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Abstract

To create spin-photon entanglement for quantum information science pur-
poses, we study three-level lambda systems in an ensemble of electronic spins
in silicon-doped GaAs. This thesis simulates the rate, spectral width, and
nature of the spontaneous light emission (SLE) spectrum at (near-) resonant
excitation. Two models are used: a master equation model of the density
matrix, and a third-order perturbative approach of the density matrix that
distinguishes between (spin-flip) Raman and fluorescence light. For both
models, we find strong SLE signals, which deplete the pump beam for the
parameters of our system. We obtain a total SLE scattering cross-section of
4pm? using the perturbative approach. A strong effect of pure dephasing
of the excited state is found; Raman dominates fluorescence for zero pure
dephasing, but fluorescence dominates for pure dephasing rates larger than
half the population relaxation rate. We further find that Raman photons
have the width of the ground-state broadening, whereas fluorescence has a
typical width of several times the homogeneous broadening of the excited
state, the additional broadening being caused by the excited-state inho-
mogeneous broadening. To obtain a further understanding of the Raman
spectrum, off-resonance Raman scattering, the Brownian oscillator model,
and stimulated Raman scattering could be studied.
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Introduction

Ever since the establishment of the theory of quantum mechanics in the early
20th century, physicists have been curious to research the consequences of
its peculiar principles. Numerous new research areas have emerged since,
one of them being quantum information science, a rapidly developing in-
terdisciplinary field with promising applications. The field strives to bene-
fit from quantum mechanical principles in information communication and
processing. Two major applications are quantum encryption and quantum
computing. The first allows for secure communication by using the idea
that measuring a quantum system interferes with that system, thus mak-
ing eavesdropping on quantum communication impossible. The latter can
be used to solve specific problems that with a regular computer are funda-
mentally impossible or would take too much computing time. Both would
have a profound impact on academia and society, and are therefore studied
worldwide in numerous renowned research groups.

An essential element of quantum information science is to be able to
create and control multiple quantum bits (qubits), and to entangle them,
thus making the states non-locally correlated. Quantum bits are similar to
regular bits, with the fundamental difference that they can also exist in a
linear superposition of the 0 and 1 state. Possible qubits to be used are
photons (e.g by using its polarization) and matter (e.g. by using the spin
of an electron). Photonic qubits travel fast and have little interaction with
the environment, allowing for quick and almost lossless transportation of
information [1]. Electronic spin qubits can be used to create a quantum
memory: storing the information locally and, if applicable, carrying out
quantum logic operations, after which the information can again be released
and transported in the form of a photon. Since combining storage and
transportation of qubits is important in order to realize applications [2], the
interaction between photonic and electronic qubits is an important area of
research. This light-matter interaction is studied in materials that have a
strong interaction with photons and that have a coherence time long enough
to perform the necessary operations without losing the information [1].

To create this spin-photon entanglement, we at the Quantum Devices
team of the University of Groningen study an ensemble of electronic spins
in a solid state environment, using silicon-doped gallium arsenide (GaAs).



The extra electron of the silicon donor functions as a spin localized in a
solid-state environment, with practically no interaction between the donors.
Whereas single spin qubits in both solid and non-solid environments have
been extensively studied, and spin ensembles have mostly been studied in
quantum gases, research on spin ensembles in solid-state systems is a rather
unexplored area. Even though solid-state ensembles suffer from strong inter-
actions with the environment, limiting coherence times, it also offers certain
attractive advantages: it is easy to fabricate by making use of existing fab-
rication techniques, it allows for scaling, and ensembles have a strong inter-
action with photons. In addition, the collection efficiency of outgoing light
is expected to be high due to collective enhancement, being multiple orders
of magnitude higher than for single donors in a solid-state environment [3].

We can manipulate the spin levels of our system through laser excitation,
by coupling the spin-split ground state to a donor-bound exciton, forming
a so-called lambda system. We are particularly interested in preparing the
ensemble in the spin ground level and then producing a spin flip, which
results in an outgoing Stokes Raman photon, creating the wanted photon-
spin entanglement. The spontaneous light emission (SLE) spectrum will,
however, also contain fluorescence photons in the resonant-excitation regime
that we operate in. This thesis therefore provides a quantitative description
of the complete SLE spectrum. In the simulations, we investigate the ratio
of outgoing SLE photons to incoming pump beam photons, thereby gaining
insight into the workings of the lambda system, and the nature, rate and
spectral width of the spontaneously emitted photons. This can be used to
design and interpret our experiments on detecting SLE light, especially for
filtering the SLE light from the strong pump laser beam.

We evaluate spontaneous light emission for two different models, with
increasing complexity and increasing insight into the underlying physical
processes of fluorescence and Raman scattering. Whereas theoretical mod-
els to calculate Raman and fluorescence light exist in advanced chemistry
spectroscopy, and are mainly used to find vibrational levels of molecules [4],
this thesis applies and modifies these models to describe spin-flip Raman
scattering in our solid-state ensemble.

Outline of the thesis

In chapter 1, the necessary background for the thesis will be given, ex-
plaining the three-level lambda system, spontaneous light emission, Raman
scattering, and the density matrix. In chapter 2, the master equation of the
density matrix will be used to approximate the production of spontaneous
light emission. In chapter 3, we examine spontaneous light emission in a
perturbative approach, splitting it in a Raman and fluorescence component.
We end with conclusions and recommendations for future research.

Fundamental constants that are used in the thesis can be found in Ap-
pendix A.1. Sl-units are used throughout the thesis.



Chapter 1

Background

1.1 The Three-Level Lambda System

The energy structure of the Si-donor in GaAs is a lambda system, shown
in figure 1.1a below. In a non-zero magnetic field, it consists of a spin-split
ground state (levels |g) and |s)), and an excited state (level |e)), forming the
A shape. The ground state is formed by the donor-bound electron, whereas
the excited state is a donor-bound exciton. Both the spin ground levels |g)
(spin up 1) and |s) (spin down ) couple optically to the excited state |e), but
not to one another. The strength of the applied optical field is represented
by the Rabi frequency , (= E’}iﬁg"’, with E the electric field strength and fi4e
the transition dipole moment) [5]. The field can be applied with a certain
detuning A from level |e). Population between the spin-split ground levels
can be transferred optically via the excited state, or by relaxation between
the levels.
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Figure 1.1: The three-level lambda system and its parameters of interest.
There are also intermediate states, and higher lying excited states for the
system, but these are of lesser interest for this thesis and are thus not por-
trayed in the figure. The diagrams were made using reference [1].



Several parameters are of interest when modelling such a lambda system.
These are the population relaxation rates I', homogeneous dephasing rates v,
the Rabi-frequency €2, of the applied laser, and the laser detuning A. Figure
1.1 shows these parameters in the lambda system. In principle, there is a
relaxation and dephasing rate between every two energy levels, though some
population relaxation rates are practically zero for our lambda-system and
are thus not portrayed in the figure. For the dephasing rates, the relation
Ynm = Ymn is generally valid, for any levels |n) and |m) [5].

The parameters have specific values for our A-system, which are listed
in Appendix A.2. These values are used in the simulations throughout the
thesis unless otherwise indicated.

1.2 Spontaneous Light Emission

Spontaneous light emission (SLE) is a process in which a system sponta-
neously decays into a state of lower energy through emittance of a photon.
We consider contributions to the SLE spectrum that have a frequency of
the emitted photons that is shifted from the frequency of the incoming
pump beam. We can discern between two types of contributions in this
case, namely fluorescence and Raman light. Both are third-order nonlinear
processes, but the Raman photons result from a direct coherent scattering
process, whereas fluorescence is an incoherent sequential process that can be
viewed as excitation followed by emission, where the emission occurs after
phase relaxation (loss of coherence) in the excited state [6,7]. In the regime
close to resonant excitation, Raman and fluorescence will both contribute to
the SLE spectrum, while in the far off-resonance regime, only Raman light
plays a role [6]. Raman scattering is further explained in section 1.3.

To detect the SLE photons, we filter them from the much stronger pump
beam light using a cavity, which has spectral modes with a certain spectral
width. To optimize filtering, it is therefore important to know what ratio of
outgoing SLE photons to incoming pump beam photons can be expected,
and to know the spectral width of the SLE photons.

Considering filtering techniques in our experiment, the Raman photons
are of higher interest than the fluorescence photons. This is because Raman
photons are emitted almost instantly at predictable times, are expected to
have a smaller linewidth [6] and, in the case that stimulated effects occur,
are expected to have more directionality (see section 1.3). This is beneficial
because we want to have as high as possible detection efficiency of the SLE
photons that get emitted. Fluorescent light, on the other hand, is always
sent out randomly in all directions at unpredictable times, and is thus more
difficult to collect. Despite the unwanted contribution of fluorescence in the
resonant excitation regime, we focus on this regime in order to maximize
the Raman photon rate.



1.3 Raman Scattering

Raman scattering is the inelastic scattering of a photon, meaning that the
outgoing photon has a different energy than the incoming photon. A Stokes
Raman photon has a lower energy than the incoming photon, whereas an
anti-Stokes Raman photon has a higher energy than the incoming photon.
Stokes and anti-Stokes scattering are illustrated in figure 1.2. Generally,
the emission intensity of Stokes photons is higher than that of anti-Stokes
photons, because more population is in the lowest ground state level in equi-
librium [4]. Raman scattering does not have to take place near a stationary
energy level, it can also go via a virtual energy level.! Generally, Raman
scattering is considered a weak event; a pump beam photon is Raman scat-
tered with a probability of about 10~7 — 1076 [8,9], even though it is hard
to generalize this probability for all systems and experimental situations.
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Figure 1.2: Stokes and anti-Stokes photons compared to an applied field with
frequency wy. The solid black lines represent stationary energy levels of the
system, the dashed line is either a virtual or stationary energy level.

Raman scattering experiments can be performed in both the off-resonant
and resonant excitation regime. Intensities of Raman light are much more
intense in the resonance regime, reported up to a factor 10 as compared to
non-resonant excitation [10], but an advantage of the off-resonance regime
is that fluorescence does not contribute to the signal. We operate in the
resonance regime and fluorescence will thus also play a role (see chapter 3).

We use Raman scattering to determine the transfer of population be-
tween our two spin states, thus knowing when a spin-flip has occurred in
the ensemble. This is referred to as spin-flip Raman scattering (SFRS).?

LA virtual energy level used in Raman scattering is required to have an energy above
level |g) of more than ten times the energy splitting between levels |g) and |s) [8].

2Raman spectroscopy is commonly used to find information about the vibrational
levels of molecules [4]. Nonetheless, spin-flip Raman photons have been experimentally
observed in numerous solid-state environments, including a GaAs sample [11].



1.3.1 Spontaneous & Stimulated Raman

A distinction can be made between spontaneous and stimulated Raman light
[12]. Spontaneous light emission can be viewed as stimulated emission by the
vacuum field, whereas stimulated light emission results from the stimulating
effect of an optical field [13]. For Raman scattering, this means that a
second optical field (with the same frequency as the scattered Raman light)
can stimulate the process of Raman scattering.® This second optical field can
be applied, or it can result from Raman generation and amplification, where
the spontaneous Raman contributions from some scattering centers act as
a stimulating Raman field for other scattering centers in the ensemble, an
effect which has also been experimentally observed (see e.g. reference [14]).

Comparing stimulated and spontaneous Raman scattering, the intensity
of stimulated Raman can be many orders of magnitude higher than that
of spontaneous Raman scattering, reported up to several tens of percent
of the incident light intensity [8]. Also, stimulated Raman light has clear
directionality of emission, due to stronger emission in the direction parallel
to the laser beam. Raman light is therefore emitted in small cones of a
few degrees forwards and backwards along the laser beam [8]. In contrast,
spontaneous Raman light is emitted uniformly in random directions [9].
Finally, stimulated Raman scattering is also expected to have a smaller
linewidth than spontaneous Raman scattering [8,9].

In our experiment, we illuminate the sample with one pump laser only,
and hence we would expect a spontaneous Raman signal. We therefore take
the intensity of the Raman signal to scale linearly with the intensity of the
incoming laser beam and with the number of donors in the sample, as is gen-
erally done for spontaneous Raman scattering [6,12]. We should, however,
note that it is possible that Raman amplification takes place. The sponta-
neous regime passes into the stimulated regime for powers of the incident
radiation greater than a certain threshold, or for propagation lengths inside
the medium greater than a minimum one [9]. The Raman gain, the factor
governing the stimulated effect, will e.g. depend on the dipole moments, life-
times, and geometrical properties of the sample, such as the donor density
and its shape [8].* In order to include stimulated effects in the calculation,
it is always necessary to first find expressions for the initial spontaneous
Raman process [4]. This is what will be done in this thesis; to theoretically
calculate Raman gain factors and consequently include possible Raman am-
plification effects in our sample is beyond its scope.

3There are multiple (stimulated) Raman techniques, a good overview of the different
Raman type processes and its characteristics is given in reference [12].

4The stimulated Raman signal can be determined directly from the spontaneous Ra-
man signal intensity by knowing the Raman gain factor, the interaction pathlength, the
absorption coefficient, and the intensity of the incoming laser beam. Exact descriptions
of this are given in references [8,9].



1.4 The Density Matrix & its Master Equation

The density matrix is used to describe quantum systems in a mixed state,
which is a statistical ensemble of several quantum states [5]. It is used for
systems whose exact wave function cannot be monitored due to nondeter-
ministic interactions with the environment, and where the system can thus
only be described statistically. It describes the system for certain known
quantum states (the energy eigenlevels in our case), and sees the rest of the
effects in the system as the environment/bath, relaxing the known quan-
tum states. It therefore makes use of phenomelogical parameters, such as
dephasing and relaxation rates, which represent the influence of the bath on
the energy levels. We use the density matrix to describe a single lambda
system with phase and population relaxation, that gets perturbed by an
optical field.

Abstractly, the density matrix is a Hermitian quantum mechanical oper-
ator, that can be represented by a 3 x 3 matrix for our three-level system,
as shown in equation 1.1:

Pgg  Pgs Pge
P=|Psg Pss Pse (1.1)
Peg  Pes Pee

The diagonal elements represent the level populations, whereas the off-
diagonal elements represent the coherences [5].

Density-Matrix Master Equation

The set of equations that describes the time evolution of the density matrix
is known as the master equation, and can be expressed as follows [1,2]:
% = _%[Hv /A)] + L(ﬁ)relaac (1'2)
Here H is the Hamiltonian that describes the system interacting with
the optical field(s), and ﬁ(ﬁ)mlaw is the Lindblad superoperator that de-
scribes the relaxation and decoherence in the system. Descriptions of these
operators for our three-level lambda system are given in references [1,2,15].
For a stationary situation, the time-derivative of the density matrix can be
set to zero, which is the case when considering continuous-wave pumping
in chapter 2. The resulting expressions for the stationary elements of the
density matrix are expressed for a single three-level lambda system in the
density-matrix simulation program in Appendix F.



Chapter 2

Master Equation Model of
Spontaneous Light Emission

In this chapter, we evaluate spontaneous light emission (SLE) via the |e)
- |s) transition of the A-system, by applying a (detuned) pump laser with
Rabi frequency €, on the |g) - |e) transition. We do so by using the master
equation of the density matrix, a set of equations that describes the time
evolution of the elements of the density matrix. We estimate the SLE photon
rate by determining the population of the excited state pe., and multiplying
it with the population decay parameter I'cs (which gives the population
decay from level |e) to |s)). Both continuous-wave (CW) laser excitation
and pulsed laser excitation are considered. The first is easier to simulate,
the latter more closely resembles our experimental set-up of interest.

The total SLE signal emitted from the ensemble is taken to be the sum of
the contribution of each illuminated donor, as explained in section 1.3.1. The
number of illuminated donors is estimated to be N ~ 2 10* (see Appendix
B.1.1).

2.1 Continuous-Wave Pumping

In this section, we evaluate the production of spontaneous light emission in
a stationary situation, so when a continuous-wave (CW) laser drives the |g)
- |e) transition of the A-system. The advantage of this approach is that the
time derivatives for the separate density matrix components in the master
equation can be set to zero, simplifying the calculation.

Below, we first calculate the pump beam photon rate and explain how
the SLE photon rate is obtained. We then make plots of the efficiency of
the SLE photon production, by considering the ratio of the SLE to pump
beam photon rate.



2.1.1 Pump Beam Photon Rate

Using formulae for the electric field and the intensity I in the material, we
can calculate the number of photons that are sent into the medium per
second (I'pyump), for a certain Rabi-frequency €2,. The exact calculation is
shown in Appendix B.1.2, the result is as follows:

r _ Irr? _than/\’FQ (2 1)
pump Ephoton 4 ,U%e .
where,
fige = 2.56 - 10728 dipole moment between |g) and |e) [C m]
n=3.5 index of refraction of the material
r=>5-10"0 radius of laser spot at the sample [m]
A =818.7 laser wavelength |g) - |e) transition [nm]

Upon filling in the parameters, this becomes Iy = 1.04 - 1073 QIQ, . Taking
e.g. an (2, value equal to 0.01 GHz, which is in the undepleted/low laser
power regime, we obtain a pump beam photon rate of I'pymp ~ 10! photons
per second.

2.1.2 Spontaneous Light Emission Photon Rate

As mentioned, we approximate the SLE photon rate by pee'es. For the
regime in which €2, is much larger than the dephasing and population decay
rates of the system (called the saturation regime), we can also model pee in
a more simplified approach in which the coherence elements of the density
matrix are ignored (named the population rate model). This model is worked
out in Appendix D. In general, however, we often do not operate (only)
in the saturation regime, and therefore it is advised to always include the
coherences when modelling the density matrix and when determining the
SLE photon rate. We shall also do that here, since we consider different
regimes of €2,,.

2.1.3 Efficiency of SLE Production

Having calculated the pump beam photon rate, and having a simulation
program to determine pe. (see Appendix F), we can calculate the efficiency
of SLE production via the |e) - |s) transition. We do so by making plots
of the ratio of the SLE photon rate to pump beam photon rate, versus
either the off-resonance detuning or the Rabi frequency of the pump beam.
Varying the detuning means that we are scanning the pump laser over the
lg) - |e) transition, whereas changing the Rabi frequency effectively means
that we adjust the power of the pump beam.
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Figure 2.1: Ratio of the SLE photon rate to pump beam photon rate versus
the detuning of the pump beam for Q, = 0.01 GHz, for a single donor. A
positive detuning means we are applying a frequency with more energy than
the transition energy.

In figure 2.1, we show a typical plot of the ratio of SLE to pump beam
photons versus the detuning of the pump beam, as obtained by using sim-
ulations of the density matrix at a Rabi frequency of 2, = 0.01 GHz.! It
is clear that a maximum appears at the resonance frequency, when most
photons get absorbed and re-emitted. The lineshape is Lorentzian, and the
full-width at half-maximum (FWHM) is 15 GHz 2, as expected, since this
is equal to twice the dephasing rate of the excited state, which is generally
what we expect for the lineshape of absorption and emission spectra [5].

Figure 2.1 is for a single donor, so to find the ratio for the ensemble, we
need to multiply this ratio of SLE to pump beam photons with the number of
donors that get illuminated. However, this would lead to a ratio higher than
1, which is of course physically impossible. The SLE production efficiency
shows to be quite high, meaning that the pump beam gets depleted for the
ensemble. This would need to be taken into account to obtain a correct

!This is the width in angular frequency, meaning that €, = 0.01 GHz should be read
as Qp = 2xf, with linear frequency f = 0.01/27 GHz. All the frequencies and spectral
widths in this thesis are reported as angular frequencies; this is because the density matrix
uses angular frequencies.

2The FHWM is equal to two times the sum of the parameters é(Feg +Tes) + 7" as
mentioned in Appendix A.2.
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Figure 2.2: Ratio of the SLE to pump beam photon rate versus ), of the

laser, applied at resonant laser excitation for a single donor.

emission profile of the ensemble.

We can also make a plot with the Rabi-frequency of the pump beam as
the independent variable. We do this at resonant excitation of the pump
beam and for a single donor. The resulting plot is shown in figure 2.2.
We see that the ratio is highest for low Rabi-frequencies; for higher Rabi-
frequencies, we saturate the system such that population builds up in the |s)
level due to the relatively slow population decay parameter I's,. The pump
beam photon rate does keep increasing, hence the decrease in the ratio of
the two factors for high Rabi-frequencies.

Figures 2.1 and 2.2 were made using parameter values of our three-level
lambda system, as listed in Appendix A.2. The influence of the parameter
values for the population relaxation rates and the dephasing rates is investi-
gated in Appendix E, where more plots like figure 2.1 are made for varying
values of the parameters.

11



2.2 Pulsed Pumping

For pulsed pumping of the laser, the goal is to obtain expressions for the
populations of the density matrix as a function of time. As input parameters,
we have the following:

o Initial conditions for pyq, pss and pee (at time ¢t = 0)

e Total simulation time T'

e Timestep dt for the simulation

e Moment in time ¢ _on when the pulse is applied

e Duration T"_on of the pulse

« Rabi Frequency Q, of the pulse (on the |g) - |e) transition)

To simulate the time-dependent situation, we use the following linear ap-
proximation to calculate the level populations at each moment in time:

0
plt +dt) = p(t) + - |- dt (2.2)
We use equations D.1 - D.3 from the population rate model to calculate the

0
differential —/t)Ht, thereby also ignoring coherences at the moment. There-

fore, we need to apply a strong Rabi-frequency of the laser pulse, in the
saturation regime of optical pumping.? In addition, we need to choose a
suitable timestep dt, which has to be smaller than 107! s to ensure accu-
rate results (to see why this value is chosen, see Appendix B.2).

We use equation 2.2 to simulate the time-dependent level populations,
and calculate the number of SLE photons emitted by integrating pee ['es over
(the simulation) time. We can then plot the cumulative number of emitted
SLE photons versus time. A plot of the time-dependent level populations
and the cumulative SLE photons is shown in figure 2.3 for a single donor.
For this plot, we applied a laser pulse with a Rabi frequency of 10 GHz
(in the saturation regime, so that the population rate model applies) and a
duration of 30 ns.

We can nicely see the variation of the level populations when we apply
the laser pulse. Starting in the thermal equilibrium populations of the three
levels, nothing changes until a laser pulse is applied after 10 ns, which lasts
for 30 ns. In the time that the pulse is applied, population is brought to
the excited state, from which it starts decaying, thus producing the SLE
photons on the |e) - |s) transition. Once the pulse is turned off (at time
= 40 ns), the |g) and |s) populations are seen to slowly go back to their
equilibrium populations. The excited state population already drops to its
equilibrium population of 0 before the pulse is turned off, which is because
of the strong decrease of population in level |g), consequently resulting in a

3For an accurate situation of pulsed pumping for low Rabi-frequencies, the coherences
would need to be included in the program.

12
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Figure 2.3: (a) Time-dependent level populations when applying a 30 ns laser
pulse of Rabi frequency 10 GHz to the system after 10 ns. (b) Cumulative
number of SLE photons emitted versus time for a single donor.

decrease of population that can be pumped to level |e). Population builds
up in level |s), which is due to the relatively low population relaxation rate
I'sy. This shows that we operate in the saturation regime.

We see that the expected value of the cumulative number of SLE photons
emitted is approximately 0.6 for a single donor (approximately equal to the
initial ground state population), and does not increase much anymore after
the first 20 ns in which the pulse is applied. This shows that we have
saturated the system by building up population in the |s) level, and more
SLE photons can only be emitted if the pulse is applied long enough such
that population relaxes back to level |g).

The estimated amount of donors that gets illuminated is 2 -10* (see
Appendix B.1.1), so to obtain an expected value of 1 photon from the en-
semble, we would need to operate at lower powers of the laser, or apply
shorter pulses. As the timescales of the system then get in the regime that
the population rate model does not apply anymore, simulating this case
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would not give reliable results with the present model. We would need a
full time-dependent simulation of the density matrix. This case was not
simulated due to the increased complexity of this model, and because of the
overall limitations that the master equation model has, as explained in the
following section.

2.3 Limitations of the Master Equation Model

As was mentioned in the previous sections, the master equation model of
spontaneous light emission as presented here has certain limitations. For
continuous-wave pumping, we find that the assumption of an undepleted
pump beam is not valid when considering the entire ensemble at excitation
with low laser powers. It is still accurate to predict the level populations,
but would need to be adapted to take into account depletion of the pump
beam. For pulsed pumping, we used the population rate model, which only
gives correct values for laser powers in the saturation regime of the lambda
system.

Another limitation of the model is that it also does not distinguish be-
tween homogeneous and inhomogeneous dephasing. Even though the density
matrix is modelled for a single lambda-system, it uses the dephasing param-
eters of the ensemble, so the inhomogeneous dephasing rates of the |s) and
le) levels. The total SLE photon rate is then obtained by adding the contri-
bution of all donors. More accurately, homogeneous dephasing parameters
should be used for individual donors, and inhomogeneous dephasing should
then be added when considering an ensemble.

The limitations just mentioned could in principle be overcome. However,
the master equation model has several more severe fundamental limitations
to determine the SLE spectrum that we are interested in. First of all, since
SLE is modelled by considering light that is emitted as a consequence of
having first been in an excited state population, it cannot be an accurate
model for Raman light. This is because Raman light results from a scattering
event, rather than that a pump beam photon is first absorbed in the excited
state, as is the case for fluorescence. It therefore seems more appropriate to
consider the estimated SLE with this model as fluorescence light. A strong
limitation of the master equation model is thus that it cannot distinguish
between Raman and fluorescence components.

Moreover, the model ignores the quantum nature of the spontaneously
emitted photons. It is relevant to take this into account, because the SLE
field mode is initially empty, and its quantized nature will thus play an
important role [6]. The pump beam, on the other hand, can be treated
classically, because it has many photons initially.

Another limitation of the master equation model is that it cannot be used
to determine the width of the SLE emission spectrum. This is important to
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know when filtering the SLE spectrum from the pump beam light.

Furthermore, this approach does not allow for properly including stim-
ulated effects in the calculation. Stimulated effects will play an important
role in ensembles, especially when using elongated waveguides instead of
thin samples.

The mentioned limitations are solved in chapter 3, where we take into ac-
count the quantum nature of the SLE field, distinguish between Raman and
fluorescence processes, accurately model homogeneous and inhomogeneous
dephasing, and find spectral widths for the emission spectra. This approach
also opens the way to include stimulated emission effects in determining the
SLE spectrum.
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Chapter 3

Fluorescence versus Raman
Spontaneous Light

So far, we have considered the master equation model to simulate the spon-
taneous light emission (SLE) from our A-system. In this method, there is
no distinction between a Raman and a fluorescent component, but since the
outgoing SLE light results from the system first having been in a popula-
tion (pee), it is most appropriate to consider this as fluorescence. In reality,
however, an SLE spectrum at resonant excitation will consist of both flu-
orescence light as well as scattered Raman light. In this chapter, we treat
spontaneous light emission as a quantized field, and show the differences
between Raman and fluorescence light, to determine their photon rates and
spectral widths separately for our three-level lambda system.

The underlying theory of the approach in this chapter is that of quantum
field theory, and uses a quantum mechanical description of the signal field,
combined with a classical description of the incoming laser field [6,12].1 A
quantum treatment of the SLE field is necessary because it has zero photons
initially, and through vacuum fluctuations of the radiation field, it has a
single photon at the end of one SLE process [6]. The method and results
presented here are for the resonant Raman regime, thus when exciting the
system with the pump laser near resonance of the |g) - |e) transition.? We
apply and modify the approach by Shaul Mukamel and Eric Olaf Potma as
presented in references [6,12].

We make use of a perturbative expansion of the density matrix to con-
sider the third-order nomlinear process of SLE. The model is valid for all
practical laser intensities in spectroscopic set-ups [12].3 Furthermore, it is

!Some literature (e.g. reference [12]) also reports a classical solution to the SLE photon
rate, but this is mainly used for qualitative descriptions. Also, the classical model does
not work at resonant excitation [12].

2The method for the non-resonant Raman regime is somewhat different, see chapter
14 of reference [6] for the theoretical approach to this situation.

3The applied field must be much weaker than the electric field that binds the electron
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assumed that the system consists of a collection of small non-interacting
particles [6], which is a valid assumption for our system, since the concen-
tration of Si-donors is such that the individual donors do not interact with
one another.

3.1 General expressions for SLE

For stationary SLE experiments (continuous-wave pumping), we can write
an expression for the total power I (wr) of the spontaneous light emission
field in terms of the differential scattering cross-section ogrg(wr,ws), where
ospe(wr,ws) dwg is defined as the number of photons emitted between wg
and wg + dwg per unit time, divided by the incident photon flux [6,12]:

o0

Is(wL):/o IS(wL,ws)de:Ig(wL)dpo/o osre(wr,wsg)dws  (3.1)

Here Ip(wy) is the incident power, d is the interaction pathlength, and
po is the number density of donors. This equation assumes that the power
of the incident beam is independent of the pathlength through the sample,
thus assuming an undepleted pump beam. The differential scattering cross-
section can be expressed as follows [6,12]: 4

wr, wg

72 e hict

Here Sg g is the quantum mechanical heart of the equation and con-
tains the nonlinear response function for the system, which can be found by
solving the density matrix of the system interacting with the light fields in
a perturbative approach to third-order. The (cos?f) terms represent aver-
aging over molecular orientations, where 6 is the angle between the molec-
ular dipole moment and the electric field polarization. For our system, the
<00520> terms are 1, since we have a centrosymmetric system, and because
the optical selection rules can be applied such that the dipole moment is
always aligned with the electric field vector for the whole ensemble [1].

The equations above allow us to calculate the ratio of SLE to pump
beam photons that we are interested in. To find an outcome, we need to
solve for the central term Sg;p, which can nicely be represented by use
of double-sided Feynman diagrams [6].° It shows to be possible to split
the function into a Raman and fluorescence (FL) component, as follows:
Ssre(wr,ws) = Sraman (WL, ws) + Srr(wr,ws). In section 3.2, we will work
out Sg7r and show how to divide the components.

ospe(wr,ws) = (cos*0)(cos*0s) Ssre(wr,ws) (3.2)

to the atom, which would correspond typically to a laser field of ~ 10** W cm ™2 [12].
4For a dimensional analysis of the (differential) scattering cross-section and the reponse
function SsrE, see Appendix B.3.
SFor background information on double-sided Feynman diagrams, see e.g. [5,6,8,16].
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3.2 SLE Response Function for the Three-Level
Lambda System

We express the Sgpp function for a system with two electronic states (a
ground state and an excited state), which can each contain multiple levels [6].
In our case, the electronic ground state has two spin-split levels, and we
assume a single excited-state level.

As mentioned, spontaneous light emission is a third-order nonlinear pro-
cess, and will therefore contain four matter-light interactions (if the last
read-out emission interaction is also counted as one). In general, there are
many Feynman diagrams for this situation, but the number of diagrams can
be reduced by use of the rotating-wave approximation (RWA) and by taking
into account the following arguments [6]:

1. Because the first interaction represents photon absorption, it must be
with the wy, mode, since the wg mode has zero photons initially.

2. The last interaction must be with wg, as this is the emitted signal.

3. Two interactions must be with the wy mode (cancelling each other
out), and two with the wg mode (one of which is the last emission
interaction), to ensure that the total emission is of the wg mode.

4. For each mode, there must be an interaction on either side of the
diagram, thus on both the bra and ket side, in order to end up in a
population of level |s).

In total, 6 pathways are now left that contribute to the SLE process [6].
Three of these are the complex conjugates of the other three. In figure 3.1,
we show the three relevant diagrams that are left.

We express the function Sgz g in terms of the contribution of the different
Feynman diagrams, as follows [6]:

SSLE(WL7WS) = ZP(Q)ng(U)L,WS) (3'3)
g,8
Kyg(wr,ws) = Ki + Ki; + Kiig (3.4)

Here K;, K;; and Kj; are the contributions from the three Feynman di-
agrams (and its three complex conjugates). The summation in equation 3.3
is over all ground state levels, where g represents the initial level, and s the
final level after the SLE process. The equilibrium population of the initial
level g is represented by P(g). For our experiment, we are interested in the
situation that all population is initially optically pumped to the ground state
level |g). Hence, we ignore contributions coming from possible population
present in level |s). Also, we take the initial level g to be |g) and the final
level s to be |s); we thus ignore contributions that have level |g) as both its
initial and final energy level in the SLE process (which is elastic Rayleigh

18



(i) (ii) (iif)
Is> <:|JJJ’ Is> <s| s> <s|
®g ON g

- le>

g
—
8 2

le> <el

O ! o, <el

19> <49i 19> <4| 19> <9|

Figure 3.1: Feynman diagrams for spontaneous light emission in a three-
level lambda system. The figure is taken from source [6], but is adapted to
match our system.

scattering and fluorescence). The summation in equation 3.3 then becomes
irrelevant, and we can fill in P(g) = 1.

The K-contributions for the different diagrams are expressed in equa-
tions 3.5 - 3.7 for a homogeneously broadened system, and when added up
give the Sgrp function that we are interested in.

1 1 1
K, = —1 .C.
i 1 lge Hes Hse Heg Weg — WL, + Z.’Yeg Weo & 1Ty Wos — ws + i735 +c.c
(3.5)
K . 1 1 1 n
i — —1 C.C.
11 Hge Hes Hse Heg Weg —wr, + i’Yeg Wee + ,L-Fe —Wes + wg + i'Yes
(3.6)
e . 1 1 "
1 : :
" Hae Hes Hae Heg Weg — WL + 1Yeg Wsg T Ws — WL + 1Ysg (3 7)
1 .
+ c.c.

—Wes + Wg + 1Yes

In these equations, 7.4 is the homogeneous dephasing rate between levels
le) and |g) (and similarly for the other levels), whereas I'. is the population
relaxation rate of level |e). wey is defined as we — wy. The homogeneous
dephasing rate 7., is defined as v.4 = % Te+ %I‘g + %e + Ag, where 4, is the
homogeneous pure dephasing rate of level |e).
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Splitting the Raman and Fluorescence Components

We now split the diagrams into a Raman and a fluorescence component.
In diagrams (i) and (ii), we see that the system is in a population of level
le) after two interactions, after which it takes two more interactions to end
up in level |s). Because the system has first been in the population of the
excited state, these two diagrams contribute to the fluorescence component
of the SLE signal. Diagram (iii) is in a coherence of |g) and |s) after two in-
teractions, and is never in a population of |e). This diagram is thus expected
to be the Raman component. However, it has a fluorescence component as
well [6]. To split diagram (iii) into a Raman and fluorescence component,
we look at the second fraction in equation 3.7 (containing the coherence
between the two ground state levels |g) and |s)) and split it into a real and
imaginary part. The imaginary part (an absorbent-type contribution) then
represents the fluorescence part, while the real part (a dispersive-type con-
tribution) is the scattered Raman part of the equation. In equation 3.8,
this splitting is shown, where the first term is the fluorescence part, and the
second term is the Raman part.

—q  —i(wsg +ws —wr)
Wsg +ws —wr + i7$g (ng + ws — WL)2 + '73?9

e (3.8)

(wsg +ws — WL)z + ’Ygg

For fluorescence, the Kj;; contribution destructively interferes with the
sum of the K; and K;; terms. This can even lead to a vanishing fluorescence
signal in the case of zero pure dephasing 9. = 0 (and v,4 = 0, as explained
in section 3.3.4) [6].

By knowing how to divide the Feynman diagrams into a Raman and a
fluorescence component, we now have the tools to split the Sgpr function
into a Raman and fluorescence part (according to equation 3.3), and there-
fore also to find the separate intensities and cross-sections of the Raman and
fluorescence signals (using equations 3.1 and 3.2).

Inhomogeneous Broadening

Up to now, only homogeneous broadening mechanisms have been considered.
However, due to a spatially inhomogeneous nuclear spin field and local strain
in the GaAs sample, inhomogeneous broadening will also play a role. Spatial
(or static) inhomogeneity means that donors at different positions in the
ensemble have varying energy splittings due to the different environment
they see, but that the energy splittings of the donors remain constant over
time. We use Gaussian distributions for these varying energy splittings,
whose characteristic widths are determined from spectra of our experiments
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[1]. We can find the inhomogeneously broadened spectrum by integrating the
final expression for the cross-section over the transition frequency between
two energy levels according to this distribution [5, 6].

We consider inhomogeneous broadening in both the excited state level
le) and in the spin state level |s) (level |g) is fixed by convention). Effec-
tively, this means that there is an additional broadening in all the energy
separations weg, wes and wsg. The average splittings are denoted as wgg?,
wes? and wgg?.

The numerical methods used to incorporate inhomogeneous broadening
in the calculations are explained in Appendix B.5.
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3.3 Results & Discussion of SLE Spectra

In this section, we present the results of the SLE emission spectra and
rates for an inhomogeneous ensemble of lambda systems, for the Raman
and fluorescence components separately.® We find the emission spectrum
of wg photons by plotting the scattering cross-section versus the frequency
of the emitted Raman or fluorescence photons, because the intensity of the
SLE field is proportional to the scattering cross-section (see equation 3.1).

We first present the lineshapes of the Raman and fluorescence signals
in section 3.3.1, and compare their spectral widths. We then look into
the values of the scattering cross-sections for Raman and fluorescence in
section 3.3.2, comparing the two and using the cross-sections to determine
the ratio of SLE to pump beam photons. In section 3.3.3, we consider how
the SLE cross-section changes with detuning of the laser, also investigating
the change in ratio between the Raman and fluorescence components. In
section 3.3.4, we investigate the role of pure dephasing of the excited state
on the lineshapes and values of the cross-section.

3.3.1 Raman & Fluorescence Lineshapes

In figure 3.2, we show a plot of the Raman and fluorescence scattering cross-
sections as function of the frequency of the SLE field, for a fixed laser
frequency at resonant excitation (so with zero detuning compared to the
average splitting w¢g?). We make use of the parameters in Appendix A.2.

The Raman spectrum has a Gaussian lineshape and a full-width half-
maximum (FWHM) of 1 GHz, which corresponds exactly to the lineshape
and FWHM of the inhomogeneously broadened splitting wgy. The fluores-
cence spectrum is broader, being a Lorentzian with a FWHM of 2.53 GHz.
The width of the fluorescence signal is a mix of the excited state homo-
geneous broadening (FWHM 1.1 GHz) and the inhomogeneous broadening
of the ground state (FWHM 1 GHz). However, this cannot account for a
FWHM of 2.53 GHz, and we thus observe an additional broadening.

This additional broadening especially becomes apparent when applying
the laser with a large detuning. Figure 3.3 shows the Raman and fluorescence
emission spectra for a -20 GHz detuning. The Raman FWHM is still exactly
1 GHz. The fluorescence FWHM is, however, even larger now, being 2.83
GHz. Also, we see that while the Raman spectrum is still nicely symmetric,
the fluorescence spectrum shows strong asymmetry. Moreover, Raman light
is centered exactly around wy, — wgg?, whereas the maximum value for the
main fluorescence peak is 200 MHz detuned from that.

5The main results for a homogeneous lambda system are summarized in Appendix C.
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Figure 3.2: Raman and fluorescence differential scattering cross-sections as

function of wg — w9 at resonant excitation. The maximum value for the
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Figure 3.4: Schematic representation of the line broadening effects for spon-
taneous light emission. The grey bars represent the average level position of
le) and |s), whereas level |g) is fized (black bar). The homogeneous broaden-
ing is shown by the green Lorentzians for different energy splittings weq. The
probability distribution for these energy splittings is given by the inhomoge-
neous distribution, which is represented by the black Gaussian lineshapes.

The additional broadening can be explained by the fact that fluores-
cence emission is centered around wey — wsy (= wes) for an individual ho-
mogeneously broadened lambda system, whereas Raman is centered around
wr, — wsg. This is because for fluorescence, the pump beam photon is first
absorbed by the excited state, after which the excited state re-emits an wg
photon. For Raman, however, the pump beam photon is not absorbed, but
rather is scattered according to the resonance term wgy + ws — wr + iy
(see equation 3.7), which shows that wg has the width of the ground-state
broadening and not of the excited state [6].

We schematically explain the broadening effects using figure 3.4. As an
example, we take three homogeneous systems of the excited state within
the inhomogeneously broadened ensemble (i.e. we pick three values for the
splitting weg, which could represent three different donors in the ensemble).
Both Raman and fluorescence have a resonance term weg —wr, + #yeg, Mmean-
ing that all three systems will contribute to its cross-section, even though
systems 2 and 3 contribute less because the laser excitation is in the (far)
tail of their homogeneous Lorentzians. For fluorescence, all 3 systems ab-
sorb pump beam photons. Once absorbed, the subsequent emission of the
three systems will be centered around wey — wsg, which is different for all
systems. Fluorescence light thus gets emitted from all three energy levels,
causing the total fluorescence signal to be broadened. Despite the fact that
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all 3 systems contribute to its cross-section, the Raman photons will simply
be scattered, and only have the width of the inhomogeneous broadening of
the ground-state level |s).

Because of the distribution for inhomogeneous broadening, values for the
splitting wey are more likely to be closer to wgg9. This means that in the
ensemble, a donor with the w,, splitting of system 2 has a higher probability
of occurrence than systems 1 and 3. Therefore, despite the fact that the
laser is resonant with system 1, system 2 also has a significant contribution.
For fluorescence, this means that when applying the laser with a certain
detuning, the lineshape will be shifted towards the average energy splitting
wf;;’g . Raman light will still be centered around wy, — wsg.

Another remarkable result of figures 3.2 and 3.3 is that the Raman and
fluorescence spectra are quite similar in width, unlike general statements
about fluorescence light having a broad spectral width compared to Raman
light. The reasons for their similarity is that the inhomogeneous broadening
of level |s) is of the same order as the homogeneous broadening of level |e).

To distinguish between Raman and fluorescence light in experiments, we
could excite the system with a large detuning, and look for asymmetry in
the emitted light. Both asymmetry and a shift from w;, —ws4 are indications
for fluorescence rather than Raman light.

3.3.2 Emission Intensity of Raman and Fluorescence Light

The total cross-section for SLE is the integral over wg in the plot of figure
3.2, and at resonant excitation corresponds to a value of 3.58 - 1072 m? for
Raman and 3.65 - 10713 m? for fluorescence. This is a remarkable result,
because for situations often studied in literature, the fluorescence signal is
stronger than the Raman signal, since in these cases the excited state pure
dephasing rate is stronger than the population relaxation rate (see section
3.3.4 for the role of pure dephasing) [6]. In our system, however, this is not
the case, and the Raman signal dominates the fluorescence signal by a full
order of magnitude. The total SLE cross-section is 4.0 - 10712 m?.

Using these cross-sections, we calculate the ratio of SLE to pump beam
photons with equation 3.1, to find an average ratio per donor of 0.046 for
Raman and 0.0046 for fluorescence.” For the ensemble, we obtain a ratio
that is higher than 1. This is of course physically impossible, and is caused
by assuming an undepleted pump beam. When including depletion of the
pump beam, we get equation 3.9 instead, which was obtained by making the
power of the pump beam dependent on the pathlength through the sample:

Is(wr)
]o(wL)

"We used the donor density po = 3 -10'® m™2 and the sample thickness d = 10 pm,
and divided the result by the donor number N (as calculated in Appendix B.1.1).

=1 —exp(—pod o H(wr)) (3.9)
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Here o9%%(wy,) is the total cross-section for all SLE in the A-system, i.e.

including light that is emitted on the |e) - |g) transition (Rayleigh scattering
and fluorescence). We have to include light on this transition, because all
SLE events will deplete the pump beam. We assume for now that SLE on
the |e) - |¢) transition is equal to the light emitted on the |e) - |s) transition &,
so that o4 (wy) = 8.0 - 10712 m?,

When filling in this cross-section in equation 3.9, we obtain a ratio of
SLE to pump beam photons equal to 1 for the thickness of our sample. In
experiments, we observe instead that several tens of percent of the pump
beam light is absorbed or scattered, maximally about 50%. To get a ratio of
SLE to pump beam photons of 0.5 from the simulations, the sample would
need to be 3 nm thick, rather than the 10 pm thickness of the actual sample.
We thus find a significant difference between simulations and experiments.

This difference could be caused by the choice of the dipole moments ji4¢
and pge, which we have determined from other simulations to both be 2.56 -
1072% C m. Because the cross-section is proportional to the dipole moment
to the power four, changes in its value strongly affect the value of the cross-
section and thus the ratio of SLE to pump beam light. To account for the
difference in sample thickness, the dipole moments pg. and ji5. would need
to be approximately a factor 7.5 smaller.

Comparison of Cross-Sections with Other Systems

We can compare our results with resonant excitation of an ensemble of
rubidium (87Rb) atoms, which were used for similar quantum optics experi-
ments [14]. For rubidium, dipole moments of optical transitions are reported
between 1.7 - 1072? C m and 3.6 - 1072 C m, and total resonant scattering
cross-sections between 1.4-10713 m? and 2.9- 1073 m?2, which is calculated
using a model for resonance fluorescence [17]. We find that the dipole mo-
ments and scattering cross-sections in our system are roughly one order of
magnitude larger. This is remarkable, because despite the fact that rubid-
ium has dipole moments that are one order of magnitude smaller than for
our system, the cross-sections are also only one order of magnitude smaller,
and not 10* as expected because of the fourth power of the dipole moments
in the expression for the cross-section.

For molecules, the reported Raman scattering cross-sections are often
a lot lower, around 1072 m? [6]. The total absorption cross-section for
molecules (equal to the total cross-section o%%%(wy)) is of the order of 10=20
[6]. The difference with our GaAs system could be caused by the relatively

8Due to Fermi’s Golden Rule, we know that the fluorescence emitted on the |e) - |g)
transition is equal to fluorescence emitted on the |e) - |s) transition multiplied by the ratio
uge/uge. In our case, pge = pse. Still, this is a simplified approach, as we should calculate
the Rayleigh scattered component as well. For the present analysis, this assumption is
sufficient, as it serves to show the order of magnitude of the SLE intensity.
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low dipole moments for molecules. Typical molecular dipole moments are
1-10 D (Debye), whereas it is 77 D in our case (1 D = 3.33 - 1073° C m). Of
the 8 orders of magnitude difference between the absorption cross-section for
molecules and our system in total, one order of magnitude can roughly be
explained by the cosine terms in equation 3.2: for molecules, averaging over
molecular orientations gives a factor 1/3 for each cosine term, so a factor
1/9 in total. To explain the remaining 7 orders of magnitude, the dipole
moments would have to differ by a factor 60.

Differences in cross-sections with other systems can further be explained
by the frequency of wy, and especially wg photons, on which the cross-section
also has a fourth-power dependency in total (see equation 3.2).

3.3.3 Cross-Section versus Laser Detuning

We investigate the total scattering cross-section as function of laser detuning
in order to see if we can optimise the ratio of Raman to fluorescence photons
by detuning the laser, trying to limit fluorescence light without reducing the
Raman photon rate by too much. In figure 3.5, we plot the total scatter-
ing cross-section versus the laser detuning for the Raman and fluorescence
components. The spectra are very similar: both Raman and fluorescence
have a Gaussian distribution with a FWHM of 15.5 GHz. The width of the
SLE spectrum when scanning the laser frequency corresponds to the large
inhomogeneous broadening of the excited state. ?

We find that the ratio between Raman and fluorescence components is
almost constant within + 20 GHz detuning, within a few percent. This
is supported by Appendix C, in which we show that the ratio of Raman
to fluorescence for a homogeneous system is exactly constant for all detun-
ings. The few percent difference that is still observed most likely arises from
limitations in the accuracy of the numerical simulations for inhomogeneous
broadening (see Appendix B.5 for comments on this).

It therefore seems that the ratio of Raman to fluorescence photons cannot
be optimised by applying the laser with a detuning, because a large detuning
strongly limits the Raman photon rate, while not increasing the ratio of
Raman to fluorescence photons. This is a remarkable result, as we would
expect the ratio of Raman to fluorescence photons to increase when detuning
the laser, since fluorescence is a resonant effect that requires absorption
and subsequent emission by the excited state, which is not the case for
Raman scattering. A reason for this could be that the present model is
only valid at near-resonant excitation. This is because the rotating-wave
approximation is used to neglect off-resonance terms, and because the model
assumes a frequency-independent pure dephasing rate [6]. This is generally

9The inhomogeneous width of the ensemble is 15 GHz, so there is an additional broad-
ening due to the homogeneous broadening of the excited state. The FWHM is indeed seen
to increase when increasing 7.4 for both the Raman and fluorescence signals.
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Figure 3.5: The total scattering cross-section as function of laser detuning.

not the case, and is only a valid assumption within a few 7., of a single
homogeneously broadened system [6]. For large detunings, v, is expected to
vanish [6], which means that we would expect a higher ratio of Raman to
fluorescence photons.

To find more accurate predictions for the ratio of Raman to fluorescence
intensity, the Brownian oscillator model could be investigated, which is valid
for arbitrary detunings. This model is further explained in the recommen-
dations in chapter 5.

3.3.4 Influence of Pure Dephasing .

Pure dephasing can arise in the system from e.g. a finite linewidth of the
applied laser, atom-atom interactions, and effects of the solid-state environ-
ment [18]. So far, we have presented the results for an ensemble of lambda
systems that has a small pure dephasing of . = 0.05 GHz, because for
our system the homogeneous pure dephasing rates are assumed to be a lot
smaller than the population relaxation rates (as suggested by chapter 6 of
reference [2] and research on single InAs-GaAs quantum dots [19]). Since
the ratio of the pure dephasing rate . to the population relaxation rate
I'e of the excited state has a strong influence on the emission intensity of
the Raman and fluorescence components [6], we investigate the scattering
cross-section at resonant excitation for different values of .. This is shown
in figure 3.6 for the Raman and fluorescence signals.

We see that the Raman intensity shows a strong drop as the pure dephas-
ing rate increases, whereas the fluorescence signal is seen to rapidly increase
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Figure 3.6: The total scattering-cross section at resonant excitation as func-
tion of pure dephasing Y. for the Raman and fluorescence components.

at first, after which it stabilizes and slightly decreases again. At <, =~ 0.5
GHz (equal to half the population relaxation rate, I'./2), the Raman and
fluorescence cross-sections are equal.

We see that even though the pure dephasing rate has a strong influence
on the cross-sections of Raman and fluorescence, the total cross-section is
still in the same order of magnitude, and pure dephasing can therefore not
explain the high emission intensities that we find.

Special case 7. ~ 0 and 7, # 0

When 7, is set to zero, we would expect a vanishing fluorescence signal,
because in this case the Kj;; term (equation 3.7) cancels the contribution
K; + Kj; (equations 3.5 - 3.6), when the value of the parameter vy, is also
zero. However, because we have a non-zero 7y, value, a (relatively) small
fluorescence cross-section of 6.9 -10~ m? is found nonetheless. Its lineshape
at resonant excitation is shown in figure 3.7. We see that the fluorescence
signal for ¥, = 0 is narrowed due to the Kj; term (FWHM of 1.15 GHz),
because plotting the fluorescence signal without this term (FWHM 2.42
GHz) still gives a similar lineshape as in figure 3.2.

This remarkable lineshape and non-vanishing fluorescence signal is due to
the non-zero v, value, which gives the fluorescence signal a small Lorentzian
peak with a FWHM of 274, on top of the broader feature with a FWHM
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of 27.s, for a single homogeneously broadened A-system.!'® For Vsg = 0,
this peak becomes infinitely narrow and can be mathematically excluded,
as is done in reference [6], where 7,4 is assumed to be zero; this results in a
vanishing fluorescence signal for 7. = 0. This additional narrow peak is not
expected to be a real physical feature, but rather an artifact of the model.
In-depth analysis on this is presented in Appendix B.4.

Because 75y < 7es, the narrow peak of width v5, does not have a strong
contribution to the total cross-section. This is confirmed by making the
plots in figure 3.6 for 75, = 0, which is shown to give the same curves.
When the homogeneous dephasing rate s, would be larger as compared
t0 Yes, the limitations of the present model would show up more, and the
Brownian oscillator model could be studied instead, which allows for non-
zero s values (see chapter 5).

The lineshape at resonant excitation for 7. = 0.05 GHz is narrowed by
2% as compared to setting 4 to zero (and thereby eliminating the narrow
peak). For lower 4., this percentage is seen to increase. A practical way to
find fluorescence lineshapes (but not its rate) for low 7. is to exclude the
K;;; term; this removes the narrow peak that is assumed an artifact of the
model, but does not change the fluorescence lineshape with width ~.s (see
Appendix B.4). Also, because 75y < 7es, and because vs4 is a lot smaller
than the inhomogeneous dephasing of level |s), 7,4 could be approximated
to zero, which removes the artifact from the model and gives more accurate
values for the fluorescence cross-sections at low .

x 107" x10 x107™%
i m FL(NOKG) 174 5
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Figure 3.7: Resonant Raman and fluorescence (with and without K;; term)

differential scattering cross-sections as function of wg — w29, for v, = 0.

10For a demonstration of this, see figure C.1.
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Chapter 4

Conclusions

The goal of this thesis was to investigate the rate, spectral width, and nature
of the spontaneous light emission (SLE) spectrum on the |e) - |s) transition of
an ensemble of three-level lambda systems in Si-doped GaAs, when applying
a pump laser on the |g) - |e) transition. We have done so by approximating
the ratio of the SLE to pump beam photon rate with the master equation of
the density matrix. In a second model, we used a perturbative approach of
the density matrix to determine the SLE spectra of Raman and fluorescence
separately, including a proper description of both homogeneous and inho-
mogeneous broadening in the ensemble. The main results are summarized
in table 4.1.

For both models, we find a high ratio of SLE to pump beam photons
for the ensemble, leading to depletion of the continuous-wave pump beam,
and a ratio of higher than 1 if depletion of the pump beam is not included
in the model. Especially in the perturbative approach the rates were found
to be very high, with a total scattering cross-section of 4 pm? at resonant
excitation. This could possibly be due to overestimation of the electric
dipole moments of the transitions in our lambda system, which are very
high compared to e.g. ensembles of rubidium atoms and molecular systems.

Raman | Fluorescence | SLE master equation
Ratio per donor 0.046 0.0046 7.9-107°
Total cross-section [pm?] 3.6 0.37 -
FWHM spectrum [GHz] 1.0 2.5 -
Scanning FWHM 15.5 15.5 15
Parameters: A=0 I'. =1 GHz Yo = 0.05 GHz

Table 4.1: Main results for the perturbative approach (Raman and fluores-
cence) and the master equation model of the density matriz. With "ratio per
donor', we mean the average SLE to pump beam photon rate per donor.
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The ratio of Raman to fluorescence intensity was also investigated, which
is seen to strongly depend on the value of the pure dephasing rate .. For
zero or small pure dephasing, the Raman rate dominates and the fluores-
cence signal is relatively non-existent. For 7, ~ 0.5 GHz, the two rates are
equal, and for higher «,, fluorescence is dominant. In our system, the pure
dephasing rate is expected to be a lot smaller than the population relaxation
rate I'e (1 GHz), which would mean that Raman light dominates the signal.
This would be a favourable condition for our experiment, in which we prefer
the coherent Raman photons.

We found a constant ratio of Raman to fluorescence cross-sections as a
function of laser detuning from resonance. This could, however, be a conse-
quence of assuming a frequency-independent pure dephasing rate, which is
generally not valid. To find more accurate predictions for the ratio of Raman
to fluorescence photons, the Brownian oscillator model could be studied (see
chapter 5).

For the SLE lineshapes, we find that Raman light corresponds with the
lineshape and spectral width of the inhomogeneous broadening of the spin-
split ground state, and that the frequency of Raman photons shifts linearly
with the pump beam frequency. For fluorescence, the spectral width of ap-
proximately 2.5 GHz corresponds to the excited state homogeneous broaden-
ing mixed with the ground-state inhomogeneous broadening, with an addi-
tional broadening effect due to the excited-state inhomogeneous broadening.
Despite this additional broadening, a remarkable result is that fluorescence
light is not much broader than Raman light. In experiments, Raman and
fluorescence light can be distinguished by detuning the laser, which is ex-
pected to show asymmetry and broadening for fluorescence light. Detuning
the laser also allows us to increase the detected Raman to fluorescence ratio
when filtering SLE. This is because the fluorescence signal is more spread
out in this case, and when tuning a filter cavity such that a spectral mode
is centered around the main Raman peak with the characteristic Raman
spectral width, a large part of the fluorescence signal can be filtered out.

Comparing the two models that we used, we find that the master equa-
tion model fails to give SLE lineshapes, and does not distinguish between
Raman and fluorescence light. Because it considers SLE that results from
population having been in the excited state, it is most appropriate to con-
sider it as fluorescence. Another difference between the master equation
model and the perturbative approach is that the master equation model
has a saturation regime in which the SLE photon rate is seen to no longer
increase due to population that builds up in level |s); a saturation regime
cannot be included in the perturbative approach, because the change in level
populations is not included. This could cause an overestimation of the SLE
signal for high laser powers for this method.

This thesis has also raised some new questions, for which recommenda-
tions are given in chapter 5.
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Chapter 5

Recommendations

The calculation of the spontaneous light emission (SLE) spectrum for our
three-level lambda system has given us several insights into what we can
expect from experiments. The model provides a solid foundation to compare
experiments with and investigate its parameters, and can also be used for
other materials that we investigate, such as ensembles of SiC divacancies.

Because high rates were observed for spontaneous light emission in the
resonant excitation regime, it would be worth to also investigate Raman
scattering in the non-resonant regime. Chapter 14 of reference [6] provides
a description of off-resonance Raman scattering. It would be interesting to
see if the SLE rate is still high in this case, and differs by approximately
a factor 10 from the resonant SLE signal, as predicted by literature [10].
If the Raman rate is high enough in the off-resonant regime, it could be
worth to consider performing the experiments in this regime, to exclude the
influence of fluorescence light.

To further investigate the remarkable lineshapes that we observe for the
fluorescence signal for a non-zero 7,4, the Brownian oscillator model could
be studied, which is a more general model meant to describe emission line-
shapes for various kinds of broadening mechanisms [6]. Appendix 9A of
reference [6] provides a Brownian oscillator approach to model SLE, includ-
ing relaxation between the ground state levels (so a non-zero v, value).
Also, the Brownian oscillator model gives a better prediction for the ratio of
Raman to fluorescence photon emission, because it can be used for arbitrary
detunings [6]. The model can additionally be used to calculate intermediate
cases of homogeneous and inhomogeneous broadening, which allows us to
model other cases than spatial inhomogeneity.

Further work could be done on extending the model in chapter 3 to
pulsed-laser excitation. In principle, the perturbative approach allows for
both time-independent and time-dependent simulations of the SLE signal,
despite the increased complexity of time-dependent modelling. Reference [6]
gives expressions for the photon emission rate also in terms of the time-
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dependent nonlinear response function. This method can help us predict the
Raman rate and width when we apply a laser pulse, and help to understand
the difference between Raman and fluorescence in the time-domain.

For future work, it would be interesting to use the microscopic treat-
ment of the spontaneous scattering cross-section to calculate macroscopic
stimulating effects for certain geometries of our sample. This will be im-
portant when collecting the emitted Raman light. As mentioned in section
1.3.1, the stimulated Raman signal is dependent on the spontaneous Ra-
man scattering cross-section [8]. The investigation of stimulated effects is
especially interesting regarding current experiments on waveguides, which
can theoretically help us predict its collective enhancement effect for certain
geometries. Once the spontaneous and stimulated scattering cross-sections
have been determined, this also means that their ratio can be tested for in
experiments. This is because spontaneous light will be sent out in all direc-
tions randomly, whereas the stimulated light will have clear directionality.
This could further enhance theoretical understanding of the scattered light
emission.

Obviously, one could also consider other models to simulate spontaneous
light emission, such as a full quantum mechanical model, quantizing both
the SLE and laser field. This is for instance shown in reference [13].

The master equation model could also be extended, by including deple-
tion of the pump beam and extending the pulsed model to include coher-
ences. It would be interesting to compare the experimental results with both
models and see how they fit the experimental data.
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Appendix A

Constants and Parameters

A.1 Fundamental Constants

i =1.054-1073 reduced Planck constant [kg m? s71]
€0 = 8.854 - 10712 permittivity of free space [F m™!]
c=2.998 108 speed of light [m s~!]

ky = 1.38 - 10723 Boltzmann constant [m? kg s=2 K—1]

A.2 Parameters for the Lambda System

Below, the parameter values for our Si-doped GaAs lambda system are spec-
ified in angular frequencies. These are used in the thesis unless otherwise
indicated.

Population Relaxation Rates

Fsg = 03 kHZ - 1 MHZ ng — Fsg eiEZeeman/ka
Lge =0 T, = 0.5 GHz
Fse =0 .. = 0.5 GHz

For I'y4, the 1 MHz value is used in the thesis.

Homogeneous Pure Dephasing Rates
49 =0 ; 45 = unknown (set to 0) ; 4. = unknown (set to 0.05 GHz)

Inhomogeneous Pure Dephasing Rates (Master Equation Model)
@;‘ =0 4% = 0.5 GHz Ar =7 GHz

Standard Deviations of Gaussian Inhomogeneous Broadening

o3 = 1/vV8In2 GHz oty = 15/v8In2 GHz

Frequencies of the Optical Transitions
wggg = 367,300 - 27 GHz w9 = wggg — WZeeman
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Electric Dipole Moments of the Transitions
feg = 2.56 - 1072 C m tes = 2.56 - 10728 C m

Donor Density pg and Sample Thickness d
po=3-10" m™3 d=1-10"°m

In the relaxation rates above, Ezceman is the energy of the Zeeman splitting
between the |g) and [s) levels. wzeeman is the angular frequency of the
Zeeman splitting, which is approximately 37 - 2r GHz at the magnetic field
that we operate at (6.5 T). The temperature T is kept at 4.2 K (Helium
temperature) in our experimental set-up. weg? is the average frequency
splitting for the ensemble between levels |e) and |g).

In determining the pure dephasing rates, we have set the absolute zero
energy at the ground state level |g). Because a dephasing rate is always
between two levels, this means that 4,4 is simply equal to 4, and similarly
Veg 1s equal to 4.. To get Jes, we add 4, and e.

To find the homogenous dephasing rate between two energy levels, we
add the population relaxation rates and the pure dephasing rates in the
following way, for any levels x and y (where x # y) [5]:

1 1 .
Yoy = 5 Fx + 5 1—\y + Yy (Al)
I', is the total population relaxation out of state x, so e.g. I'. is equal

to I'eg + Des.

In the simulations used for the master equation model of the density
matrix, as in chapter 2, inhomogeneous broadening has been taken into ac-
count by setting the pure dephasing parameters such that they describe the
inhomogeneous broadening that we observe from spectroscopic data taken
in our experiments. This is strictly not possible of course, because the mas-
ter equation model describes a single lambda system, and inhomogeneous
dephasing only comes into play when there are multiple lambda systems.

In the approach used in chapter 3, this is done differently, because we
use the homogeneous dephasing rates for a single lambda system, and then
integrate over various possible energy level splittings that may occur in the
ensemble, in order to include inhomogeneous dephasing. We used a Gaussian
probability distribution to describe inhomogeneous broadening, for which
the standard deviations are listed above.

The homogeneous pure dephasing rates are unknown, but we do know
that the homogeneous dephasing rate is dominated by population relaxation,
hence we take the pure dephasing rates to be small or zero.
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Appendix B

Supplement to Simulations

This appendix serves to explain some of the methods used for the simulations
in this thesis. Sections B.1 and B.2 are additional information to chapter 2:
the calculations that were made are shown, and the choice of the timestep
in the time-dependent density matrix simulation is explained. Sections B.3
- B.5 are additional information to chapter 3: a dimensional analysis of the
SLE scattering cross-section is presented, the role of 7,4 on the emission
lineshapes is analysed, and the methods used to simulate inhomogeneous
broadening in the ensemble are explained.

B.1 Calculations

B.1.1 Number of Illuminated Donors

In calculating the number of donors that get illuminated by the laser (both
for a CW and pulsed laser), we use an estimate of the radius of the laser
spot and of the donor density. The required parameters and the result are
listed below:

r=25-10"0 radius of laser spot [m]
A=n-r?=25-10"Ur spot size [m?]

d=1-107° thickness of sample [m]
n=3-101 donor density [m™?]
N=nxdxA number of donors illuminated

N = 23562 =2 - 10%

In the simulations, the number that is not rounded-off will be used to avoid
propagation of error.
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B.1.2 Photon Rate of the Pump Beam for a CW-laser

To calculate the photon rate of the continuous-wave pump beam for a certain
Rabi-frequency §2,, we make use of the following formulae for the electric
field E and intensity I in the material:

hQ
E=-—=F (B.1)
Hge
I e0FE%nc (B.2)
—5 .
where,
h = 1.054-10"34 reduced Planck constant [kg m? s™!]
fige = 2.56 - 10728 dipole moment between |g) and |e) [C m]
€0 = 8.854 - 10712 permittivity of free space [F m™!]
c=2.998-108 speed of light [m s™!]
n=3.5 index of refraction of the material

In addition, we need to know the spot size of the laser beam illuminating
the sample, and the energy of a single photon in the laser beam. The radius
of the laser spot in our laboratory is estimated to be r = 5-107% m at the

he
sample position. The photon energy is calculated using Eppoton = R with

A equal to 818.7 nm, which is the wavelength used for addressing the |g) -
le) transition of the lambda system.

Combining the formulae above, we obtain the following expression for
the photon rate of the pump beam (I'pymp):

r B Trr? _eohﬂzn)\TZ (B3)
pump Ephoton B 4:“’56 '
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B.2 Timestep for Pulsed Laser Simulations

In determining a suitable timestep for a time-dependent simulation of the
density matrix, multiple factors play a role. A large timestep is preferable to
decrease simulation time, but can also decrease the accuracy of the results.
Therefore, we need to make sure that the timestep is at least several times
smaller than the timescale of the dynamics of the system, represented by the
dephasing and population relaxation parameters. Also, we want to be able
to turn the laser on and off in a short moment of time. Different timesteps
have been investigated in a plot of the population of pe. versus time, on the
maximum of the curve (where the differences between the different timesteps
show most clearly). The results are shown in figure B.1.

T T I T
: . © dt=10713
0.181f © dt=1012 |
. . dt=5*10"12
. o018k dt=10"11
° * dt=5*10711
s ° dt=1010
T 0.179F . . . 1
> L4 .
o
o
o 0.178f . . i
©
= .
O
- 0177 o |
0.1761 1
(] | ..

L I L L L L L L L
1.08 1085 109 1095 11 1105 111 1115 112 1125 1.13
Time[s] %1078

Figure B.1: Effect of timestep dt on the time-dependent simulation results
for pee. Timesteps ranging between 10713 and 10710 s have been investigated.

We see that for timesteps dt ranging between 10713 s and 107! s, the results
are quite close together, within 0.001 of the level population depicted. When
further increasing the timestep, results start to deviate more and the method
gets less accurate. The timestep therefore has to be 107! s or smaller to
obtain results with a high precision.

41



B.3 Dimensional Analysis of the Cross-Section

In this section, we evaluate the unit of the scattering cross-section in equa-
tion 3.2. We consider the response function Sgrr and the prefactor sepa-
rately, and then combine the two to find the unit of o1 g(wr,ws).

Response Function Sgrg

The Sgrg term is proportional to the dipole moment pu to the fourth power.
Because the SI-unit of a dipole moment is C m, the dipole moments account
for a C* m* term in the unit of Sgrr. Furthermore, the Sgr g term consists
of three fractions that each have the unit Hz~!. The SI-unit of Sgr 5 is thus
C* m? s3.

The unit of the nonlinear response function is not always the same across
textbooks, as it depends on which factors are taking along in the response
function, and which ones are included in the prefactor. The factors h are
for instance often also part of the response function itself, but in this case
it is part of the prefactor.

Prefactor

The prefactor in equation 3.2 consists of the following elements (the cosine
terms are dimensionless):

= 1] = 5]
. s = [ = 5]
e qo=[Fm!]=[C2J!tm}

e h=[kgm?s™!]=[Js7}Y
e c=[ms!]

Combining the units with the correct powers of the parameters, we find that
the unit of the prefactor is C™* m=2 s72.

Differential and Total Scattering Cross Section

Combining the response function Sgrr and the prefactor, we find that the
unit of the differential scattering cross-section ogrg(wr,ws) is m? s, or m?
Hz~!. When integrating this function over the different frequencies wg as
follows [;° osrr(wr,ws) dwg, we find that the unit of the total scattering

cross-section ogpp(wy) is m?.
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B.4 Influence of 7,, on Homogeneous Lineshapes

As mentioned in section 3.3.4, the value of 75, has an important role in
determining emission spectra of Raman and fluorescence light, and taking
a non-zero sy shows remarkable results. In this appendix, we further in-
vestigate the role of ., on the lineshapes of a homogeneously broadened
system.

In the approach of reference [6], 754 is approximated to be zero. This
might be due to the fact that in molecular systems, fluorescence light is
about 100 times broader than Raman light [6]; since fluorescence light has
the width v.; and Raman light the width 74, this could be a reason to
neglect 7,4 in the calculation for molecular systems, because it is a lot smaller
than 7.s. We also see from our simulations that neglecting ~,, in this case
has little effect on the magnitude of the total cross-section.

For 54 = 0, we see from equation 3.8 that the Raman signal becomes
the delta function —md(ws — wy, + wsg), centered at wg = wy, — wsg. The
overall fluorescence component, consisting of the contributions K;+ K;;, and
part of K;;, has the broadening v, (= Veg in this case) of the excited state.
When integrating the fluorescence part, the wg value that is exactly equal
to wp — wsg needs to be excluded, as this is an undefined point. 1

For vy # 0, the Kj; term (see equation 3.8) changes the emission
spectra. The Raman component is now no longer a delta function but a
Lorentzian with a linewidth of 7,4. Fluorescence shows a remarkable line-
shape due to the negative contribution of Kj;. It has a broad lineshape
corresponding with the width ~.s, with on top of that a smaller lineshape
with a width corresponding to 7,,. For a pure dephasing 9. rate equal to
zero, this means that the fluorescence signal no longer vanishes, but shows
a small peak with a FWHM of 2v,,. This smaller peak is centered around
wr, — wsg and has a width of 2v,,, and therefore appears to be more of a
Raman feature, resulting from the resonance term wgy + ws — wr + 7,4 in
equation 3.8.

This effect is demonstrated in figure B.2, which shows the lineshapes
at resonant excitation of the different K-contributions for fluorescence, for a
homogeneously broadened system with the parameters of our lambda system
and 4. = 0. In B.2a, we see that the K; and Kj;; contributions are equal,
adding up to a positive Lorentzian with a FWHM of 2v.;. The K;; term is a
negative Lorentzian that is equal in magnitude to the sum of K; and Kj; (for
zero pure dephasing of |e)). However, it also shows a narrow peak centered
at wg — wes = 0, with a FWHM equal to 2vs,. When setting 54 = 0, this
small peak disappears, and the Kj;;; term destructively interferes with the
K; + K;; term. The total signal is then simply a Lorentzian with lineshape

!This is done by taking the principal part of this contribution, see reference [6] for
more information about this mathematical construct.
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Yes, Which can be zero in the case of zero pure dephasing 4.

Based on this analysis, it seems logical to ignore the K; contribution of
fluorescence to find its lineshape. This is because fluorescence has the width
of the excited state, and not the width of the ground state dephasing vs4 [6].
Therefore, a practical way to find the fluorescence lineshape is to exclude
the Kj;; contribution: this will remove the small peak with width ~,, that
is assumed an artifact of the model, while keeping the broader feature with
width ves. This only works for determining lineshapes and is not valid for
the rate, because ignoring Kj;;; overestimates the fluorescence cross-section.

The above analysis is for a homogeneously broadened lambda system.
When taking inhomogeneous broadening into account, it seems reasonable
to assume that s, = 0, because it is a lot smaller than the inhomogeneous
width 044, and because it is a lot smaller than the homogeneous width ..
For 744 = 0, the SLE function can be expressed as in equation B.4 for a
homogeneously broadened lambda system [6]. The delta-function in square
brackets is the Raman component, while the other part is the fluorescence
component. To find the inhomogeneously broadened signal, this expression
can be integrated over different energy splittings weg, wsg, and wes, which
gives Raman light the width o4, instead of the delta-function (regardless of
Vs being 0 or not, as long as ysg < 0sg).

1
SSLE wWr,,ws =27 u2 ,u2 X
( ) ’ ge‘ ‘ se‘ (Weg _ WL)Q + fygg
o /9 (B.4)
Ve VYeg/ 2T
O(Wgg + ws — wr,) +
( > ) Te (wes - w5)2 + 735]
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Figure B.2: (a) Contributions to the fluorescence cross-section for the dif-
ferent K -terms for zero pure dephasing ve. (b) The sum of the K-terms for
fluorescence, leading to a Lorentzian lineshape with a FWHM of 2vg.
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B.5 Simulating Inhomogeneous Broadening

In chapter 3, we calculated the Raman and fluorescence signals for an ensem-
ble with both homogeneous and inhomogeneous broadening. In this section,
we show how these integrals are evaluated using the programming scripts in
Appendix F. We consider Raman and fluorescence separately.

B.5.1 Raman

For Raman scattering, consider figure B.3. The figure shows the general
situation for the scattering process, namely that we apply a pump laser with
Rabi frequency 2, on the |g) - |e) transition, with a certain detuning A from
the average energy splitting w¢g? of the levels |e) and |g). A Raman photon
is sent out from the same detuning A (because Raman photons do not take
on the width of the excited state |e)), to somewhere in the inhomogeneous

width of the |s) level.

—|g)

Figure B.3: Schematic representation of modeling inhomogeneous broaden-
ing. The homogeneous broadening of the levels |e) and |s) are depictured as
small Lorentzians (green lineshapes), whereas the inhomogeneous broadening
is shown by the larger Gaussian distributions (black thin lineshapes). The
average energy levels |g), |s) and |e) are denoted by the black bars and their
corresponding labels.

We first consider the situation that we have no inhomogeneous broad-
ening and that only the Lorentzian lineshapes of the |e) and |s) levels play
a role. We know that the wg photons take on the homogeneous broadening
of the spin-state splitting, which has a Lorentzian lineshape with a FWHM
of 27,9. We therefore have to consider frequencies of wg centered around
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WI, —Wsg, with a window of several times 54, which represents the half-width
half-maximum (HWHM) of the Lorentzian lineshape. If we pick a total win-
dow of 2474 (12,4 left of wyy and 1274, right of wyy), then we cover about
95% of the total integral of the Lorentzian, which is a sufficient accuracy for
these simulations, without slowing them down too much.

If we then add inhomogeneous broadening of level |s), we have to repeat
this process for different level positions of |s), within the Gaussian inhomoge-
neous feature. To make sure we obtain a good profile of the inhomogeneous
distribution, we need to make sure that the step-size for varying the level
energy is at least smaller than the standard deviation o4y of the Gaussian.
We take it to be 044/5, so that a proper profile is obtained. We take the
window over which we vary wgg to be 60,4, as this covers more than 99% of
the integral of the distribution. 2

Similarly, we can add inhomogeneous broadening of the excited state,
which is an additional for-loop in which we vary the splitting wey. Since
we have a fixed and precise laser frequency wy, we only have to consider
weg energies in the surroundings of the laser frequency wy. This can also
be seen from inspecting equation 3.7, in which the first fraction results in
a Lorentzian with linewidth 7.4 centered around wy,. We thus need to vary
Weg over a window of 24,4 around wy,, with a step size of 7¢4/5, to get the
correct profile of the Lorentzian with 95% accuracy.

Adding inhomogeneous broadening of |e) as just describes works when we
apply a pump beam at wy, equal to wgy?, because then we are at a symmetric
point of the inhomogeneous Gaussian distribution, and looking either way
includes we, splittings with equal probability. However, when we are in the
tail of the Gaussian, there is an asymmetry when looking at the probability
of energy splittings wey left and right of wy. Therefore, the window size
needs to be increased. With laser excitation within +20 GHz of wg?, we
see that a window of 48, is large enough; further increase does not increase
the scattering cross-section much more.? In general, because the required
window size depends on detuning, it is good to test if increasing/decreasing
the window size has a significant effect on the rate and lineshape.

The result of these integrations (a numerical summing in our program) is
the total scattering cross-section for one fixed laser frequency wy. To know
the variation of the cross-section as we vary the frequency of wr, we can
add an additional for-loop in which we vary the laser frequency wy, over the
inhomogeneous profile of the Gaussian of the excited state, with standard
deviation o.,. We then take a window of 6., and a step-size of 44/5.

2Programming-wise, the inhomogeneous broadening of wsg is added as a for-loop sur-
rounding the for-loop that integrates the different values of wg for fixed level positions of
19), |s) and [e).

For more sophisticated programming, the window size could be made smaller by in-
cluding a dependency of the window size on the detuning, to include for asymmetrical
effects.
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Spectrum of wg

The way we just described incorporating inhomogeneous broadening is how
it is usually done: one takes the expression for the parameter of interest
(the total scattering cross-section in this case) and integrates it over the
different energy splittings caused by inhomogeneous broadening [5]. The
disadvantage of this approach is that we cannot extract the final emission
profile of the wg photons for a fixed wy, because the integration over wg is
in the most inner for-loop of the integration, and we can thus only obtain
it for homogeneous broadening of a lambda system. Therefore, we instead
would like to rearrange the script such that, for a fixed wy, the integration
over wg is the outer most for-loop, which will allow us to plot the scattering
cross-section versus the frequency of the emitted SLE photon.

In order to do this, we need to know the different values of wg that have
a significant contribution. We know that wg will take on the broadening of
the ground-state splitting ws,. This equals the inhomogeneous width of the
|s) level. We thus need to take a window equal to at least 60,4, and a step-
size of 04,/5, to obtain a good profile of the lineshape of the wg photons.
We vary wg around wr, — wgg?.

In the next for-loop, we vary wey around wy, similarly to how described
before, so with a window of 48+, around wy, and a step size of v.4/5, to
get the correct profile of the Lorentzian and include for asymmetry of the
Gaussian inhomogeneous broadening.

For the most inner-for loop, we vary wgy. We vary this around wy, — wg,
corresponding to the resonance term in the second fraction of equation 3.7.
We can do this because we know that wg scatters from the excited state
level at the same energy position as where wy, is incident.

The approach just described allows us to find the emission spectrum of
wg. Rather than looking at the profile of wg photons emitted for different
energy level splittings in our ensemble, we look at different frequencies of
wg and look at the contributions to it from energy levels close to the wg
photon. Mathematically it does not make a difference, but it nicely allows
us to plot the emission spectrum of the Raman photons.

B.5.2 Fluorescence

The situation for fluorescence is somewhat more complicated, because it is
not a scattering process, but a sequential absorption and emission process.
This means that fluorescence photons will not be sent out from the same
energy position as where the wy photon is incident, but rather its emission
profile will be centered around the excited state level |e) that absorbs the
incident pump beam photon. It will therefore also take on the width of the
excited state, which is not the case for Raman photons.

First we again consider homogeneous broadening, meaning that the en-
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ergy level positions are fixed. We know that the wg photons will take on the
excited state width, and also that when they are emitted to the |s) level,
they additionally can take on the width of this level. Because both are
Lorentzian lineshapes, we have to vary wg with a window of 24+, + 244,
around weg — Wgg. As step-size, we need to take the width of the smallest of
the two Lorentzians in order to obtain an accurate profile, so the step-size
should be 744/5.

Adding inhomogeneous broadening of the |s) level is similar to Raman
scattering: we want to obtain a good profile of the Gaussian inhomogeneous
feature, and thus take a window of 605, centered around wgg?, with a step-
size of 044/5.

To add inhomogeneous broadening of the excited state level |e), we have
to consider all the excited state levels that can absorb the pump beam wp,
photon. Similar to Raman scattering, we look at w., splittings centered
around wy, with a window of 48v,, and a step-size of ¢q/5.

Spectrum of wg

Similarly to the Raman case, the approach just described works to find the
total scattering cross-section for a fixed wy, value, but it cannot get a proper
lineshape of the emitted wg photons. We thus again want to rearrange the
for-loops such that wg is the most outer one (for a fixed wr).

This means that we have to consider the different values of wg that have
a significant contribution. We know that when applying a pump beam with
frequency wy, splittings wey in the neighbourhood of w; will contribute.
Therefore, we vary wg around wy, —wgg?. We take a window of 72v¢, + 60,
because the fluorescence photons can be absorbed by energy levels |e) in a
window of 48,4 around wy, (which is, similarly to the Raman case, taken to
be 48,4 rather than 24-,., at large detunings, due to the asymmetry of the
Gaussian inhomogeneous broadening). The photons will then be emitted
again from this level, within a window of about 24+,,. That is why 727, is
taken in total, even though it is statistically very unlikely that an w;, photon
will be absorbed by level |e) in the far tail of its homogeneous Lorentzian,
and then re-emit in the (other side of) the far tail of the Lorentzian. * We also
add 6044 to the window, because the wg photons can be emitted anywhere
in the inhomogeneously broadened ground-state level |s).

In the next for-loop, we similarly vary wey around wy,, so with a window
size of 487.4, and a step size of v.4/5.

For the most inner-for loop, we vary ws, around wg?, with a window of
60 and a step size of v,4/5.

4From figure 3.3, we can see that for large detunings it can be beneficial to take a large
window size of wg, to find the complete broad spectrum. This also means that the window
size for wey has to be 727y.4,. When finding results at a certain detuning, it is always good
to test if increasing/decreasing the window sizes affects the results significantly.
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Appendix C

Homogeneous Raman and
Fluorescence Results

In this appendix, we report the main results for the Raman and fluorescence
cross-sections for a lambda system with homogeneous broadening only. We
use the homogeneous parameters of our lambda system as described in Ap-
pendix A.2 (but with . = 0). No plots are shown, as the spectra are
all simple Lorentzians that provide little additional information. Instead,
we report the full-width half-maximum (FWHM) of the Lorentzians. The
exception is the fluorescence signal with the Kj; term included, which is
plotted because of its interesting double-peak feature.

C.1 Raman

The main results for the homogeneous Raman signal can be summarized as
follows:

e The emission spectrum of Raman photons is Lorentzian in shape and
has a FWHM of 2v,,. This corresponds with the homogeneous de-
phasing rate of level |s).

e The emission spectrum of Raman photons is exactly centered around
W[, — Wsg, also when detuning wy, from the |g) - |e) transition. This
shows that the Raman photons scatter where the wy, photon is incident.
The Raman photons do not get re-emitted by the excited state and
therefore also do not take on the width of the excited state.

e When plotting the total scattering cross-section versus laser detuning
(so scanning the pump laser over the |g) - |e) transition), the width of
the spectrum takes on the width of the excited state |e) and the |s)
level, so a Lorentzian lineshape with a FWHM of approximately 2ves.

« The total Raman scattering cross-section is equal to 4.3 - 107 m? at
resonant excitation.
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C.2 Fluorescence

We investigate the fluorescence signal with and without the Kj;; term in-
cluded, following up on the discussion in Appendix B.4.

C.2.1 No K;; term

The main results for the homogeneous fluorescence signal without the Kj;;
term included can be summarized as follows:

¢ The emission spectrum of fluorescence photons is Lorentzian in shape
and has a FWHM of 2v,,. This corresponds with the dephasing of the
excited state |e), combined with the dephasing caused by the |s) level.

e The emission spectrum of fluorescence is exactly centered around weg,
also when detuning wy, from the |g) - |e) transition. This shows that
fluorescence is a sequential process, namely that it is first absorbed,
and then emitted again by the excited state level |e).

e When plotting the total scattering cross-section versus laser detuning
(so scanning the pump laser over the |g) - |e) transition), the width of
the spectrum is equal to the width of the excited state level |e) and the
|s) level, so a Lorentzian lineshape with a FWHM of approximately
2%es-

« The total fluorescence scattering cross-section is equal to 4.3 - 107!
m? at resonant excitation, which is the same as the Raman signal.

o The ratio of fluorescence to Raman cross-section is exactly 1 for all
laser detunings, when there is no pure dephasing 4. of the excited
state.

e When setting a pure dephasing 4. = 1 GHz, the ratio between fluores-
cence and Raman is still exactly constant for all laser detunings, but
is equal to 3 (so the fluorescence signal is stronger).

C.2.2 With K”l term

The main results for the homogeneous fluorescence signal with the K;; term
included can be summarized as follows:

e The emission spectrum of fluorescence photons is a broad Lorentzian
with a FWHM of 2~., with on top of that a Lorentzian peak with a
FWHM of 2vs,. For a pure dephasing 4. of the excited state equal to
0, only the small Lorentzian peak prevails. When increasing 4., the
broader feature becomes visible as well.

e The broad emission spectrum is centered around wes, also when de-
tuning wy, from the |g) - |e) transition, as expected for fluorescence.
The narrow Lorentzian peak on top of the broader feature is centered
around wy, — wsg, as is the case for Raman light.
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Figure C.1: Fluorescence differential cross-section for applying a laser with a
detuning of -1 GHz from resonance, with 4. = 0.5 GHz. A narrow peak with
FWHM 25 centered around wy, — wsy shows on top of a broader lineshape
with FWHM 2,5 centered around wes.

e The previous two points are visualised in figure C.1, where we take
Y. = 0.5 GHz, and apply a laser with a detuning of -1 GHz from
resonance. We see that the broad fluorescence lineshape with FWHM
of 27,5 is centered around wes, and the small Lorentzian with FWHM
of 27,4 is centered around wy, — wgy.

e When plotting the total scattering cross-section versus laser detuning
(so scanning the pump laser over the |g) - |e) transition), the width
of the spectrum is 0.71 GHz (for 4, = 0), which remarkably enough is
smaller than the width of the excited state |e).

« The total fluorescence scattering cross-section is equal to 1.2 - 10713
m? at resonant excitation (but is zero when setting Ysg = 0).

e The ratio of fluorescence to Raman cross-section is exactly 0.002 for all
laser detunings, when there is no pure dephasing 4. of the excited state.
This shows that the fluorescence signal almost vanishes as compared
to the Raman signal, and that only the small Lorentzian peak with
FWHM 27,, contributes to the cross-section.

e When setting a pure dephasing 4. = 1 GHz, the ratio between fluores-
cence and Raman is still exactly constant for all laser detunings, but
is equal to 2 (so the fluorescence signal is now stronger than the Ra-
man signal). The pure dephasing thus plays an important role, since
the fluorescence cross-section at resonant excitation is 0.95 - 1071 m?
instead of 1.2 - 10713 m? in this case.
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Appendix D

Population Rate Model

D.1 SLE Rate for a Three-Level System

In chapter 2, we approximated the SLE photon rate by pee I'es, and used
simulations to determine the population p... We can, however, also use
an analytical approach to find pee, by writing out the rate equations of
the elements of the density matrix. To simplify this calculation, we model
it by ignoring coherences, the off-diagonal elements of the density matrix,
and hence only look at the populations. Also, the model is for resonance
excitation. We will call this model the population rate model (PRM). We
write out the differential equations for the populations when applying a
pump laser with Rabi-frequency €2, on the |g) - |e) transition. The rate
equations for the populations are constructed by considering the inflow and
outflow of population for each level by excitation through the optical field or
by relaxation from another level. The resulting equations are listed below:

0

£90 — —Qy g+ pec — Tgs gy + Teg pec + Dagpos (D.1)
0

g;s = ng Pgg + Des Pee — 11sg Pss (D.Q)
8pee o' Q r

ot p Pgg — 2ép Pee — L es Pee — Feg Pee (D.3)

For a continuous-wave laser, we can equal the equations to zero, since we
are dealing with a stationary situation. We then solve the equations for pe.
and multiply the outcome with I'cs to find the following expression for the
SLE photon rate in the population rate model:

Q. I..T
CERM _ ) 1 _ b_cs_ 39 D.4
SEB = PeeLes = S Ty 1 To) + Ty 1Ty Y

where y = (1 + exp (%)) and we used that I'gs = I'sy exp <7*E]§:<%mn )
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We have to note that even though we used the term €2, it is not valid to
call this a Rabi frequency. The Rabi frequency is a frequency measure of the
electric dipole interaction between an atom and a laser field. The parameter
in the PRM model is instead a population rate variable that describes trans-
fer of population through laser excitation. Real Rabi frequencies come forth
out of coupling with coherences, and not with populations as in this model
where coherences are ignored. We nonetheless use the term €2, because it
plays a similar role to the actual Rabi frequency in the correct quantum
mechanical model that we used in the simulations of the density matrix.

D.1.1 Comparison of PRM with Full Simulations

We now compare the population rate model with the full simulations of the
density matrix by plotting the population pe. versus the Rabi frequency €,
of the pump laser for both methods. Such a plot is shown in figure D.1.
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Figure D.1: Population pee vs. §, of the three-level lambda system for the
population rate model (PRM) and the full density matriz (DM) simulation.

A striking result is that the methods are identical for high Rabi frequen-
cies, but start deviating significantly when 2, gets lower than ~ 1 GHz.
Apparently, the population rate model does accurately describe the popu-
lation pe. (and thus the SLE photon rate) for higher Rabi frequencies, but
ignoring the coherences no longer gives good results at lower Rabi frequen-
cies. To try to understand this, the difference between the two methods is
further investigated in the following section, where we use a two-level system
to compare the expression for p.. analytically for both methods.
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D.2 Analytical Comparison of Models for a Two-
Level System

In this section, we analytically compare the full quantum-mechanical model
(which we simulated for the three-level system) to the simplified population
rate equation model. As mentioned, the first model includes coherences,
the second one ignores coherences. For a two-level system, it is easier than
for a three-level system to find an analytical expression for the elements of
the density matrix in the quantum-mechanical model, and hence we do not
need simulations. Therefore, we can use the two-level system to compare
the analytical solutions for both models and try to use this to understand
what happens when ignoring coherences.

The population rate model for a two-level system is constructed, sim-
ilarly to the three-level system, by considering the inflow and outflow of
population from the different levels. For the two-level system, we consider
level |g) and levels |e) as its two levels, and hence we ignore level |s). For
the population decay rate out of level |e), we simply add the variables I'¢q
and I'es from our three-level system, to get a total population decay out
of level |e) that we name I'.. As the pure dephasing rate, we take 4 that
we used in the three-level system (for its numerical value, see Appendix A.2).

The equations for the populations of the two-level system in the population
rate model are as follows:

dp

8?9 = —Qp pgg + Qp pee + T'e pee (D.5)
apee
ot = Qp pgg — Qp pee — Le pee (D.6)

Equalizing the equations to zero (because of the stationary situation) and
solving for pe., we obtain the following equation:

Q
PRM P
o = D.

ee 2Q, + T, (D7)

The quantum mechanical model, on the other hand, gives the following
expression for the population difference w (defined as w = pee — pgq) [5]:

1+ A2T2
— o€ D.8
T I AT QP T I (D-8)
Here w = pgl — pgd (with eq meaning equilibrium), which is equal to —1 in

our case, since all population is assumed to be in the ground state in equi-
librium. 7} is the population relaxation time, which is equal to 1/T.. T is
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the homogenous dephasing time, with 1/T5 = 7,4, which is the homogenous
dephasing rate. The homogeneous dephasing rate is 7.y = %Fe + 4% in this
case. A is the laser detuning from resonance, which we take to be 0.

Upon filling in the parameters, we get the following equation for pe. (the
superscript QM refers to the quantum mechanical model):

1 1
QM _ (= D.

The resulting plot of pe. in equations D.7 and D.9 versus the Rabi-frequency
2, of the pump beam is shown in figure D.2.
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Figure D.2: Population pe. vs. £, of the two-level system for the population
rate model (PRM) and the quantum mechanical (QM) model.

This figure for the two-level system is very similar to figure D.1 for the
three-level system. This seems to suggest that the two-level system is a good
approximation to explore the differences between the models.

When comparing equations D.7 and D.9, we see that its overall structure
is somewhat similar. They for example both converge to a population of
15 for Q, — oo. We can further compare the models by looking at the
differences that arise between the equations in certain limiting cases. In the
case that €, is much larger than the other parameters in the system (I'c and
Yeg), the resulting equations for the population rate model and the quantum

1

mechanical model respectively are as follows (using that T4z =~ 1—u for small
X):
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pLtM = <1 < > (D.10)

2\ 20,
1( Lee )
QM _ g
Pee = 5 1 - (Dll)
2 2]

Another limiting case is that for small €,, where ), is much smaller than
T'. and v.s. In this case, the equations for both models are as follows:

Q
M= 2 (D.12)
Le
119
M=_ 2 D.13
pee 2 1—\6 /_yeg ( )

An important difference between the quantum mechanical model and
the population rate model is the homogenous dephasing rate 74, a param-
eter that is not present in the population rate model, because it ignores
coherences. It also does not drop out of the quantum mechanical model for
the limiting cases just mentioned. Since dephasing processes directly affect
all spectroscopic observables [6], it is thus not strange to find that a model
ignoring coherences gives deviating results. The homogenous dephasing rate
Yeg does become less significant for the first limiting case (equations D.10
- D.11), as the term containing ., goes to zero in this case. Since both
equations converge to the same value, this explains the relatively accurate
predictions of the population rate model for large €),’s.

If we ignore pure dephasing %47 so that only I'e now makes up the ho-
mogenous dephasing rate 7.4, we get closer to the physical situation of the
population rate model. However, we still see a remarkable difference be-
tween the two models. The PRM has a linear (inverse) relation with €,
(the ©,/T'c term), whereas the QM model has a quadratic (inverse) relation
with Q, (the (|Qp|/T¢)? term when the pure dephasing is zero).

We can see this effect if we carefully examine figure D.2 for both limiting
cases. For large (2, there is a point for increasing €2, that the QM line crosses
the PRM line and stays above the PRM line for larger 2, always closer to
the convergence value of 1/2 than the PRM line. Similarly for the three-level
system, the lines are seen to cross. This crossing effect is seen to be far more
visible/prominent when a similar plot is made for a pure dephasing rate of
0, but also occurs when it is not set to zero.

For small €2,,, we see that the population rate model has a higher value for
pee than the quantum mechanical model, because mathematically (|€2,[/T)?
< Q,/T¢ when the ratio Q,/I'c < 1. This is indeed reflected in figure
D.2, where the population rate model gives a higher p.. than the quantum
mechanical model for €2, below 7.5 GHz, where the two lines cross in the
figure. This is approximately the point that QZQ) equals the product I'c ey
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and thus when the square term of the quantum mechanical model makes p.
converge more quickly to the convergence value than the population rate
model.

D.3 Concluding Remarks on Use of Coherences

We can conclude that the population rate model is in general not valid to
predict the population pe. (and thus the SLE photon rate), except for pre-
dicting its convergence/saturation value for large Rabi-frequencies €2,,. The
two main differences between the PRM and the quantum mechanical model
are the absence of the homogenous dephasing rate in the PRM model, and
the linear vs. quadratic dependence on §2, in the PRM and quantum me-
chanical model respectively. For low €2, these differences prominently show
up and the PRM model is not accurate at all. For high €, the differences
between the models are masked, since the term containing the dephasing
rate and the (linear or quadratic) dependence on 2, gets small. There-
fore, the PRM model seems to work well in this regime. These differences,
however, still remain of course, but are just less noticeable.

In short, this means that the population rate model only works for the
case that the Rabi frequency 2, of the pump beam is much higher than
the dephasing and population relaxation rates of the system, thus when the
system is saturated by the strong pump beam, such that the pumping is
faster than the dynamics of the system. The PRM model then accurately
predicts the saturated value of the p.. population and thus the SLE photon
rate. In all other cases, it is inaccurate, and it is thus advised to always
include coherences in the density matrix when modelling the system.

The conclusion from this model is a remarkable one, because we would
generally expect that for low Rabi-frequencies of the pump beam, ignoring
coherences would be less problematic than when driving the system with a
higher Rabi-frequency. This is because coherence effects especially matter
when driving transitions with strong lasers. Perhaps a more in-depth analy-
sis of the population rate variable for the model would give better results on
this, as for now we just took it to be the Rabi-frequency of the pump beam.
But in the present form, this model is limited to determining the excited
state population in the case of satured pumping.
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Appendix E

Influence of Parameter Value
on Master Equation Model

In chapter 2, we considered the master equation model for the three-level
lambda system, and used it to find a value for the ratio of the SLE photon
rate to pump beam photon rate (thus the efficiency of SLE photon pro-
duction). In this appendix, we shall consider the master equation model
somewhat more, by examining how the plots of the ratio of SLE to pump
beam photon rate change for the ensemble as we vary the dephasing and pop-
ulation relaxation rates of the system, while keeping the other parameters
constant. This appendix mainly serves the purpose to show how sensitive
the lambda system is to changing parameters, and in what way.

There are several main characteristics of the plots that can change when
varying the parameters: 1) The constant value of the ratio of the SLE to
pump beam photon rate for low Rabi frequencies. 2) The "cut-off point',
where this constant ratio for low Rabi frequencies drops to give a steady
decrease of the ratio (this is the region where the SLE photon rate remains
constant, but the pump beam photon rate is still increasing due to the
increasing Rabi frequency €,). 3) The value of the constant SLE photon
rate for high Rabi-frequencies, which is not directly visible in the plots, but
a change in it can be deduced from how the lines are spaced to one another
in the high 2, regime.

!This appendix was made with a value of pize equal to 0.1 e nm rather than the actual
value of 1.6 e nm. Therefore, the ratio of SLE to pump beam photons is generally lower
by a factor 162 than the actual ratio, because the pump beam photon rate is a factor 16
lower. However, this is just a scaling factor, and the observed trends will still hold for the
regime of an undepleted pump beam.
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Figure E.1: Ratio of SLE photon rate to pump beam photon rate vs. €}, for
varying I'sy values.

E.1 Varying Population Relaxation Rates

In figures E.1 - E.3, we vary I'yy, I'¢y, and I'c5 respectively, while keeping
the other parameters constant. We see in figure E.1 that varying I's; (and
therefore also I'ys, since the two are related) influences the cut-off point
where the ratio starts to drop: for lower I'yy, the cut-off point is at a lower
Rabi frequency €2,. Also, decreasing 'y, lowers the saturated value of the
SLE photon rate for high Rabi frequencies of the pump laser. We can see
this by the fact that in this regime, the plots for decreasing Iy, have a lower
SLE to pump beam photon ratio for the same (2, value.

Physically, we can understand what happens in figure E.1. In general, the
population flow through the system is partly limited by how fast population
can decay from level |s) to level |g), because if the relaxation from |e) to
|s) is much faster than the relaxation from |s) to |g), population will build
up in level |s). Therefore, increased pumping (thus increasing the Rabi
frequency of the pump laser) will not result in more SLE photons on the
le) - |s) transition, because not enough population decays from level |s) to
level |g) to be repumped to level |e). Since the pumping of population is
saturated, no more population can decay to level |s), which is what gives
the SLE photon rate. This explains why the SLE photon rate in the high
(1, regime drops as we decrease I'y4. Furthermore, the shifting of the cut-off
point to the left in the figure means that the system is more easily satured
by the laser pumping. This also makes sense if we lower the ', term, which
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Figure E.2: Ratio of SLE photon rate to pump beam photon rate vs. €, for
varying I'ey values.

causes the saturation.

In figure E.2, changing I'c; shows to mainly affect the constant value
of the ratio for low Rabi frequencies. We can also observe a shift in the
cut-off point, but the lines do merge for higher Rabi-frequencies, which is
not the case for figure E.1. This shows that for varying I'c4, the saturated
SLE photon rate remains the same.

Again, plot E.2 also makes sense physically, because if we increase I'cg,
more of the population decay out of level |e) will go to level |g), and less to
level |s). This means that the SLE photon rate on the |e) - |s) transition is
lowered relatively to the amount of pump beam photons. When saturating
the system with enough pump beam photons, however, the SLE photon rate
will have the same value, and the limiting factor will again be the population
decay from level |s) to |g) as determined by I'y,.

Finally, we vary I'¢s in figure E.3. This is seen to give the most remark-
able result. All three characteristics of the plot that we mentioned that
can change, actually change for this plot, for similar reasons as mentioned
before. Most remarkably, increasing I'.s at first give an increase in the con-
stant value of the ratio at low €),,, but then this constant value drops when
further increasing I'.s. No clear explanation can be found for this effect.
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Figure E.3: Ratio of SLE photon rate to pump beam photon rate vs. €, for
varying Ies values.

E.2 Varying Pure Dephasing Rates

Varying the pure dephasing rates also influences the system and the effi-
ciency of SLE photon production. The pure dephasing rate VA;‘ is set to zero,
so this will not be varied, because it is a convention to put this level at zero
dephasing. Varying the pure dephasing rate 7¥ is seen to have no influence
on the plot (it was varied between 0.0005 and 5000 GHZ). When varying
v#, we do see an effect on the SLE efficiency. This is shown in figure E.4.

We see that increasing the dephasing rate fyA;f lowers the constant value
of the ratio of SLE to pump beam photons, and shifts the cut-off point to
the right, so to higher Rabi-frequencies. The saturated value (thus for high
(2,) of the SLE photon rate remains the same.
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Appendix F

Simulation Programs

This appendix provides an overview of the Matlab scripts and functions
that were used for this thesis. It is split up in two main parts: one for
the simulations of the master equation model of chapter 2 and one for the
simulations regarding the perturbative approach of chapter 3.

F.1 Master Equation Model

This section is split up in two parts: scripts for continuous-wave laser exci-
tation and the script used for pulsed laser excitation.

F.1.1 Continuous-Wave Laser Excitation

To model continuous-wave laser excitation with the master equation model,
we have the following scripts:

o Density matrix simulation (by Jakko de Jong, based on reference [1])

e Photon rate of the pump beam

o Parameters of the continuous-wave model

o SLE efficiency (SLE photon rate divided by pump beam photon rate)
versus laser frequency/detuning of the laser

o SLE efficiency versus Rabi frequency of the laser

The first script is used to get an output of the 3 x 3 density matrix for
continuous-wave laser excitation, and was constructed in earlier work of the
group. The second script calculates the number of photons in the pump
beam, when providing the Rabi frequency of the pump beam as the input.
The third script gives the system parameters for modelling continuous-wave
pumping. The first three script are needed to calculate the ratio of SLE pho-
tons to beam pump photons, which is what the fourth and fifth scripts do.
These two scripts differ in that they have a different independent variable.
The fourth script also includes simulations of the Population Rate Model
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(see Appendix D), which can be compared with the full density matrix sim-
ulations.

SIMULATION OF THE DENSITY MATRIX

function solmat = solDM(G,g,w_lambda,w_laser  Rabi)
% Program written by Jakko de Jong
% Output: the density matrix for continuous—wave laser excitation.

%% Description input parameters
% G is vector with the relaxation rates in the system in the order:
% [G_gs,G_sg,G_ge,G_eg,G_se,G_es]|

% g is vector with pure dephasing rates in the system in the order:
% g 8.8 5,8 e]

% w_lamdba is vector with the frequencies of the optical

% transitions in the lambdasystem: [w_ge,w_se].

% w__laser is a vector with the frequencies of the laser that drives
% the transitions. [w_driving_ ge,w_driving_se]

% Rabi gives the Rabi—oscillations of the driven transitions:
% |Rabi_ge,Rabi_se]

%% Calculate splittings
delta = w_laser—w_lambda; % delta = [delta ge,h delta se
Delta = delta(l)—delta(2);

%% Make matrix with set of equations
W= 1; % Total population, default is 1.
Wp=Rabi(1);

Wc=Rabi (2);

% Use terms below as RmCn = Row m Column n for short notation
% for defining CPTeqSET below

R4C4 = 1lix(delta(l)) — 1/2x(G(1)+G(4)+G(6))—g(3);
R5C5 = 1lix(delta(2)) — 1/2x(G(2)4+G(4)+G(6))—g(3);
R6C6 = 1ix(Delta) — 1/2%(G(1)+G(2)) —-g(2);
R7C7 = —lix(delta(l)) — 1/2x(G(1)4+G(4)+G(6))—g(3);
R8C8 = —lix(delta(2)) — 1/2x%(G(2)+G(4)+G(6))—g(3);
R9C9 = —1lix(Delta) — 1/2%(G(1)+G(2)) —g(2);

CPTeqgSet = [—G(1) G(2) G(4) 0.5%x1ixWp O 0«

—0.5%1ixWp O 0; ... Yogg

G(1) —G(2) G(6) 0 1i/2%Wc 0«

0 —1i/2%Wc 0; ... Yoss

1 1 1 0 0 0 «+

0 0 0; ... Yee

1i/2*Wp 0 —1i/2*Wp R4C4 0 lie

/2%Wc 0 0 0; ... Yeg

0 1i/2%We —1i/2xVWc 0 R5C5 0 «

0 0 1i/2%Wp; ... Yoes

0 0 0 1i/2%We 0 R6C64

0 —1i/2*Wp 0; Tosg

—1i/2%Wp 0 1i/2x%Wp 0 0 0 «

R7C7 0 —1i/2xWc; ... Y%eg *

0 —1i/2%Wc 1i/2xVc 0 0 —lie

/2%Wp 0 R8C8 0; Toes
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0 0 0 0 1i/2+Wp 0 «
—1i/2%Wc 0 R9C9 1s Tos g *

% gg ss ee e Y
constVec = [0 ; O ; W ; 0 ;0 ;0 ;0 ;0 ;0

%% Solve equations
% sol = (r_gg,r_ss,r_ee,s_eg,S_es,S_Sg,S_eg*,S_es*,S_Sgk) ,
% with r is rho and s is sigma.
sol = CPTeqSet —lxconstVec;
solmat = [sol(1l),so0l(9),s0l(7);
sol(6),s01(2),s01(8);
sol(4),s01(5),s01(3)];
end

PHOTON RATE PUMP BEAM

% Program written by Sebastien Volker

% This function calculates the amount of photons in the pump beam
% for a specific Rabi frequency and a specific spot size.

function [J]=Photonspumpbeam(Rabi_p)
h=6.626%x10"—34; % unit: kg#m 2/s
mu_ge=1.6%1.6%10"—19%x10"—9; % unit: Csm

E = hxRabi_p/(2xpi*mu_ge);
% This is one of the standard formulas coupling Rabi frequency and
% electric field

epsilon_0 = 8.854%107 —12; % unit: F/m
c = 2.998%1078; % unit: m/s
n = 3.5; % n is the refractive index (between 3 and 4 approximately)

I = E 2%nxepsilon_Ox*c/2; % unit: W/m 2
% This is the intensity of the laser beam, making use of the
% electric field

radius_spot = 5x107—6; % unit: m
size_spot = pix*radius_spot 2; % unit: m 2
% This determines the spot size of the laser beam on the sample

lambda = 818.7%107 —9; % unit: m, wavelength of the laser
E_photon = h*c/(lambda); % unit: J, the energy per photon

J = Ixsize_spot/E_photon;

% J gives the photon rate of the pump beam that illuminates
% the sample

end

PARAMETERS CONTINUOUS-WAVE MODEL

9% SYSTEM PARAMETERS MASTER EQUATION MODEL CONTINUOUS-WAVE
% Program written by Sebastien Volker

% The parameters below correspond with those in the solDM function
% filled in with typical values for our lambda system.
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%% POPULATION RELAXATION RATES
Gamma_eg = 0.5%x1079;
Gamma_es = 0.5%x1079;
Gamma_ge = O0;
Gamma_se = O0;
Gamma_sg = 1%x1076;

h = 6.626%10" —34; % unit: kg+«m 2/s, Planck constant

v_gs = 37x1079; % unit: Hz, frequency difference between

% states g and s at a magnetic field of 6.5 T

E_zeeman = h*v_gs; % unit: J, Zeeman energy splitting
k_b = 1.38%107—23; % unit: kgw«m 2/(s 2«K), Boltzmann constant
T = 4.2; % unit: K, the temperature of the system

Gamma_gs = Gamma_sgxexp(—E_zeeman/(k_bxT));

G = [Gamma_gs ,Gamma_sg ,Gamma_ge ,Gamma_eg ,Gamma_se ,Gamma_es ] ;

% G is the vector with population relaxation rates in the system,
% all in units of angular frequency.

%% PURE DEPHASING RATES

puredeph_g = 0;

puredeph_s = 0.5%x1079;

puredeph_e = 7x1079;

g = [puredeph_g ,puredeph_s ,puredeph_e];

% g is the vector with the pure dephasing rates in the system.

%% ENERGY SPLITTINGS AND LASER DRIVING

omega_ge = 367.3x10712x2xpi;

% The separation between states g and e in angular frequency
omega_se = (367.3%x10712—-37%1079)*2xpi;

% The separation between states s and e in angular frequency
detuning = 0%x1079%2%pi; % the laser detuning in Hz

w_lambda = [omega_ge,omega_se];

% w_lamdba is the vector with the frequencies of the optical
% transitions in the lambdasystem

w_laser = [omega_getdetuning,omega_setdetuning];
% w__laser is a vector with the frequencies of the laser that drives
% the transitions. [w_driving_ge,w_driving_se]

%% RABI FREQUENCIES LASER BEAM(S)

Rabi_ge = 0.01%1079;

Rabi_se = O0;

Rabi=[Rabi_ge ,Rabi_se];

% Rabi gives the Rabi—oscillations of the driven transitions. We
% only drive the g—e transition. The lasers can be switched on or
% off by setting a value for Rabi_ge or Rabi_se. The first field in
% the vector Rabi is the laser on the g—e transition , the second is
% the laser that drives the s—e transition. This vector is only used
% in the script that has the frequency of the pump beam as its

% independent variable (and thus has a fixed Rabi—frequency)

%% NUMBER, OF ILLUMINATED DONORS

radius_spot = 5%x107—6; % unit: m

size_spot = pixradius_spot”2; % unit: m 2

thickness_sample = 10%10°—6; % unit: m

density_donor = 3%10713%1076; % unit: m —3

donors = density_donorx*thickness_samplexsize_spot; % dimensionless
% This gives the number of donors that get illuminated by the laser.

SLE EFFICIENCY VERSUS DETUNING OF THE LASER

‘% Program written by Sebastien Volker
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% This script is meant to make a plot of the ratio of SLE to pump
% beam photon rate, with the independent variable being the

% frequency of the pump beam, for continuous—wave laser excitation.
% It does so for simulations of the density matrix using the

% function solDM. The script can also be used to plot the level

% populations versus the frequency of the continous—wave pump beam.

run( 'ParametersCW ')

%% SOLVING DENSITY MATRIX FOR VARYING FREQUENCIES OF PUMP BEAM
omega_L=[(omega_ge —1%x10711):(1077) : (omega_ge+1%10"11) ];
% We scan over different frequencies close to resonance.
rho_gg = zeros(1,length(omega_L));
rho_ss = zeros(l,length (omega_L));
rho_ee = zeros(1l,length(omega_L));
SLEratio = zeros(1l,length(omega_L));
% We define empty vectors, which will later on contain e.g. the
% level populations for the different frequencies we test for.
j=0;
for i=omega_L
=i+
rho=solDM(G,g,w_lambda ,[i,(omega_se)],Rabi);
rho_gg (1,3 )=abs (rho (1,1))
rho_ss(1,j)=abs(rho(2,2));
rho_ee(1,j)=abs(rho(3,3));
SLEratio(1l,j)=abs(rho(3,3))*(G(6)/Photonspumpbeam (Rabi(1))) ;%x<
donors;
end
% In the for—loop, we solve the densitry matrix for all investigated
% frequencies. The level populations follow directly from picking
% theright elements of the density matrix. To get the SLE photon
% rate, we multiply the excited state population rho_ee by the G(6)
% element (Gamma es) and then divide by the amount of photons in the
% pump beam (g—e transition) in order to obtain the ratio of SLE
% photons/pump beam photon rate.
% The result can optionally be multiplied by the number of donors,
% to find the result for the ensemble instead of for a single donor.

%% PLOTTING

figure

set (gca, 'fontsize',18)

plot ((omega_L—omega_ge)/1079,SLEratio, 'Color',[0.04, 0.14, 0.42], '+
Linewidth',6);

% We substract omega_ge from the omega_L value, to get the detuning

% of the pump beam instead of its frequency on the x—axis.

title ('Ratio SLE Photon Rate/Pump Beam Photon Rate vs. Frequency of <«
Pump Beam', 'Fontsize',16);

xlabel ('Laser Detuning \Delta [GHz]|','Fontsize',20),ylabel('Ratio «
SLE/Pump Beam Photon Rate','Fontsize',20);

% 1If wanted, below a plot can be made of the level populations
% versus the frequency of the pump beam.

% figure

% plot ((omega L—omega ge) ,rho_gg,'. k', (omega L—omega ge) ,...
% rho_ss,'.b',(omega_L—omega_ge) ,rho_ee,'.r");

% title ('Level Populations vs. Frequency of Pump Beam') ;

% xlabel ('Detuning Pump Beam [Hz|','Fontsize',18);

% ylabel ('Level Population','Fontsize',18);
% legend ('Level g','Level s','Level e');
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SLE EFFICIENCY VERSUS RABI FREQUENCY OF THE LASER

% Program written by Sebastien Volker

% This script is meant to make a plot of the ratio of the SLE photon

% rate to the pump beam photon rate, versus the Rabi frequency of <«
the

% pump beam, for continuous—wave laser excitation .

% It does so for simulations of the density matrix using the

% function solDM. Additionally , it compares these simulations with

% the Population Rate Model.

% This program also makes a plot of the (equilibrium) level
% populations of a single donor, versus the Rabi frequency of the
% pump beam, for continuous wave excitation.

run( 'ParametersCW ')

%% SOLVING DENSITY MATRIX FOR VARYING RABI FREQUENCIES OF PUMP BEAM
x = [5:0.002:11];
Rabi_P = 10.7x;
% This provides the different Rabi frequencies of the pump beam,
% varying from 1075 Hz to 10711 Hz.
rho_gg = zeros(l,length(Rabi_P));
rho_ss = zeros(l,length(Rabi_P));
rho_ee = zeros(1l,length (Rabi_P));
SLEratio = zeros(1l,length(Rabi_P));
PRMratio = zeros(1,length(Rabi_P));
% We define empty vectors, which will later on contain e.g. the
% level populations for the different rabi frequencies we test for.
j=0;
for i = Rabi_P
i=3+L
rho = solDM(G,g,w_lambda,w_laser ,[i,0]);
% rho is the densitry matrix, obtained using the function solDM
rho_gg(1l,j) = abs(rho(1,1));
rho_ss(1,j) = abs(rho(2,2));
rho_ee(1,j) = abs(rho(3,3));
SLEratio(1l,j) = abs(rho(3,3))*G(6)/Photonspumpbean(i);%+«donors;
PRMratio(1l,j) = (i*G(6)*G(2))/((1+exp(—E_zeeman/(k_b*T)))*G(2)*(<+
i+G(4)+G(6))+(i%(G(2)+G(6))))/Photonspumpbeam (i) ;%+donors;

end

% In the for—loop, we solve the densitry matrix for all investigated
% Rabi frequencies. The level populations follow directly from

% picking the right elements of the density matrix. The vector

% SLEratio is equal to rho_ee times the population relaxation from

% e to s, as is the principle behind the Master Equation Model.

% This result is then divided by Photonspumpbeam, a function that

% determines the amount of photons in the pump beam (g—e transition)
% for an input Rabi frequency, in order to obtain the correct ratio
% of SLE photons/pump beam photons. The vector PRMratio is the

% Population Rate Model expression for this ratio, and can be

% compared with the simulation that uses solDM.

% The results can optionally be multiplied by the number of donors,
% to find the result for the ensemble instead of for a single donor.

%% PLOTTING

figure

loglog (Rabi_P ,SLEratio, 'Color',[0.04, 0.14, 0.42], 'Linewidth',6);

title ('Ratio SLE Photon Rate/Pump Beam Photon Rate vs. Rabi <«
Frequency of Pump Beam','Fontsize',16);
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xlabel ('Rabi Frequency Pump Beam [Hz]','Fontsize',20),ylabel('Ratio <«
SLE/ Pump Beam Photon Rate','Fontsize',20);

figure

loglog (Rabi_P ,PRMratio, 'r.',Rabi_P,SLEratio, 'k.");

title ('Ratio SLE Photon Rate/Pump Beam Photon Rate vs. Rabi «
Frequency of Pump Beam', 'Fontsize',16);

xlabel ('Rabi Frequency Pump Beam [Hz]','Fontsize',18),ylabel('Ratio <«
SLE/ Pump Beam Photon Rate','Fontsize',18);

legend ('PRM (no coherences)','Full DM (with coherences)');

figure

loglog (Rabi_P,rho_gg, 'k. ' ,Rabi_P,rho_ss,'b.' Rabi_P,rho_ee,'r.")

title ('Level Populations vs. Rabi Frequency of Pump Beam','Fontsize '«
16);
? )

xlabel ('Rabi Frequency Pump Beam [Hz]','Fontsize',18),ylabel('Level <

Population', 'Fontsize ' ,18);
legend ('Level g','Level s','Level e');

% Different plots can be made, depending on what we want. The ratio
% of SLE photon rate to Pump beam photon rate, versus the Rabi

% frequencies of the pump beam can be plotted (also for the PRM

% model). In addition, we can plot the level populations vs. Rabi
% frequency of the pump beam.
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F.1.2 Pulsed Laser Excitation

One script is used to determine the ratio of SLE to pump beam photons
rate for pulsed laser excitation. It makes use of the Population Rate Model
(see Appendix D) and therefore ignores coherences in the density matrix.
The script is shown below.

function SLEphotons = PulsedSLE(T,t_on,T_on,PulsePower)
% Program written by Sebastien Volker

% Input arguments: total simulation time (T), moment in time that
% the pulse is turned on (t_on), duration of the pulse (T_on),
% and the Rabi—frequency of the pulse (PulsePower).

% Output argument: expected amount of SLEphotons emitted during the
% simulation time for a single donor.

% This script is meant to describe spontaneous light emission (SLE)
% for the master equation model of the density matrix, when

% exciting the system with a pulsed—laser. The script calculates

% the level populations over time. In addition, the script gives a
% profile of the SLE photons emitted over time, also measuring the
% total amounts of SLE photons emitted, which is the output of the
% function (SLEphotons). Furthermore, the output is a plot of the
% level populations versus time, and the cumulative number of SLE
% photons versus time. The system uses the Population Rate Model

% and therefore only looks at populations, ignoring coherences.

% In the program, a pulse P is applied at a certain moment in time
% on the g—e transition. The program also allows for a pulse C on

% the s—e transition , though for the Raman experiments we do, this
% pulse is always off. It can be used for other pulsed experiments.

%% SPECIFYING SYSTEM PARAMETERS:
Gamma_eg = 0.5%1079; % unit: Hz
Gamma_es = 0.5%x1079; % unit: Hz
Gamma_ge = 0; % unit: Hz
Gamma_se = 0; % unit: Hz
Gamma_sg = 1%1076; % unit: Hz
h = 6.626%10" —34; % unit: kg+«m 2/s, Planck constant
v_gs = 37%x1079; % unit: Hz, frequency difference between
% states g and s at magnetic field of 6.5 T
E_zeeman = hxv_gs; % unit: J, Zeeman energy splitting
k_b = 1.38%x107—23; % unit: kgxm 2/(s 2«K), Boltzmann constant
Temp = 4.2; % unit: K, the temperature of the system
Gamma_gs = Gamma_sgxexp(—E_zeeman/(k_bxTemp));
G = [Gamma_gs ,Gamma_sg ,Gamma_ge ,Gamma_eg ,Gamma_se ,Gamma_es];
% G is the vector with population relaxation rates in the system.

%% PROVIDING BOUNDARY CONDITIONS:

gg = 0.6; % initial level population of g

ss = 0.4; % initial level population of g

ee = 0; % initial level population of g

% These three paramaters provide the boundary conditions, giving
% the level populations at time t=0.

%% PROVIDING SIMULATIONS PARAMETERS AND VECTORS:

dt = 107—12; % unit: s, the timestep for simulations
T_sim = [0:dt:T]; % unit: s, T sim gives the vector with the moments
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% in time during the whole simulation
% The total simulation time (T), the moment in time that the pulse
% is turned on (t_on) and the duration of the pulse (T on) are
% provided as input arguments for the function.
= zeros (1,length(T_sim));
zeros (1,length (T_sim));
= zeros (1,length(T_sim));
SLE = zeros (1,length(T_sim));
g(1,1) = gg;
s(1,1) = ss;
e(l,1) = ee;
SLE(1,1) = e(1,1)*(dt/2)%G(6);
% We define four vectors, which will later on contain the level
% populations for the different times investigated and the total
% number of SLE photons at a certain moment in time. We also put
% the initial system conditions in the first element of the vectors.

© w0y
Il

%% SIMULATION PART 1 (PULSE OFF)

t = [dt:dt:t_on];

Omega_P = 0; %Hz

Omega_C = 0; %Hz

% Frequencies of the pump beam P (on the g—e transition) and the
% control beam C (on the s—e transition). Both are turned off in
% the initial time period.

=L
for i=t
=i+
g(l,j) = gg +(—0Omega_Pxgg + Omega_Pxee — G(1)*gg + G(4)*ee + G«
(2)*ss)*dt;
s(1,j) = ss +(—0Omega_Cx*ss + Omega_Cxee + G(1)*xgg + G(6)*ee — G+
(2)*ss)*dt;
e(l,j) = ee +(Omega_Pxgg — Omega_Pxee + Omega_Cxss — G(6)*xee — G«
(4)xee)xdt;
gg = g(1,3);
ce = o(1.3);
SLE(1,j) = SLE(1,(j—1)) + eexdt«G(6);

end

%% SIMULATION PART 2 (PULSE ON)

t = [t_ontdt:dt:t_on+T_on];

% This time period t is used to simulate the level populations
% in time throughout the duration of the pulse.

Omega_P = PulsePower;

% unit :Hz, Power is the Rabi—frequency of the laser pulse,

% provided as input argument of the function.

Omega_C = 0; % Hz

% Frequencies of the pump beam P (on the g—e transition) and the
% control beam C (on the s—e transition). Omega P is the Rabi

% frequency of the pulse, which is non—zero in this time period.

for i=t

=i+

g(l,j) = gg +(—0Omega_Pxgg + Omega_Pxee — G(1l)*gg + G(4)*ee + G«
(2)xss)=xdt;

s(1,j) = ss +(—0Omega_Cxss + Omega_Cxee + G(1l)xgg + G(6)*ee — G«
(2)*ss)=xdt;

e(l,j) = ee +(Omega_Pxgg — Omega_Pxee + Omega_Cx*xss — G(6)*ee — G«
(4) xee)xdt;

gg = g(1,3);
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ss = s(1,3);

ee = e(1,j);

SLE(1,j) = SLE(1,(j—1)) 4 eexdt*G(6);
end

%% SIMULATION PART 3 (PULSE OFF)

t = [(t_ont+T_on+dt):dt:T];

% This time period is from the moment the pulse is turned off

% till the end of the simulation.

Omega_P = 0;

Omega_C = O0;

% Frequencies of the pump beam P (on the g—e transition) and the
% control beam C (on the s—e transition). Both are zero now, as
% no pulse is applied anymore.

for i=t

=i+

g(l,j) = gg +(—Omega_Px*xgg + Omega_Pxee — G(1)*gg + G(4)xee + G+
(2)*ss)xdt;

s(1,j) = ss +(—0Omega_Cxss + Omega_Cxee + G(1l)*xgg + G(6)*ee — G+
(2)*ss)=*dt;

e(l,j) = ee +(Omega_P*gg — Omega_Pxee + Omega_Cx*xss — G(6)*ee — G
(4)*ee)xdt;

gg = g(1,3);
ss = s(1,3);
ee = e(1,j);

SLE(1,j) = SLE(1,(j—1)) + eexdt*G(6);

end
SLE(1,length(T_sim)) = SLE(1l,length(T_sim))—eex(dt/2)*G(6);
% this specifies the last element of the vector

9% CALCULATING TOTAL NUMBER OF OUTGOING SLE PHOTONS

Integral = sum(ex*dt);

SLEphotons = Integral*G(6);

% SLEphotons is the total number of SLE photons emitted in the
% total simulation time T_sim.

display (SLEphotons);

%% PLOTTING

figure

subplot (2,1,1);

plot (T_sim,g, 'k.',T_sim,s,'b. ' T_sim,e, 'r.");

title ('Level populations (g,s,e) vs. time','Fontsize',11);
xlabel ('Time[s]| ') ,ylabel ('Level Population');
legend ('Level g','Level s','Level e');

% This plots the populations of g, s and e over time

subplot (2,1,2);

plot (T_sim,SLE, 'k."');

title ('SLE photons emitted vs. time','Fontsize',11);

xlabel ('Time [s]'),ylabel('Cumulative SLE [# photons]"');

% This plots the cumulative number of SLE photons emitted vs. time
end
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F.2 Perturbative Approach

The simulations in chapter 3 were made using the following scripts to cal-
culate the Raman and fluorescence cross-sections.

e Parameters Perturbative Model
¢ Raman Cross-Section
e Fluorescence Cross-Section

PARAMETERS PERTURBATIVE MODEL

%% CONSTANTS AND PARAMETERS PERTURBATIVE APPROACH
% Program written by Sebastien Volker

% This script lists the fundamental constants and system parameters
% that are used to calculate the Raman and fluorescence signals
% in the perturbative approach.

%% FUNDAMENTAL CONSTANTS

h_bar = 1.054%10" —34; % unit: kg m 2 s —1

c = 2.998%1078; % unit: m s~ —1, speed of light

epsilon_0 = 8.854x107(—12); % unit: F m —1,vacuum permittivity
k_b=1.38%10"—-23; % unit: J K —1 Boltzmann constant

9% SYSTEM PARAMETERS

omega_eg_avg = 367300%x1079%2xpi ; % unit: Hz, the average splitting <
between states g and e in angular frequency

omega_sg_avg = 37107 9%2xpi; % unit: Hz, the average splitting <
between states g and s in angular frequency

omega_es_avg = omega_eg_avg—omega_sg_avg; % unit: Hz, average <>
splitting between states s and e in angular frequency

Gamma_eg = 0.5%1079; % unit: s~ —1, this is the population relaxation<
rate from state e to g

Gamma_es = 0.5%x1079; % unit: s —1, this is the population relaxation<+
rate from state e to s

Gamma_sg = 1x1076; % unit: s~ —1, this is the population relaxation«
rate from state s to g
E_Zeeman = h_barxomega_sg_avg; % unit: J, the Zeeman energy <+

splitting between states s and g
T = 4.2; % K, the temperature at which the system is kept at

Gamma_gs = Gamma_sg*exp(—E_Zeeman/(k_b*T)); % unit: s —1, this is <>
the population relaxation rate from state g to s

Gamma_e = Gamma_eg + Gamma_es; % unit: s —1, this is the population <+
relaxation rate of state e

Gamma_s = Gamma_sg; % unit: s —1, this is the population relaxation <+
rate of state s

Gamma_g = Gamma_gs; % unit: s —1, this is the population relaxation <+

rate of state g

puredeph_e = 0.05%1079; % unit: s —1, this is the pure dephasing <+
rate out of state e (homogeneous version taken for this, applied<+
to single lambda system)

puredeph_s = 0; % unit: s —1, this is the pure dephasing rate out of«
state s (homogeneous version taken for this, applied to single <«
lambda system)

gamma_eg = (1/2)+Gamma_e + (1/2)+Gamma_g + puredeph_e; % <
homogeneous dephasing rate between e and g
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gamma_es = (1/2)+Gamma_e + (1/2)+Gamma_s + puredeph_e + puredeph_s; <«
% homogeneous dephasing rate between e and s

gamma_sg = (1/2)+Gamma_s + (1/2)+Gamma_g + puredeph_s; % homogeneous<>
dephasing rate between s and g

mu_ge = 2.56%x107—28; % unit: C m, this is the dipole moment between<>
state g and e

mu_se = 2.56%x107—28; % unit: C m, this is the dipole moment between<
state s and e

d = 10%107—6; % unit: m, this is the pathlength through the sample, <+
so its thickness

rho_0 = 3%x10713%1076; % unit: m —3, this is the number density of <+
donors

RAMAN CROSS-SECTION

%% RAMAN CROSS-SECTION SEMI-CLASSICAL APPROACH
% Program written by Sebastien Volker

% This script outputs a plot of the Raman scattering cross—section
% versus the frequency of the Raman photons. When setting a non—zero
% window_L for scanning of the laser, it also gives a plot of the

% total scattering cross—section versus the laser detuning

run( 'ParametersSC ")
%% PARAMETERS FOR CALCULATING INHOMOGENEOUS BROADENING

% Varying omega_ L

dw_L = 1%1079; % unit: Hz, the step—size taken for an element <+
d_omega_ L

window_L = 0%1079; % unit: Hz, the total width of the window in <>
which we examine frequencies of omega L.

% Varying omega_eg (inhomogeneous broadening)

sigma_eg = (15%1079)/sqrt(8*log(2)); % the standard deviation of the<«
Gaussian inhomogeneous broadening of level e

dw_eg = gamma_eg/5; % the step—size taken for an element of <
d_omega_eg

window_eg = 48+gamma_eg; % unit: Hz, the total width of the window <
in which we examine frequencies of omega eg

% Varying omega_sg (inhomogeneous broadening)

sigma_sg = (1%x1079)/sqrt(8*log(2)); % the standard deviation of the <
Gaussian inhomogeneous broadening of level s

dw_sg = gamma_sg/5; % the step—size taken for an element of <«
d_omega_ sg

window_sg = 48xgamma_sg; % unit: Hz, the total width of the window <+
in which we examine frequencies of omega_sg

% Varying omega_ S

dw_S = gamma_eg/5; % unit: Hz, the step—size taken for an element <
of d_omega_S

window_S = 8xsigma_sg; % unit: Hz, the total width of the window in <>
which we examine frequencies of omega_ S

% Vectors used for storing results

w_L_Raman = zeros(1l,(floor (window_L/dw_L) + 1)); % this is the <«
vector that will contain the numerical values of the ratio of <
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omega_S intensity to incoming laser intensity for several values<«
of omega_L

w_S_Raman = zeros(1,(floor (window_S/dw_S) + 2)); % this is the <«
vector that will contain the numerical values of the ratio of <«
omega_ S intensity to incoming laser intensity (for a fixed value<«
of omega_L)

w_eg = zeros (1,(floor (window_eg/dw_eg) + 1)); % this is the vector <«
that will contain the numerical values of the I_S/I L ratio (for¢«
a fixed omega_ S value and omega L value)

w_sg = zeros (1,(floor (window_sg/dw_sg) + 1)); % this is the vector <«
that will contain the numerical values of the I_S/I L ratio (for«
a fixed omega_eg and omega_S value and omega_ L value)

range_S = zeros (1,(floor (window_S/dw_S) 4+ 1)); % this is the vector <
that will contain the different values of omega_ S that we <«
evaluate the I_S/I_L ratio for

range_L = (omega_eg_avg — window_L/2):dw_L:(omega_eg_avg + window_L<
/2); % this is the vector of omega L values we will evaluate the«
I_S/I_L ratio for (the ratio of omega_S intensity to incoming <«
laser intensity)

%% INTEGRATION TO FIND THE CROSS-SECTION
for i = 1:length(w_L_Raman)
omega_L = (omega_eg_avg — window_L/2) + (i—1)*dw_L;
for j = l:length(w_S_Raman)
omega_S = ((omega_L—omega_sg_avg) — window_S/2) + (j—1)*dw_S<«

range_S(1,j) = ((omega_L—omega_sg_avg) — window_S/2) + (j—1)«
*dw_S;
for k = 1l:length(w_eg)
omega_eg = (omega_L — window_eg/2) + (k—1)xdw_eg;
for 1 = 1:length(w_sg)
omega_sg = ((omega_L—omega_S)—window_sg/2) + (1—1)%«
dw_sg;
w_sg(l,1) = exp(—(omega_sg—omega_sg_avg) 2/(2x«
sigma_sg 2))xomega_S 3x...
2xreal(—1ix(1/(omega_eg—omega_L+1lix«
gamna_sg))+(—11) ((ganna_sg) /(<
omega_sgtomega_S—omega_L) 24+gamma_sg<
72))#(1/(—(omega_eg—omega_sg)+<
omega_S+1ix(gamma_es))));
end
w_eg(l,k) = exp(—(omega_eg—omega_eg_avg) 2/(2xsigma_eg<«
72))xsum(w_sg*xdw_sg) ;
end
w_S_Raman(1,j) = (1/(sqrt(2xpi)*sigma_eg))*(1/(sqrt (2xpi)=*+
sigma_sg))*omega_L /(epsilon_0"2%pi 2x(h_bar) 2xc 4) (<
mu_ge 2xmu_se 2)*sum(w_eg+dw_eg);
end
w_L_Raman (1,i)=sum(w_S_Ramankdw_S);
end

%% DISPLAY & PLOTTING OF PARAMETERS
display(w_L_Raman);

figure

set (gca, 'fontsize',18)

plot ((range_S—omega_es_avg)/1079,w_S_Raman, 'k','Linewidth',6)

xlabel ( '\omega S — \omega e s {avg} [GHz]', 'Fontsize',20),ylabel('+
Differential Raman cross section [m 2 s]','Fontsize',20);

figure

plot ((range_L—omega_eg_avg) /1079 ,w_L_Raman, 'Color',[0.85,0.16,0], '+
Linewidth',6)
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xlabel ('Laser detuning \Delta [GHz]','Fontsize',20),ylabel('Total <
Raman scattering cross section [m~2]','Fontsize',20);

FLUORESCENCE CROSS-SECTION

%% FLUORESCENCE SIGNAL SEMI-CLASSICAL APPROACH
% Program written by Sebastien Volker

% This script outputs a plot of the fluorescence scattering cross—
% section versus the frequency of the Raman photons. When setting a
% non—zero window_L for scanning of the laser, it also gives a plot
% of the total scattering cross—section versus the laser detuning.

run( 'ParametersSC ')
%% PARAMETERS FOR CALCULATING INHOMOGENEOUS BROADENING

% Varying omega_L

dw_L=1%10"9; % unit: Hz, the step—size taken for an element <>
domega_ L

window_L = 0x1079; % unit: Hz, the total width of the window in <>
which we examine frequencies of omega_ L

% Varying omega_ eg (inhomogeneous broadening)
sigma_eg = (15%1079)/sqrt(8*log(2)); % the inhomogeneous width of <
the e state translated into the sigma for the Gaussian function

dw_eg = gamma_eg/5; % the step—size taken for an element of <
domega_ eg
window_eg = 48+gamma_eg; % the total width of the window in which we<

examine frequencies of omega_eg

% Varying omega_sg (inhomogeneous broadening)

sigma_sg = (1%x1079)/sqrt(8*log(2)); % the inhomogeneous width of the<«
s state translated into the sigma for the Gaussian function

dw_sg = gamma_sg/5; % the step—size taken for an element of <
domega_ sg

window_sg = 8xsigma_sg + 24xgamma_sg; % the total width of the <«
window in which we examine frequencies of omega_sg

% Varying omega_ S

dw_S = gamma_eg/5; % unit: Hz, the step—size taken for an element <
domega_ S

window_S = 48kgamma_eg + 8xsigma_sg; % unit: Hz, the total width of <«
the window in which we examine frequencies of omega_ S

% Vectors used for storing results

w_L_FL = zeros(1,(floor(0) + 1)); % this is the vector that will «
contain the numerical values of the ratio of omega S intensity <
to incoming laser intensity for several values of omega L

w_S_FL = zeros(1,(floor (window_S/dw_S) + 1)); % this is the vector <«
that will contain the numerical values of the ratio of omega S <+
intensity to incoming laser intensity (for a fixed value of <«
omega_ L)

w_eg = zeros (1,(floor (window_eg/dw_eg) + 1)); % this is the vector <«
that will contain the numerical values of the I _S/I L ratio (for«
a fixed omega S and omega L value)

w_sg = zeros (1,(floor (window_sg/dw_sg) + 1)); % this is the vector <«
that will contain the numerical values of the I_S/I L ratio (for«
a fixed omega_ eg, omega_ S, and omega L value)
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range_L = (omega_eg_avg — window_L/2):dw_L:(omega_eg_avg + window_L<
/2); % this is the vector of omega L values we will evaluate the«
I S/I_L ratio for (the ratio of omega S intensity to incoming <
laser intensity)

range_S = zeros (1,(floor (window_S/dw_S) + 1)); % this is the vector <«
that will contain the different values of omega S that we
evaluate the I_S/I L ratio for

%% INTEGRATION TO FIND THE CROSS-SECTION
for i = 1:length(w_L_FL)
omega_L = (omega_eg_avg — window_L/2) + (i—1)xdw_L;
for j = l:length(w_S_FL)
omega_S = ((omega_L—omega_sg_avg) — window_S/2) + (j—1)*dw_S<«

range_S(1,j) = ((omega_L—omega_sg_avg) — window_S/2) + (j—1)«
*dw_S;
for k = 1l:length(w_eg)
omega_eg = (omega_L — window_eg/2) + (k—1)xdw_eg;
for 1 = 1:length(w_sg)
omega_sg (omega_sg_avg — window_sg/2) + (1l—1)x«
dw_sg;
w_sg(1l,1) = exp(—(omega_sg—omega_sg_avg) 2/(2*x+
sigma_sg 2))xomega_S 3x...
(2xreal(—1ix(1/(omega_eg—omega_L+1lix<>
gamma_eg) ) *(1/(lixGamma_e) ) *x(1/((+
omega_eg—omega_sg)—omega_S+1lix«
gamma_es))) ...
+2+real(—1i*(1/(omega_eg—omega_L+41lix«
gamma_eg) ) *(1/(li*Gamma_e))*(1/(—(«
omega_eg—omega_sg)tomega_S+1ik<
gamma_es))) ...
+2%real(—1i*(1/(omega_eg—omega_L+1lix<
gamma_eg) ) *((omega_sgtomega_S—<
omega_L) /((omega_sgtomega_S—omega_L )<«
"2+ gamma_sg~2))*(1/(—(omega_eg—
omega_sg)tomega_S+likxgamma_es))));

end
w_eg(l,k) = exp(—(omega_eg—omega_eg_avg) 2/(2xsigma_eg«
72))*sum(w_sgxdw_sg);
end
w_S_FL(1,j) = (1/(sqrt(2+pi)*sigma_eg))*(1/(sqrt(2*pi)*<>
sigma_sg))*omega_L /(epsilon_0 2xpi 2x(h_bar) 2xc 4)x(«+
mu_ge 2xmu_se 2)xsum(w_egkxdw_eg);
end
w_L_FL(1,i)=sum(w_S_FLxdw_S);
end

%% DISPLAY & PLOTTING
display (w_L_FL);

set (gca, 'fontsize ' ,18)

figure

plot ((range_S—omega_es_avg)/1079,w_S_FL, 'Color',[0.17,0.51,0.34], '+
Linewidth',6)

xlabel ( '\omega S — \omega e s {avg} [GHz]','Fontsize',20),ylabel('+
Differential fluorescence cross section [m 2 s]','Fontsize',20);

figure

plot ((range_L—omega_eg_avg)/1079,w_L_FL, 'Color',[0.17,0.51,0.34], "'+

Linewidth',6)

xlabel ('Laser detuning \Delta [GHz|','Fontsize',20),ylabel('Total «+

fluorescence scattering cross section [m~2]','Fontsize',20);
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