5 GHz. A sequence of 100 resonant pulses is
applied after which a pulse of 10 ps with 150 pyW is applied with the off-resonant green laser
to re-pump the NV centres. The counts in the PSB path are resolved with the timetagger,
synchronised to the pulses. Fig. 7.2 a) shows two of these measurements, one with and one
without the off-resonant pulse. Without off-resonant pulses, the NV centre is expected to
ionise or spin-flip and not emit light. This allows the signal-to-noise to be improved by
subtracting this measurement from the one with off-resonant light pulses applied. This is
necessary because of the large amount of unwanted fluorescence detected.

The subtracted measurement shows an exponential tail after the pulse. The lifetime is
extracted from an exponential fit. The lifetime found is (9.7 £ 0.3) ns. This is lower than
the (10.4 £ 0.3) ns found in Fig. 6.2 a). As shown in Fig. 7.2 b) a residual excitation pulse is
still visible. This suggests the background subtraction was not ideal. Drifts in applied pulse
power could have led to different parasitic fluorescence intensities in the background and
actual measurements. The error on the lifetime found might be higher due to the non-ideal
background subtraction.
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Figure 7.2: Resonant lifetime measurement with PSB detection. a) shows the measurement with and without
off-resonant pulses. b) shows the difference of the two traces in a) along with a fitted exponential.

7.3 Polarisation suppression

One of the experimental challenges in all previous sections was low emitter count rates.
With off-resonant excitation, we could not drive the NV centres into saturation. We at-
tribute this to inefficient off-resonant excitation. Higher off-resonant powers were not
feasible due to the risk of damage to the sample. Resonant excitation with PSB detection
suffered from poor detection efficiency in combination with parasitic fluorescence. Reso-
nant excitation combined with resonant detection is needed to move forward, especially
in showing spin control. Crucial for this is polarisation suppression. When establishing
polarisation suppression at the cavity location discussed in section 5.1 significant polarisa-
tion splitting was found. Polarisation splitting causes two orthogonal polarisation modes
in the cavity to have different resonance frequencies. This can occur due to birefringence
in the diamond [21, 37] and ellipticity in the fibre mirror [19]. Fig. 7.3 shows polarisation
splitting of (8.81 + 0.02) GHz.

To achieve high polarisation suppression ratios with polarisation splitting, the polari-
sation axis of the beamsplitter is aligned to the polarisation cavity modes. In another
configuration, any detuning in the cavity length would rotate the reflected polarisation
state, compromising the polarisation suppression. Aligned with the cavity modes we
achieve five orders of magnitude polarisation suppression, comparable to similar work
[21].
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Figure 7.3: Linewidth measurement of the cavity at the same lateral position as Fig. 5.1. The x-axis shows the
resonance frequency of the higher frequency mode, here named mode 1. The linewidth has broadened due to the
degradation of the cavity. Polarisation splitting of (8.81 + 0.02) GHz is found.

Polarisation splitting then introduces a challenge for efficient excitation. For optimal
Purcell enhancement, one cavity mode will be tuned to be resonant with the enhanced
transition. Excitation has to occur in the orthogonal mode, which due to polarisation
splitting is off-resonant with the transition being driven. This causes less internal cavity
electric field enhancement, see equation (2.4). Furthermore, coherent oscillations to excite
the emitter will also be suppressed due to the detuning. This is an especially prevalent
concern in optical pi-pulses for spin-photon entanglement as their maximum power is
limited. Excitation over an orthogonal polarisation mode can be simulated by introducing
a second bosonic mode, representing the orthogonal cavity mode, to equation (2.29) with
its own cavity coupling strength.
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Conclusion and outlook

This thesis contributed towards spin-photon entanglement in an existing open microcavity
setup. For this, both spin control and pulsed resonant excitation are required. To this end,
the setup was equipped with the necessary fast control electronics. Single-sideband modu-
lation of microwaves was added in preparation for spin control, and a novel pulse setup
generating shorter optical pulses than previously used in our group [22] was implemented.

A cavity was formed on the diamond and characterised. A finesse of 3.3x10%, quality
factor of (3.14 + 0.03)x10° and mode volume 83 A* were found. Taking the vibration level
into account the Purcell factor assuming perfect dipole overlap and NV placement is 14.
Using off-resonant lifetime measurements and assuming a natural lifetime of 12.4 ns a
Purcell factor of 12.3 + 0.8 is found. The outcoupling efficiency at the cavity location is
46% together with the found Purcell factor this leads to an outcoupled ZPL fraction of (12
+ 1) %. An over 25 times improvement compared to state-of-the-art solid immersion lens
setups with the NV centre [14, 30].

Single-sideband modulation is used to perform an ODMR measurement with an applied
static magnetic field. The magnetic field strength aligned with the NV spin-axis is found
to be (36 + 1) G. This is sufficient to use the NV spin-states as a qubit. The ODMR was
performed with square microwave pulses of 10 us per frequency under continuous off-
resonant illumination. This shows fast control over the microwaves applied, which can be
extended to microwave pi-pulses and full spin control.

The main limiting factor in this work was low emitter count rates due to inefficient off-
resonant excitation and inefficient PSB detection. To use resonant excitation with resonant
detection polarisation suppression is required. Polarisation suppression was implemented
by aligning to the polarisation axes of the cavity modes and a suppression ratio of five
orders of magnitude was achieved. In the cavity, polarisation splitting of the modes of 8.81
GHz, considerably larger than the linewidth, was found. This is an important consideration
for spin-photon entanglement as it decreases the effective driving strength of NV-centres,
increasing the power required for optical pi-pulses.
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The next step is towards spin-photon entanglement is to enable efficient spin readout
using resonant detection and excitation. If spin readout is achieved, microwave control
should be able to be established, including microwave pi-pulses. In the slightly longer
term optical pi-pulses can be used to generate spin-photon entanglement. To achieve
this, different cavity locations with less polarisation mode splitting could be investigated.
Alternatively, the air gap could be decreased, which could increase the linewidth without
compromising the Purcell factor. With the estimated outcoupled ZPL fraction this path
paves the way for further more complex experiments, such as spin-spin entanglement at a
significantly enhanced rate compared to conventional NV setups.
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Optical pulse setup

A.1 Electrical wiring of the EOM

The EOM works by virtue of a Mach-Zehnder interferometer. Where a relative phase shift
is applied between to the paths by applying a voltage. This is done by applying a voltage
to an electrode in the middle of the two beams, while two electrodes on either side are
grounded. They internally consist of a material (lithium niobate) whose refractive index
depends on the applied electric field. The two paths are therefore phase-shifted differently
depending on the strength of the applied electric field, and when combined can either
destructively or constructively interfere, depending on the phase difference between the
two paths [35].

The combined RF pulse and DC bias signal coming from the bias tee are connected to the
middle electrode. The other end of the middle electrode is connected to a DC block and a
50-Ohm terminator. The DC block is used to prevent a constant current due to biasing that
heats the electrode.

A.2 Pulse generator

The pulse generator works by using current mode logic (CML), a fast digital logic standard.
To generate a tunable digital pulse first two digital pulses of 2.1 ns are generated. This is
achieved using two latches with a self-resetting circuit that incorporates a 2.1 ns delay.
The trigger of the pulse generator is used as the clock input of the latches, generating the
digital pulses.

These two pulses move through an adjustable delay circuit. The delay of both pulses can be
set independently, allowing shifting of the pulses with respect to each other. The pulses are
combined such that the output is high if and only if the first pulse is high and the second
low. The relative delay then determines the width of the output pulse. The delays can be
set at around 10ps precision. This setup generates a tunable digital output pulse up to 2.1 ns.

CML logic only has a voltage differential of 800 mV. To convert the digital pulse to an
analog pulse with enough voltage swing a fast differential amplifier is used. The amplifier
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uses silicon germanium (SiGe) a faster semiconductor than the more conventional silicon
due to increased electron mobility.

The pulse generator is optimised for stability. As long as the quality of the trigger pulse is
high, meaning it has low jitter, the output pulse will also exhibit low jitter and consistent
shape between successive pulses [38].



43

Impulse response of optical de-
tectors
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Figure B.1: Impulse response of the single photon avalanche diode used. A custom distribution is fitted.

On the timescale of the optical pulses the impulse response of the SPAD is relevant. To
compensate for this the impulse response of the SPAD is determined with the pulsed
supercontinuum laser, which produces short pulses of 6 ps. From literature, it is known
that SPADs have an exponential decay in the tail of their impulse response function. This
arises from the fact that photons may also be absorbed outside the avalanche region, where
the liberated electrons have to diffuse to the avalanche region. The diffusion time before
the avalanche region is hit follows an exponential distribution [39]. The response of the
avalanche region itself can be well approximated by a Gaussian distribution [39]. The time
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response for a given photon is either a Gaussian-distributed random variable or the sum of
a Gaussian and exponentially distributed random variable. The chosen analytical model
for the impulse response is then a weighted sum of a Gaussian distribution with factor p
and the same Gaussian distribution convoluted with an exponential distribution with the
factor 1 - p. Where p is the fraction of photons that hit the avalanche region directly and
do not have to diffuse.

Fig. B.1 shows the super-continuum laser produced pulse resolved using the SPAD (7-SPAD).
With the above described model fitted to it. From the fit the FWHM of the underlying
Gaussian distribution is determined to be 0.46 ns & 0.01 ns. The exponential decay rate of
the underlying exponential distribution is found to be 0.56 ns £ 0.03 ns. Compensating for
this impulse response is done by numerical convolution of the fitted distribution with a
Gaussian distribution for the EOM pulse and fitting this to the observed pulse

B.2 Superconducting nanowire single photon detector

To investigate the detector response of the nanowire detectors used for imaging the pulses
we used the off-resonant pulses laser with a known pulse width (FWHM) of 230 ps. Counts
are synchronised to the laser trigger and imagined on a timetagger. Fig. B.2 shows the
response of the nanowires averaged over many pulses. As can be seen in the figure the
temporal width of the response function strongly depends on the bias current applied
in the nanowires. The AWG-generated pulse shown in Fig. 4.2 was obtained with the
nanowire biased with 7.5 pA [22]. The same ’shoulder’ points described in the main text
are also visible on the 230 ps pulse biased at this point. For higher bias currents this feature
is less prominent. This is therefore likely an artefact of the nanowire system response
at a particular bias point. The highest bias point was found to have the shortest system
response. This was therefore used in imaging the pulses from the novel setup described in
the main text.
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Figure B.2: Response of a superconducting nanowire single photon detector to a 230 ps (FWHM) pulse at three
different bias current setpoints. Higher bias points show significantly shorter system jitter and less delay.
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