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Abstract

Due to the electronic structure of the 4f-shell, rare-earth ions (REIs) have intrinsi-
cally long optical lifetimes and coherence times, which makes them good materials
as gain media in lasers, and now, as optically addressable qubits in quantum tech-
nologies. Using molecular complexes as host material for REIs provides a new
possibility to chemically engineer a favorable environment by tailoring the sur-
rounding ligand fields of the REIs. This can tune the frequencies and branching
ratios of transitions that are favorable for quantum technologieswhilst still main-
taining good coherence times. Furthermore, multiple ions can be embedded into
one molecule, enabling controllable coupling between the ions, which is essential for
multi-qubit operation.

In this thesis, an Eu®*-embedded molecular complex in the form of crystalline
platelets is integrated into a fiber-based Fabry-Pérot microcavity in order to demon-
strate cavity-enhanced spectroscopy. Using a recrystallization method, the crys-
talline platelets with thicknesses as low as 2 m are grown on a planar cavity
mirror. A number of crystals feature a RMS surface roughness of 0.4 nm on an
areaof 5 m 5 m, corresponding to scattering loss of 100 ppm. Room tempera-
ture spectroscopy proves that the branching ratios, linewidths and optical lifetime
are preserved during the recrystallization process.

With a laser-machined optical fiber, with controllable movement in the x-, y-, and
z-dimensions through the use of piezos, the cavity can be scanned laterally in order
to locate the crystals. A high-finesse cavity can be formed on most of the crystals,
with a maximum finesse of 4,000. Cavity-enhanced fluorescence spectroscopy can
be performed using an o [=résonant excitation scheme. In the so-called bad emitter
regime, where the e [edtive Q-factor is determined via the Q-factor of the emitter, a
Purcell factor of 0.09 is expected. The optical lifetime in the cavity is measured by
o [=résonant pulsed excitation, and is then compared with the free-space lifetime.
At the present time, no conclusion can be made on the lifetime shortening in the
cavity, because the lifetime di[erence lies within the statistic deviation. However,
some individual cavity lifetimes show a reduction of about 10% compared to the
free-space lifetime of 540 s.
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Chapter 1

Introduction

Quantum is everywhere. However, the quantum e ects can mostly not be observed
because the coherence, the soul of quantum, is lost due to various disturbances.
That is why we are living in a so-called classical world.

Since the introduction of quantum theory, a lot of work has been done trying
to observe quantum e ects of individual quantum systems, which requires strong
and coherent interaction with the system. The invention of the lasét provides a
very useful tool for such a purpose. There are two approaches that can be taken.
One is to reduce the interaction time such that no coherence can be lost during
the interaction. Modern ultrafast laser techniques, based on high-order harmonic
generation, can produce laser pulses with a duration in the range of attoseconds (as,
1018 s), which can be used to capture fully coherent dynamics with high temporal
resolution?

The other direction is to preserve the coherence of the quantum system, for which a
large number of techniques have been developed, including integration in cryogenic
environment?l, ion trapping and radio-frequency drivindfl. Many di erent material
platforms have been investigated for longer coherence time.

A coherent quantum system can be utilized in quantum information processing
(QIP). Using quantum states as the computation units to store and process infor-
mation, a quantum computer promise to be much faster and more e cient than a
classical computer for particular tasks. In addition to long coherence times, a qubit
is also required to be easy to address and scale up. With respect to recent research,
promising candidates are trapped ion8; 8 Rydberg atomsl” &, color centers in
diamond[® 1% rare-earth ions in host material8' 12 and quantum dots[*3: 14

Due to the electronic structure, the degeneracy in the 4f-shell of the REls can be
completely lifted, giving rise to abundant transitions with long coherence times
for quantum technologies. In addition, the nuclear spin transitions resulting from
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the hyper ne interaction have even longer coherence times. An optical coherence
time of 0.8 ms was measured i*Yb3*:Y,SiOs,! while the record nuclear spin
coherence lifetime is 6 hours, measured {-Eu* ;Y ,SiOs.['! Recently, research has
been focused on using organic molecular complexes as host matétfdf, which
provide a possibility to design the spectroscopic properties of the qubits and the
interactions between them by chemically engineering the surrounding molecular
environment of the REI. Recent research using diluted Eti-embedded molecular
complexes has proved an optical coherence time of 68 at 1.42 K7l

Like many other qubit candidates, the REIs also su er from weak transition in-
tensitiy. Therefore, a high coupling e ciency between the light and the REIs is
required. A number of con ning techniques have been developed, for example op-
tical resonator$?°22 and photonic crystal structuresi?3: 24

A Fabry-Pérot microcavity?? 251, consisting of mirrors with high re ectivities, can
achieve high nesse and spatial resolution, which is an ideal tool to investigate
guantum emitters in the form of crystals and particles. Based on such a micro-
cavity, a scanning cavity microscope has been mall&, which has been further
utilized to measure Raman spectroscopy! and investigate the optical properties
of diamond membrane&? In addition, such a platform is also capable for cryogenic
operation 2l

In this thesis, the non-diluted molecular complex described in Ref. [17] is inte-
grated in the form of crystalline platelets into a ber-based Fabry-Pérot microcavity
by recrystallization while preserving the optical properties. Cavity operation and
cavity-enhanced spectroscopy are demonstrated at room temperature.

The structure of this thesis is as follows. First, the theoretical background is dis-

cussed in chapter 2. Then, in chapter 3, the microcavity setup and the sample
preparation method are introduced, followed by the measurement schemes. After
this, the measurement results are presented and discussed. Finally, the work is
summarized, followed by an outlook for future improvements.



Chapter 2

Theoretical Background

In this chapter, we introduce the theoretical background relevant to our research.
We rst describe the idea of quantum computing and the demands on qubits. Then
we show the energy level structure of REIs in general and why the molecular com-
plexes as host materials are special. From the optical side, we introduce the ber-
based Fabry-Pérot microcavity that we use to con ne the light. Finally, combining
emitters and an optical cavity, we introduce a quantum model for light-matter
interaction and explain the Purcell e ect.

2.1 Rare-earth lon and Quantum Comput-
ing

Quantum computing is a new concept of information processing, which utilize quan-
tum states to perform computation. A number of quantum systems and the corre-
sponding schemes to address them have been investigated. As one of the candidates,
REIs feature long optical and nuclear spin coherence times. Recently developed
molecular complexes as the host materials make it possible to engineer the geome-
try between the quantum emitters and further extend the coherence times.

2.1.1 Quantum Information Processing

The modern digital computers are based on electronic devices. The information
is processed as voltages in transistors. The voltage can change the property of
the semiconductors, making them conducting or insulating. The computing speed
depends on the speed of the electronic switch, which is limited by the speed of
charge transfer in the semiconductors. This limits the clock rate to a maximum of
a few GHz.
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A quantum computer makes use of quantum states to perform computation. Rather
than transistors, the computation units in a quantum computer are quantum sys-
tems called qubits. The simplest model for a qubit is a two-level system. The
information is stored in the quantum states and manipulated by light, i.e. photons.
A logic gate operation can be performed with two interacting qubits. For example,
an excitation in one qubit will shift the transition of another qubit nearby, and thus
activate or deactivate the transition. It is worth mentioning that in general, the
qubit is not limited to atomic systems. A photon can also be a qubit, a so-called
ying qubit.

A classical bit is a binary system with two states: on (1) and o (0). Although

a qubit is still a two-level system, via coherent superposition, a real number can
be stored in a qubit. Making use of the phase, a qubit can also process a complex
number. From binary to complex, a quantum computer has much higher capacity
compared to electronic computers. Not limited by the speed of the electronic switch,
a quantum computer has the potential to be much faster and more e cient than
electronic computers for may tasks.

2.1.2 Qubit Candidates

To benet from the advantages of quantum computing, a number of criteria must
be met. For delity, the qubits have to remain coherent until the computation is
completed. But naturally, a quantum system is always coupled with the environ-
ment and thus tends to lose the coherence which is called decoherence. The time
a quantum system can stay coherent is called the coherence time. A qubit has to
be easily identi ed and distinguished from other qubits in order to write, process
and read out the information precisely. Due to the weak dipole moments of the
transitions, a high coupling e ciency is required, in order to address and read out
the qubits precisely. Some con ning techniques will be discussed in Sec. 2.2.

To nd good candidates for qubits, a number of di erent material platforms have
been recently explored. Examples are trapped iofs® Ryderburg atomsl’ 8,

color centers in diamond? 1% rare-earth ions in host material8' 12 and quantum

dots [13: 14]

The most straightforward way to create a qubit is to use a single atom or ion.
However, as such atoms tend to be free moving, trapping is needed to extend the
interaction time with the light. Alternatively, solid-state-based qubits are not free

to move and thus can be easily located. However, they face a signi cant amount of
ambient noise from the host materials. A large amount of work has been done to
decouple the qubits from the environment, for example by cooling down the system,
engineering the host materials and using dynamic decoupling sequences.
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Figure 2.1: Energy level structure of an ™ Eu®" ion embedded in a host
material. The isospinl =5=2 gives rise to a zero- eld triplet hyper ne structure.

2.1.3 Rare-earth lons as Qubits

The rare-earth elements are composed of the group of lanthanides together with
scandium, yttrium and lanthanum. They feature a special electronic structure
which has patrtially lled 4f (for lanthanides), 4d (for yttrium) or 3d (for scandium)
shells are located within the completely lled 5s and 5p shells, and thus are shielded
from external electric elds. Therefore, the transitions within those shielded shells
have long lifetime and coherence time.

REIs have multiple line-splitting mechanisms, including electronic repulsion, spin-
orbit coupling and the hyper ne interaction. A large number of transitions are
therefore available for quantum computing.

Energy Level Structure of Eu 3

Here we take®Eu®", which is investigated in this work, as an example to explain
the energy level structure of REIs in host materials. The electron con guration of
Eu®* can be written as [Xe]4%. To understand the energy level structure of Etf,
we will show how the degeneracy of the %ton guration is lifted step by step as
shown in Fig. 2.1.

The 4f shell has 7 orbitals with degenerate energy for a single electron. However,
when lled with electrons, the degeneracy is rst lifted due to Coulomb repulsion
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L |(0(1,2|3|4|5|6|7|8
Symbol|S|P|D|/FIG|H|I |K|L

Table 2.1: Term symbols for di erent total orbital quantum numbers. The
rst four symbols are derived from the characteristics of the lines corresponding to
s, p, d, and f orbitals: sharp, principal, di use, and fundamental; the rest are named
in alphabetical order from G onwards, omitting J, S and P.

Figure 2.2: Energy level diagram of a single Eu 3" ion. The gure is adapted
from Ref. [17].

between the electrons. Therefore, instead of the orbital quantum numbkrthe new
good quantum numbers are the total electronic spin quantum numbe3 and the
total orbital quantum number L. The new eigenstates are called terms and denoted
as?S*1L. Herel is represented by a symbol given in Tab. 2.1. The transitions
between di erent terms are typically on the order of 100 THz.

Further, we have spin-orbit coupling, also called Russell Saunders coupliffy or
LS-coupling, because quantum numbelts and S are coupled due to the interaction
between the orbital angular momentum and the spin angular momentum. The
energy is determined by the total angular momentum quantum numbel, ranging
fromjL Sjto L + S. Based on the term symbols, the levels ar*1L;. With
the spin-orbit coupling, a term is splitted into several levels and the transitions
between them are typically on the order of 10 THz. In particular, the energy levels
of a single Ed* ion are shown in Fig. 2.2.
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So far, all the discussion is about a single ion. When an ion is doped into a crystal
with a certain lattice structure or embedded into a molecule, the crystal eld or
the ligand eld will a ect the energy level structure of the ion, which are shifted
and splits the energy levels into sublevels, lifting the degeneracy on the quantum
number J. In this case, the quantum number ign;, representing the projection
of the total angular momentum, with the range from J to J. The sublevels are
denoted as>>**L;(n), whereasn = 0 corresponds to the lowest energy level of the
multiplet. The energy splitting caused by the crystal eld or the ligand eld is
typically on the order of 1 THz and varies for di erent host materials. For crystal
elds or ligand elds with the lowest symmetry, the 2] +1 degeneracy is completely
lifted.

In general, according to Laporte's selection rul&8l, none of the intracon gurational
4f-4f electric dipole transitions are allowed. However, when embedded into suitable
host materials, those transitions become partially allowed due to crystal eld e ects.
Therefore, they are often called induced electric dipole transitions. The selection
rules of such transitions within the 4f-con guration aret®?

j Sj=0;
j Li 6 (2.1)
j Jj 6andj Jj=2; 4 6ifJ=0o0rJ%=0:

The selection rules for S and L are not strictly valid, becauseS and L are
not good quantum numbers any more. Rather the selection rule ah is more
rigorous, but it can still relax by J-mixing®3. Therefore, the®Dy! ’F; (J=0, 3,
5) transitions have relatively low intensities.

With the interaction between the electronic and nuclear spins, the degeneracy on
the nuclear isospinl is lifted. The magnetic dipole coupling, called IJ-coupling
analogous to LS-coupling, together with the electric quadrupole coupling, gives
rise to the hyper ne structure. For the two stable isotopes®'Eu and **3Eu, both
with isospin | = 5=2, the three hyper ne levels have quantum numbersn, =

1=2; 3=2; 5=2, representing the projection of the nuclear isospin. The typical
energy scale of such hyper ne splittings is on the order of 10 MHz, depending on
the isotope. The hyper ne transitions are strictly forbidden, because no electric
dipole is involved. Without disturbance from other nuclear spins, the lifetimes of
the hyper ne states are much longer than the optical lifetimes.

The degeneracy between positive and negative, can be further lifted by an ex-
ternal magnetic eld, which is the so-called Zeeman e ect. The Landg-factor of
BIEY3* is on the order of 10 MHz/T 134 35 An example of calculated Zeeman split-
ting of Eu®*:Y,SiOs (Eu®*:YSO) is shown in Fig. 2.3. The Zeeman e ect provides
freedom to tune the hyper ne levels. The record nuclear spin coherence time of 6
hours is measured at a zero rst order Zeeman (ZEFOZ) point in Eti:YSO. 1%
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Figure 2.3: Calculated Zeeman splitting of Eu  3* :YSO. The gure is adapted
from Ref. [34].

Host Materials

As discussed before, the host materials create a crystal eld or ligand eld to the
RElIs, which will lift the degeneracy onJ. Most importantly, the host materials will
relax the selection rules and activate some transitions which are usually forbidden.

Solid-state host materials have been extensively investigated, including #uYSO,
Eu*:Y,05; and EuPsO1.4. These materials can be synthesised as bulk crystals with
good optical properties, for example low scattering. In addition, they can be made
into nanoparticles while maintaining the good optical properties in order to reduce
the density of emitters in a single particle to address single emitters.

However, the provided environment is not quiet enough to fully exploit REI prop-
erties. In addition, the distance between emitters in the solid-state materials is not
controllable, since doping is a stochastic process.

Some recently studied host materials are organic molecular complexes. Rather than
the solid-state host materials, each ion in the molecular complexes has exactly the
same environment because the molecules are identical. The structure of a molecular
complex can be easily engineered. By changing the symmetry of the molecule, the
transition dipole moment can be modi ed, and thus the transition amplitudes. Two

or more REIls can also be embedded into one molecule with distinct distance and
geometry to control the interaction between the ions and even to achieve multi-qubit
coupling.
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In this research, we prove that organic molecular complex recently reported in
Ref.[17] can also form thin and smooth crystalline platelets, which are favourable
for cavity integration. It is shown that our method of preparation preserves the
optical properties during the crystallization process.

2.2 Fabry-Pérot Microcavity

In order to perform qubit manipulation, light is used to interact with an individual
gubit, in the case of REIs, a single ion. To increase the excitation and detection
e ciency, the interaction between light and matter has to be enhanced. One of the
solutions is to con ne the photons to a small volume close to the emitters for as
long as possible. Various techniques for this purpose have been develdfédor
example optical resonator&®?? jon traps®”: 3 and photonic crystalsi?3 24

In this research, a high- nesse Fabry-Pérot microcavity is used to con ne the pho-
tons, with a potential to achieve sub-3 volume. Additional to quantum comput-
ing, such a microcavity can also be used to track and trap nanoparticl&8,4%
sense the refractive index of the cavity mediuM!! and investigate cavity quantum
electrodynamicg#?

2.2.1 Structure

A Fabry-Pérot cavity (FPC), also called a Fabry-Pérot interferometer or etalon,
is an optical cavity composed of two parallel mirrors used to trap the photons
inside. Such a cavity was rst developed by Charles Fabry and Alfred Perbin
189913 44l |n addition to optics, the FPC is also widely used in other elds, for
example telecommunication and astronomy, to measure, Iter and stabilize optical
frequencies.

As shown in Fig. 2.4, the simplest FPC is composed of two planar mirrors separated
by a distancel, with re ection coe cients r; andr,, respectively. Without loss of
generality, the re ection coe cients can be assumed to be real and positive, as the
re ection phases are constant phase shifts added to each round trig,, represents
the electric eld amplitude of the light in the cavity after the m" round trip. The
total amplitude in the cavity can then be calculated:

b3 b3 o
E.= En= rqiroe Eo; (2.2)

m=0 m=0

where' = % is the propagation phase, withn the refractive index of the cavity
medium, the frequency of the light and c the speed of light in vacuum. As a

LHis last name is spelt Perot but he used Pérot in publications.
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Figure 2.4: Sketch of a Fabry-Pérot cavity.

geometric series, Eq. (2.2) can be easily simpli ed as:

Eo
Ec= ———: 2.3
1 rirpe (2:3)
To describe how much power is trapped in the cavity, the cavity enhancement factor
A. is de ned as the power ratio between the trapped and input light:

P _ JE4® _ JEg° 1 T

A = = = .
© Pn  JEnj® JEnj’jl1 rirse"j? 1+R2 2Rcos

(2.4)

where T, is the transmittance, or power transmission coe cient of the left mirror.
For simplicity, in the last step, the mean re ectance, or power re ection coe cient,
R = rir, is used. In practice, the cavity transmittance:

TiTo

Te= ToAe= 19 R7 2R cos

(2.5)

is used, whereT, is the transmittance of the right mirror.

2.2.2 Cavity Stability

For a stable cavity, a beam should converge after in nite round trips. Mathemat-
ically, a ray transfer matrix, or ABCD matrix, can be used to describe a optical

10
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Figure 2.5: Stability of a Fabry-Pérot cavity composed of two concave
mirrors. a: The sketch of such a cavity. b: Stability diagram of such a two-
mirror cavity. A stable cavity can be formed if the parametergg;; g,) fall into the
blue region.

system. Consider a cavity shown in Fig. 2.5a composed of two concave mirrors
separated by a distance, with radii of curvature R; and R, (negative for convex
mirrors), respectively. The ray transfer matrix for a round trip in such a cavity is

S P
R1 R2
1 | 1 |
TRl E 1R . e
_ 1 4 2 2z '
Eohkvel AL E 1

The eigenvalues of a matri¥A have the following properties:
X
tr(A) = i (2.7)
and %
det(A) = i (2.8)
i
with ; being thei" eigenvalue ofA.
In the case of the ray transfer matrix in Eq. (2.6), we have

I I
+ =tr(T)=4 1 — 1 — 2 2.9
1 2=1tr(T) R, R, (2.9)

11
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and
1 2:det(T):1: (210)

In order to have a stable cavity, it is required that

maxfj 1j;j 2g I (2.11)

This is only true when: _ _
1 - eI 1 5 — e [ (212)

Following this

1+ 2=2c0S; (2.13)

therefore | |
2 41 — 1 — 2 2 2.14
Rl R (2.14)

We obtain that the stability condition of such a cavity is

0 1 — 1 —
R R>

1: (2.15)

@ 1 g andg 1 g; are called the stability parameters. In the stability
diagram shown in Fig. 2.5b, the region where a stable cavity is formed is colored
blue.

2.2.3 Longitudinal Modes

Quialitatively, the cavity is on resonance when the propagation phase during a round
trip is a multiple of 2 such that:

. _ 4nl

o c

whereqis a positive integer. This is also obvious that when the resonance condition

is ful lled, the cavity transmittance in Eq. (2.5) reaches the maximum
TiT2 |
1 R

=2qQ; (2.16)

cmax — (2.17)
If the cavity length is xed, then the " order resonance frequency is given by
_ 9.
a7 onl”
Whereas, if the frequency is xed, then theg"' order resonance cavity length is
given by

(2.18)

- a@c. (2.19)
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2.2. FABRY-PEROT MICROCAVITY

Based on Eg. (2.18), we can de ne the free spectral range (FSR) as the distance
between two neighbouring resonance frequencies:

c
= 2.20
i (2.20)

which is also the frequency of a photon bouncing back and forth in the cavity.
Considering the FSR of wavelength, we get another useful expresion:

2

= H: (2.21)
When A. decreases to half of the maximum, we have

1+R? 2Rcos =2(1 R)%: (2.22)

Thus, ' has to ful II: ,

1 R

cos' =1 %: (2.23)

Now consider theg" order resonance cavity with
'9=20Q: (2.24)

In the case that' is close to' ¢, taking the second order Taylor expansiongos
can be written as

cos 1 ¢ 2' q)2: (2.25)
Substituting this into Eq. (2.23), we get
S #?R: (2.26)
Then the full width at half maximum (FWHM) of the resonance is
o= ﬂ|1e>§—R): (2.27)

In addition, the FWHMSs expressed in terms of the frequency and cavity length can
also be calculated:

c, _¢ 1 R
“4nl onl R’ (2.28)
c c 1 R
| = s — —p=: 2.29
4n 2n R ( )
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CHAPTER 2. THEORETICAL BACKGROUND

To describe the relative sharpness of the resonance, the ne$sas de ned as the
ratio between the FWHM and FSR:

F - = = — = — (230)

where ' and | are the distances between neighbouring resonances expressed in
phase and cavity length, respectively.

With the de nition of nesse, Eq. (2.5) can be further simpli ed to

TT, £ °
T, = 1l2

- —
1+ &£ “sinf 5

(2.31)

With this, the cavity resonance spectra are plotted in Fig. 2.6 with respect to the
phase for di erent nesses. A higher nesse means sharper peaks in the resonance
spectrum. To measure the nesse of a cavity, the easiest way is to measure the
resonance spectrum, by varying either the frequency or the cavity length.

Under the approximation sin? 5 5 , it follows that the cavity resonance has a
Lorentzian line shape. In general, a normalized Lorentzian line shape is

=2 .
(=2°+(X Xo)

Tx)= + (2.32)

wherex could be either’ , orl, and and xq are the corresponding FWHM and
resonance value, respectively.

2.2.4 Transverse Modes

So far, only the longitudinal modes have been discussed. However, to describe the
mode shape in three dimensions, transverse modes also have to be considered. In a
geometry with cylindrical symmetry, the fundamental mode is a Gaussian mode, in
particular the TEM oo mode, which is a solution of Maxwell equations under paraxial
approximation. Mathematically, for a given wavenumbek and wavelength , the
Gaussian mode in free space has an electric eld distribution as follows:

Wo r2 : kr?2
w2 P W 'RE)

. z
E(r;z) = Eo ikz + arctan — (2.33)

0
z is the coordinate along the optical axis and is the transversal distance from the
axis. Wy is the smallest beam radius which is called beam waist. Then the Rayleigh
range can be de ned as follows:

N
o

]
‘om

(2.34)
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2.2. FABRY-PEROT MICROCAVITY

Figure 2.6: Cavity resonance spectra for di erent nesses. The intensity in
the cavity is normalized to the maximum for each spectrum.

w(z) is the beam radius at di erent longitudinal positions given by

S
2

w(z)=wy 1+ zi : (2.35)
0

R(z) is the radius of curvature of the wavefront given by

2
R(z)=z 1+ ? : (2.36)

Eo is the amplitude at the origin (focus). The prefactorw‘”g) describes longitudinal
mode prole and the rst term of the exponent describes the transverse mode
pro le.

The intensity distribution of the Gaussian mode in Eq. (2.33) can then be easily

calculated:
2 2r2

1(r;2) = lo—52~ . 2.37
wherel g is the intensity at the origin. Such an intensity distribution is shown in
Fig. 2.7.

In the cavity, a standing wave is formed with two counter-propagating Gaussian
beams. By changing the sign ok in Eq. (2.33), the wave propagate in the z

direction is obtained. Then the intensity distribution of a Gaussian mode in cavity
becomes ) o2 r2
Ic(r;z):ZIOW\;v—(OZ)exp T cos kz+ —

W2(2) 2R(2) (2.38)
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CHAPTER 2. THEORETICAL BACKGROUND

Figure 2.7: Intensity distribution of a Gaussian mode in free space. aandb
are the beam pro le in transverse and longitudinal plane, respectively. The dashed
line in b shows the beam radiusv(z). The intensity distributions on longitudinal
and transverse axis are shown in and d, respectively.

which is shown in Fig. 2.8.

Besides the fundamental Gaussian mode, there are also higher-order transverse
modes. They can be decomposed into di erent sets of eigen-modes, depending on
which coordinate system is used.

Hermite-Gaussian modes are a set of eigen-modes in Cartesian coordinates, com-
posed of Hermite polynomialdd,(x):

! !
Wo i 2x 2y

El;m(X;y;Z):EOW(Z)HI W(Z) Fm m

(2.39)

2 4 \2 242
Xe+y k(x4 + y9) ikz+(|+m+1)arctani ;

oXp w2(z) ! 2R(2) Zo

wherel and m are mode orders referring tox and y direction, respectively. The
shapes of some Hermite-Gaussian modes are shown in Fig. 2.9.

In cylindrical and elliptic coordinates, the transverse modes can be decomposed
into Laguerre-Gaussian modé®¥! and Ince-Gaussian mode$! respectively.

Unlike electrons, photons, as bosons, tend to occupy the state with the lowest
energy. Therefore, the fundamental mode is usually dominant. However, when the
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2.2. FABRY-PEROT MICROCAVITY

Figure 2.8: Intensity distribution of a Gaussian mode in a cavity. The beam
waist z; is equal to the wavelength .

cylindrical symmetry is broken, higher-order modes could have comparable or even
lower energies relative to the fundamental mode. In this case, higher-order modes
can be observed.

By introducing an Au nanoparticle into a scannable microcavity, the point spread
function of each transverse mode can be measured individuaff}. The cavity reso-
nance spectrum and the mode shape of each transverse mode are shown in Fig. 2.10

Without birefringence, the cavity is isotropic to polarization. However, when a
birefringent material is introduced into the cavity, separated polarization modes
start to emerge.

For cavity enhanced spectroscopy, higher order modes and polarization modes are
not favourable, because they lower the coupling into the fundamental mode. To
eliminate these modes, the cavity has to be well aligned to keep cylindrical symme-
try and the polarization of the laser has to be adjusted to match the birefringence
of the cauvity.

2.2.5 Losses in the Cavity

The nesse in Eqg. (2.30), and thus the resonance spectra in Iag. 2.6, are only for
lossless cavities. For a cavity with round trip los4., a factor of 1 L has to be
multiplied to the mean re ectanceR. The nesse then becomes

P —p—

F (2.40)

1 R 1 L
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CHAPTER 2. THEORETICAL BACKGROUND

Figure 2.9: Shapes of Hermite-Gaussian modes in the transverse plane.
The rst and second number refers td and m, respectively. The gure is taken
from Ref. [45].

This relation can be used to calculate the losses introduced by the sample.

The cavity loss could come from interface scattering, media scattering and absorp-
tion.

Scattering at the interface can be described as di use re ectance as folldffs
4
Rg= Ry — (2.41)

whereRy is the specular re ectance and is the root mean square (RMS) roughness
of the surface.

Media scattering can be classi ed into either Rayleigh scattering, Mie scattering or
optical scattering depending on the relative size of the particles compared to the
wavelength. In a bulk material, there is no signi cant media scattering.

The absorption of the sample in the cavity is determined by the spectral prop-
erties. By calculating the absorption from the measured nesse, the absorption
spectroscopy in the cavity features a higher sensitivity.

All kinds of losses in the cavity will decrease the nesse and thus broaden the
resonance peaks.
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2.2. FABRY-PEROT MICROCAVITY

Figure 2.10: Cavity transmission signal while tuning the cavity length.

The insets show the shapes of di erent transverse modes by scanning the cavity
across an Au nanoparticle and evaluating the resonant transmission for each mode.
The gure is taken from Ref. [26].

2.2.6 Mode Dispersion and Hybridization

In general, dispersion means the relation of a mode in the time domain and the
spatial domain. In the case of a cavity, it is the relation between the frequency and
the cavity length of a specic mode. Eg. (2.16) is the dispersion relation of the
longitudinal modes in an empty cavity.

To visualize the mode dispersion, the cavity transmittance in Eg. (2.5) is calculated
for di erent wavelengths and cavity lengths, as shown in Fig. 2.11. The cavity mode
dispersion can be measured experimentally by scanning the frequency and cavity
length simultaneously.

When a sample is mounted into the cavity, it becomes a hybrid cavity with two
di erent media, an air gap with thicknessl, and a dielectric material with thickness

l4. Considering only the air gap, we get the pure air modes, which have the same
dispersion relationship as the modes in an empty cavity. Considering only the
dielectric material, we get the pure dielectric modes, which are independent lgf

In a hybrid cavity, The electric elds in the two media are coupled to each other
and have to ful Il the boundary conditions at the interface. Thus the air modes and
dielectric modes are also coupled to each other, resulting in the hybridized modes.
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Figure 2.11: Cavity mode dispersion of an empty cavity. The nesse is set to
be 10. The dashed lines from left to right show the longitudinal modes calculated
with Eq. (2.16) from the 22" order to the 28" order, respectively.

The resonance condition of a hybrid cavity for a xed is given as followd?*!

1 2n 4l
lag = 5 arctan o tan d 4 %; (2.42)
0

whereng is the refractive index of the dielectric material andy is the mode order.
Due to the boundary conditions, it is not possible to have a cavity resonant both in
dielectric material and air gap at the same time, so an anti-crossing behavior will
be observed®® 5 When the cavity is resonant in the air gap, the mode is called
air-like , because such a mode behaves like a pure air mode. When the cavity is
resonant in the dielectric material, the mode is called dielectric-like , because such
a mode behaves like a pure dielectric mode. The dispersion of hybridized modes is
shown in Fig. 2.12. A hybridized mode changes periodically between air-like and
dielectric-like due to anti-crossings.

To further understand the mode hybridization, we simulate the mode dispersion
using the matrix method described in Ref. [52]. We use two coated mirrors with
design transmittances of 26% and 3%, called the low re ectivity (LR) mirror and
the high re ectivity (HR) mirror respectively. The thickness of the crystal is set to

be 5 m and the refractive index of the crystal is set to be 1.5. The parameters are
chosen as such as they are similar to those values we use in the experiment, which
will be discussed in chapter 3.

The results of the simulation are shown in Fig. 2.13a and b, with the crystal lying
on the LR mirror and the HR mirror, respectively. When the crystal lies on the LR
mirror, the dielectric-like modes have lower transmission, and vice versa. This can
be explained by comparing the nesses of the air-cavity and the dielectric-cavity.
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2.2. FABRY-PEROT MICROCAVITY

Figure 2.12: Hybridized cavity modes in comparison with pure air modes

and dielectric modes. The pure air modes are the same as in Fig. 2.11. The
pure dielectric modes are calculated with = 4ng4l4=(2q 1).1*! A hybridized mode
becomes air-like when it intersects with a pure air mode and becomes dielectric-like
when it intersects with a pure dielectric mode.

In a hybrid cavity, there are three re ective surfaces: the mirror, the ber end
facet and the interface between the dielectric material and the air gap. Thus, two
cavities are formed. We call the one that arises in the air gap an air-cavity and
the other one that arises in the dielectric material a dielectric-cavity. The mode
hybridization arises from the coupling between these two cavities. If the air-cavity
has a higher nesse, then the hybrid cavity features a higher transmission for the
air-like modes, which is the case in Fig. 2.13a. The same accounts for the case of a
dielectric-cavity, which is shown in Fig. 2.13b.

To show the di erence between air-like and dielectric-like modes, we simulate the
electric eld intensity distribution of those two modes. Fig. 2.13c shows the air-like
mode highlighted by a blue circle in Fig. 2.13b and Fig. 2.13d shows the dielectric-
like mode highlighted by a red circle in Fig. 2.13b. As indicated by the names, the
energy of an air-like mode is mostly distributed within the air-cavity and the energy
of a dielectric-like mode is mostly within the dielectric-cavity. For the dielectric-
like case, shown in Fig. 2.13d, the electric eld intensity is not higher within the
dielectric-cavity, but the energy density, which is proportional ton%Ej?, is higher
than that within the air-cavity. In addition, at the interface between air gap and
the dielectric material, the air-like mode exhibits a node while the dielectric-like
mode shows an anti-node.
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Figure 2.13: Simulated mode dispersion. The transmission of air-like and
dielectric-like modes are compared for the crystal lying on the LR mirror and the
HR mirror. a: Mode dispersion of a hybrid cavity with the crystal lying on the LR
mirror. In this case, the air-like modes have higher transmissiotn.: Mode disper-
sion of a hybrid cavity with the crystal lying on the HR mirror. In this case, the
dielectric-like modes have higher transmission. The pure air modes, orange lines,
and pure dielectric modes, green lines, are reconstructed by connecting air-like and
dielectric-like modes, respectively. As examples, the electric eld distribution of
the air-like mode highlighted by the blue circle and the dielectric-like mode high-
lighted by the red circle are shown irc and d, respectively. c: Simulated electric
eld distribution of an air-like mode. The light propagates from right to left. d:
Simulated electric eld distribution of an dielectric-like mode. The light propagates
from right to left.
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2.2. FABRY-PEROT MICROCAVITY
2.2.7 Characteristics of the Cavity

There are several parameters required to fully characterize a cavity. Depending on
the applications, some are more important than the others.

As de ned in Eqg. (2.30), the nesse describes the sharpness of the resonance peaks,
which represents the spectral con nement of the cavity. When the cavity resonance
is tuned precisely to the emission line of the emitters in the cavity, the emission
will be signi cantly enhanced. This is called Purcell enhancement, which will be
discussed in detail in Sec. 2.3. Using the resonance linewidth in Eqg. (2.28), the
cavity photon lifetime can be calculated as

1 F
= = X 2.43
> > (2.43)

then the average number of round trips before a photon leaves the cavity is
N = = —: (2.44)

This shows, that from another perspective, the nesse indicates how long a cavity
can trap the photons.

The quality factor, or Q-factor, describes how underdamped a resonator is. It is
the ratio between the resonance frequency and the resonance linewidth:

= —=gF: (2.45)

Similar to nesse, quality factor also describes the sharpness of the resonance peaks,
but relative to the frequency.

The mode volume is the volume that a cavity mode occupies. In general, it is
de ned as

Vi JE (n)j2dV; (2.46)

m
O|\J|_\

\Y

where E(r) is the electric eld amplitude at location r and Eq is the maximum
electric eld amplitude. For a fundamental Gaussian mode, the mode volume is
given by

(2.47)

The mode volume describes the spatial con nement of the cavity.

In application, it is always the combination of spectral and spatial con nement
that determines the performance of the cavity. Table 2.2 lists some gures of merit
(FOM) for di erent applications. 3
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Application Regime FOM
Bad cavity Q=Vn
Bad emitter | 1=V,
Strong coupling with | Bad cavity | Q= Vi,

two level emitter Bad emitter 1:p Vo

Purcell e ect

Table 2.2: Figures of merit for di erent applications with cavity. Bad cavity
means the cavity has a broader linewidth while bad emitter means the emitter has
a broader linewidth.

2.2.8 Fiber-based microcavity

To increase the spatial con nement of the photons, a ber-based microcavity com-
posed of a single mode ber and a planar mirror was designg8. According to
Eq. (2.15), in order to form a stable cavity in this con guration, the cavity length
has to be smaller than the radius of curvature of the ber end facet. To increase
the nesse, a re ective coating is used on both the mirror and the ber end facet.
In Ref. [26], the nesse reaches 57,000.

2.3 Purcell Enhancement

To describe the con nement implemented by the cavity, a theoretical model is
needed. In a quantum picture of light-matter interaction, the atomic states are
strongly coupled with the photonic states. This coupling is signi cantly enhanced
when some speci ¢ conditions are fullled. This is called Purcell enhancement,
or the Purcell e ect.>¥ Purcell enhancement is observed as a higher spontaneous
emission rate.

2.3.1 Models for Light-matter Interaction

To di erentiate the quantum model from the classical model and the semi-classical
model, we will rst introduce the other two models brie y.

The classical model is based on classical mechanics and electrodynamics, where
the matter is treated as an ensemble of charged particles governed by Newton's
equations and the light is treated as an electromagnetic eld governed by Maxwell's
equations. With the classical model, linear and nonlinear optical phenomena can
be explained.

In the semi-classical model, the atomic system is quantized, while the light is still
treated as a classical electromagnetic eld, which acts as a time-dependent Hamilto-
nian. The evolution of the atomic system can be derived using the time-dependent
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2.3. PURCELL ENHANCEMENT

Schrédinger equation (TDSE). With the semi-classical model, Rabi oscillations can
be explained, but not spontaneous emission.

In the quantum model, the electromagnetic eld is also quantized. Rather than

the eld, the concept of photonic states is adopted. The states of the system are
described by a combination of atomic and photonics states. An atomic excitation
can be converted into a photon and vice versa.

2.3.2 Quantization of the Electromagnetic Field

Considering an 1D-optical cavity with lengthl in the z-direction, the electric eld
and magnetic eld are polarized inx- and y-directions, respectively. A general
solution to the Maxwell's equations can be written as

X
Exz)=  Ag®)sin(2);
i
X " (2.48)
Hy(z;t) = A; Q(l:) % cos k2);
j ]
whereq (t) is the normal mode amplitude with units of lengthk; = j = and
s
A= 2 (2.49)
J - lelo 1 .
with 1} = jc=Il as the eigenfrequency of the cavity an¥,, as the mode volume,

which is de ned in Eq. (2.47). m; is a constant with units of mass.
The classical Hamiltonian of such a dynamic system is then
1

H=2 d "oEZ+ oH/
V
— 1X 22 + m: 2
"2 M- g+ mg (2.50)
1X p.2
= — -!.22+_J
2 mJ ! mj '

j
wherep; = m;q is the canonical momentum. The Hamiltonian has the same
expression as a harmonic oscillator.

By quantization, g and p; become operatorsy and ¢, for which the following
commutation relations apply:
[G:0]1=i~4; (2.51)
[6:4]=[®;H]=0: (2.52)
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Through a canonical transformation, the annihilation and the creation operators
can be derived as follows:

& 2972;_~,_ (Mg +ip); (2.53)
I

& =19Ti~,_ (m!i§q if); (2.54)
I

together with the commutation relations

[ &]=i~y; (2.55)
;4] =[a:48]=0: (2.56)
The Hamiltonian becomes
X
R=~ 1, aYaj+% : (2.57)
i
The quantized electric eld operator is
X
Ex(z)= Eo; & +% sin(k2); (2.58)
j
with r
~l .
Eoj = — (2.59)
m 0
In the case of free space, Eq. (2.58) becomes
X _ .
E(r)=  Eox &€ +ale " ; (2.60)
k
with r
~ .
Eox = & PV (2.61)

whereegy is the unit polarization vector.

For a speci c mode, the eigenstates of the Hamiltonian are called Fock statgs,
and has the following properties:

B jni =E,jni=~ n+ % ; (2.62)
Y jni :pn+1jn+1i; (2.63)
& p
&jni =" njn  1i; (2.64)
&
jni = p—]0i - (2.65)

These states are also called number states, becaunsis the number of photons.
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2.3.3 Spontaneous Emission in a Fully Quantum Model

Spontaneous emission arises from the coupling between an atomic system and vac-
uum uctuations. In order to describe such a phenomenon, a quantized eld is
required a fully quantized Hamiltonian can be written as

B=~8,+H8+H; (2.66)

with the three components representing the atomic system, the electromagnetic
eld and the interaction between them, respectively.

For a two-level atomic system, the atomic states are denoted @gi and jei for
ground state and excited state, respectively. In general, a photonic state can be

written as
Y

jopni = jngd; (2.67)
k
wherek denotes a mode in free space. The photonic ground state can be written
as
i ;0,500 j Oi; (2.68)
where each mode is in the ground state. The single-excitation of the photonic state
in modek can be written as

o ;L ;00 ) ki (2.69)

where only the modek is excited and all other modes are in the ground state.
Spontaneous emission corresponds to the transition froje;0i to jg;ki. In the
case of a weak perturbation, the spontaneous emission rate can be calculated with
Fermi's golden rule:

X
.2,—2 rlg:kilihje:Oiz(!o Nk (2.70)
k

where! g is the resonance frequency of the atomic system. The dipole interaction
between the electric eld and the atomic system is given by

H= e (2.71)
The transition matrix element can then be simpli ed as follows:

2 2
hg:kj K, je;0i ehg:kj E fje;0i

. ) 2
eg Eox kj&e*" +2ale *"j0i (2.72)

=] eg EO;ka;
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where ¢4 ehgjfjei is the dipole moment of the atomic system. In the second
step, we use Eq. (2.60) to substituteE. Then the spontaneous emission rate in
Eq. (2.70) becomes

21, 2oy o
~23 %9V"e © YT 3V

2 (Lo): (2.73)

The factor of 1/3 arises from the dierent dipole orientations and (! o) is the
density of states of photons in a mode volume &f,, which is

_ Vpnd3' ¢
(Yo) = 2 (2.74)
for free space. We therefore arrive at the spontaneous emission rate in free space
2 n3! 3
— _€g 0.
= : 2.75
0 3 n 0~('\’3 ( )

2.3.4 Cavity Enhancement and Purcell Factor

In an optical cavity, we consider the spontaneous emission coupled into a specic
cavity mode with resonance frequency, and eld strength
r

~
Eoc = & o ?,Ou(r); (2.76)
m

whereu(r) describes the mode pro le. Eq. (2.70) becomes

= 3—2 hg;ci A, je;0i i (! 0)
(2.77)

N

== eg Eod® c(! 0):

Here c stands for a specic cavity mode and the density of states follows the
Lorentzian line shape:

1= 2

1 !
R T TP,

(2.78)

and 5 20
c(to)= T :

H 0

where Q. is the quality factor of the cavity resonance. The maximum spontaneous

emission rate into a cavity mode is then

_2 5, o 2Q _ 25Qc
cmax — 5 egzvm..o I 0 - ”'HOVm.

; (2.79)

(2.80)
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The Purcell factor can then be de ned as

= - - = xc (2.81)

where is the wavelength of the light in vacuum. Such an enhancement of the
spontaneous emission rate is called the Purcell e ect.

So far we have assumed that the atomic transition has an in nitely narrow linewidth,
which is valid when the cavity resonance is much broader than the atomic transition,
also called bad cavity regime in Tab. 2.2.

If the atomic transition has a nite linewidth, then the density of states becomes
the integral of the emission line multiplied by the cavity line:

1

(o) = c(t lo)S()d (2.82)
1

whereS(! ) is the emission line of the atomic system. If the cavity line is symmetric,
then this simpli es to the convolution of the cavity line and the emission line.
Assuming that the emission line is also Lorentzian, with a quality factoQen,, then
the Q-factor of the convoluted line becomes:

1

Qe = ————; 2.83
T Qi (2.83)
so the Purcell factor is s
C= 3 Qe (2.84)
42 n Vg '

If Qem  Qc, then Qg Qem, SO the Purcell e ect is mostly a ected by the mode
volume V,,. This regime is called bad emitter regime in table 2.2.
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Chapter 3

Experimental Setup

In this chapter, we introduce our microcavity in detail and show how di erent
measurements can be carried out in the cavity. Following this, we describe our
crystallization method to integrate the molecular complexes to the microcavity.

3.1 Fiber-based Fabry-Pérot Scanning Mi-
crocavity

To make use of the cavity enhancement of an ensemble sample, we utilize a mi-
crocavity composed of a planar mirrdr and a laser-machined single mode bér
with a concave prole. The crystalline sample is grown on the mirror. Both the
mirror and the ber end facet are coated with dielectric materials to increase the
re ectivity, and thus the nesse.

3.1.1 Fabrication of Cavity Fibers

A microcavity can be fabricated with low surface roughness, either by etchifg or

by laser-machinind??. The etching method can fabricate structures in the range of
100 m. However, with laser-machining, the scale of the pro le can achieve features
on the order of 10 m.

We use a pulsed C@laser with a peak power>10 W and a tunable duty cycle.
The high intensity of the laser will evaporate the material at the shot area. The heat
conduction can be controlled by the duty cycle. Using an acousto-optic modulator
(AOM), the pulse sequence can be freely designed with MHz bandwidth.

112.7 mm 3.0 mm, out of SiO,
2Artphotonics SM530-125-160AL
3Synrad restar v40, co, =10.6 m
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Figure 3.1: Characterization of the ber in the WLI. a: The interference
pattern captured by the camera.b: Reconstruction of the ber end facet from the
interference pattern. Only the center part is reconstructed. The ber was shot by
5 pulses with a duration of 22 s and 40 ms pause in between. The ROC
and y-direction are 50.9 m and 34.3 m, respectively, given by a 2D Gaussian t.

In order to characterize the ber, a white light interferometer (WLI) is used. A light-
emitting diode (LED) centered at 463.25 nm is used to illuminate the ber and the
interference pattern is captured by a camera, from which the phase information can
be reconstructed into height pro les. The interference pattern and reconstructed
pro le of one of the bers used in this study are shown in Fig. 3.1. From the
reconstruction data, the radius of curvature (ROC) and the depth of the pro le can
be determined. According to Eg. (2.15), the ROC determines the stability range of
the cauvity.

3.1.2 Re ective Coating

The re ective coating is achieved by distributed Bragg re ectors (DBRs), applying
on both the mirror and the ber end facet. DBRs consist of a sequence of thin
dielectric layers with alternating materials, arranged in such a way that the re ected
wave from each interface will all interfere constructively. The re ectivityR of a
DBR consist of two alternating materials with refractive indicesny > n can be
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Figure 3.2: Re ectivity of a DBR as a function of the number of stacks.

approximated a$®:
nonY  nsni

R =
non} + ngni

; (3.1)
where ng is the refractive index of the medium in the cavity,ns is the refractive
index of the mirror substrate, andN is the number of stacks. We use T®s
(n =2:1329 and SiO, (n = 1:4829 as the coating materials. Takingn, = 1 and
Ns = Nsio, = 1:48 we plot the re ectivity R in Eq. (3.1) with respect toN, as
shown in Fig. 3.2.

A DBR coating is only designed for a speci ¢ wavelength, since di erent wavelengths
will have di erent phases in the coating layers, thus the constructive interference
is not guaranteed. Therefore each individual DBR coating can be simulated for
di erent center wavelengths.

Using the matrix method described in Ref. [52], we simulate the transmittance
for di erent multi-layer coating sequences, as shown in Fig. 3.3. The Sellmeier
formulal®® is used to model the medium dispersion. The coating consists of al-
ternating Ta,Os and SiO, layers, starting with Ta,Os from the mirror substrate.

As shown in Fig. 3.3, DBRs feature a band of very low transmittance centered at
the design wavelength, which is called stop band. The more layers, the lower the
transmittance within the stop band and the steeper the edge of the stop band.

In this thesis, we use a single mode ber coatédwith 31 layers, resulting in a
transmittance of 25 parts per million (ppm), and a planar mirror coated with 28
layers, resulting in a transmittance of 200 ppm, with a design wavelength of 585

4The coating is done by Laseroptik GmbH
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Figure 3.3: Transmittance through DBRs with di erent coating layers.
The design wavelength is 585 nm.  The transmittance is shown in ppm.

nm. According to Eq. (2.30), the design nesse is around 28,000.

3.1.3 Assembly of the Microcavity

The mechanical setup of the microcavity is shown from two di erent angles in
Fig. 3.4 and 3.5. The design was introduced by Thomas Himmer in his PhD thesis
[57]. The particular setup used in this thesis was built by Evgenij Vasilenko.

The cavity ber is fed through and glued into a syringe needI& (2), which is
then mounted into a cantilever (1). The longitudinal movement is controlled by a
coarsé (6) and a ne® z-piezo (5), pressing on the cantilever. The lateral movement
is controlled by ax-piezd (3) pressing on the needle, and g-piezd® (4) pressing
on the cantilever. Rather than directly translating the ber, the three piezos tilt
the cantilever. Therefore, it is important to adjust the screws (9, 10, 11), such
that the ber is perpendicular to the mirror when the piezos are not charged. At
room temperature, the cavity has a longitudinal scanning range of 30m and a
lateral scanning range of 70 m. Due to the di erent mechanical structures forx-
and y-movement, the scanning range in the-direction is larger than that in the

SUhu plus schnellfest.

6Sterican Blunt, 27 G 1", @0.40 25 mm.
"Piezomechanik PSt 150/5 5/20
8Thorlabs, PA4FEW

9Piezomechanik PSt 150/2 3/20
10pjezomechanik PSt 150/3.5 3.5/20
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Figure 3.4: Mechanical structure of the ber positioning setup. The labeled
parts are explained as follows@ : The cantilever, which looks like an inverted T
in the gure. @: The syringe needle mounted at the end of the cantilever, with
the ber glued inside. @ : x-piezo, pressing onto the needle2 : y-piezo, pressing
onto the end of the cantilever, which will twist the cantilever and thus move the
ber in y-direction. @ and @: Coarse and nez-piezos, pressing onto the end
of the cantilever. @ : Mounting screws for the needle.®@: The rotation axis of
the cantilever. @, @ and @ : The adjusting screws for thex-, y- and z-piezos,
respectively. The coin is used for scale.

y-direction.

The mirror is mounted on a translation stage driven by two motors. The travel
range is su cient to reach the central 5 mm region of the mirror. More details
about the operation of the cavity will be discussed in Sec. 3.2.

A picture taken by a microscopé! reveals more details about the microcavity, as
shown in Fig. 3.6.

11Re ecta DigiMicroscope USB 200
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