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Abstract

In our research group the possibilities to use color centers in silicon carbide in quantum information sys-
tems are investigated, since they have long coherence times and optical transitions in the telecom regime.
In this work c-axis divacancies are considered. To characterize these defects the phenomenon electro-
magnetically induced transparency can be used. In earlier work a mathematical model was developed
to calculate the response of the 6-level system of the defects by solving the master equation in Lindblad
form. In this work the impact of the inhomogeneous broadening of the optical transitions in the ensemble
is investigated. The existing model is extended to incorporate the effects of inhomogeneous broadening.
An efficient integration method was implemented to significantly reduce computational times. It was
found that in order to accurately describe this broadening only the defects in the ensemble in a finite
range of detuning from resonance need to be considered. In the model contributions from two different
driving schemes were considered. By applying the Frank-Condon principle the decay rates are related to
each other and similarly the Rabi frequencies of the transitions are related. Furthermore, the influence
of off-resonance transitions in the model is considered. The built model has the potential to allow more
accurate extraction of relevant parameters like the decay and dephasing rates out of experimental data.
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Chapter 1

Introduction

Nowadays, extensive research efforts are aimed at developing quantum computers, since they have the
potential to outperform classical computers in an array of topics (e.g. factorizing large prime numbers,
simulating many-body quantum systems). At the base of quantum information systems is the qubit.
As opposed to the classical bit that can only assume the states off and on, the qubit can be in any
superposition of these two states. This increase in information density can potentially enhance computing
power dramatically. In the quest for such a qubit, the photon seems a suitable candidate. It hardly
interacts, allowing it to preserve its quantum state and hence its information. Therefore, it is desirable
to develop a quantum system that can be all-optically controlled.

The phenomenon electromagnetically induced transparency (EIT) shows promise in storing the quan-
tum information of a photon by transferring it to collective spin excitations in a lattice [5]. EIT allows
to slow down pulses of light in a transparent medium while retaining their quantum states. It has been
shown that this phenomenon can be used to reduce the group velocity of photons down to 45 m/s by Tu-
rukhin et al. in 2001 [15], hence the term slow light. This opens up ways to create all-optically controlled
quantum networks and quantum memory.

In our research group, Physics of Nanodevices, color centers in silicon carbide (SiC) have been investi-
gated [16]. This host material has multiple advantages that put it at the forefront for further applications
in solid state quantum systems. The production of solid state SiC is a well-known, cheap and scalable
process. Furthermore, using defects in SiC as qubits offers another advantage versus the most widely
studied NV´ center in diamond [4]. The optical transition frequencies of many defects in SiC are near the
telecom range, which would make such qubits compatible with the current day information infrastructure.

Unfortunately, the fact that it is solid state also introduces problems. Even at low temperatures it
suffers from inhomogeneous broadening of the optical transitions, whereas in gases this is much less [5].
For applications it is essential that we understand the problems this introduces or maybe even what
advantages it may offer.

In this thesis we will build on previous work done by Zwier [16] on modeling the interaction of a
quantum system with optical fields using the master equation in Lindblad form. We will investigate how
one can incorporate the effects of inhomogeneous broadening into the model and which assumptions are
needed for this. The goal is to improve the understanding of how to deal with this broadening and its
implications. Furthermore, we extend the model to incorporate a second driving scheme and also relax an
assumption by considering additional transitions and reflect on the impact of these extensions. Finally,
we briefly touch on the power dependence as predicted by the built model.
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Chapter 2

Theory

2.1 Electromagnetically induced transparency

Electromagnetically induced transparency (EIT) is the phenomenon that creates a transparency window
in the frequency domain of an otherwise opaque medium by applying an electromagnetic field [7, 12].
This can be seen if we consider a Λ energy scheme where two ground states can be coupled to a mutual
excited state as depicted in Figure 2.1(a). When the control laser is off we see a normal Lorentzian line
shape in Figure 2.1(b). When the control laser is active we see a sudden dip in absorption if both the
control and probe laser are tuned resonantly, as shown in Figure 2.1(c).

When both lasers are exactly resonant the system moves into the coherent dark state [5] given by:

|Ψy “
1

b

Ω2
c ` Ω2

p

rΩc |g1y ´ Ωp |g2ys

where Ωc and Ωp are the Rabi frequencies of the probe and control laser, respectively. For this to happen
the two ground states must have long-lived quantum coherence. The destructive quantum interference
of the excitation pathways prevents the population to be promoted to the excited state [1, 9]. Since the
population in the excited state is zero the light absorption will vanish.
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Figure 2.1: (a) Λ energy-level scheme with probe and control laser (b+c) probe laser absorption versus
the detuning of the probe laser as calculated from Fleischhauer et al. [5] with (c) and without (b) the
control laser.

2.2 Electronic spin structure of 4H-SiC c-axis divacancies

Divacancy defects in silicon carbide (SiC) have long-lived electronic spin states [17]. In this thesis c-axis
divacancies in 4H-SiC are considered. These defects consist of a missing Si and C atom, oriented along
the crystal growth axis (c-axis) as shown in Figure 2.2. The wave functions of the unpaired electrons of
the neighbouring atoms create the electronic spin structure of these color centers. We can calculate the
energy splitting of the S “ 1 spin triplet sublevels of the excited and ground state induced by the applied
external magnetic field by the following Hamiltonian [16]:

Hgpeq “ ggpeqµB ~B ¨ ~S ` hDgpeqS
2
z (2.1)

where ggpeq is the g-factor for ground (excited) state, µB the Bohr magneton, ~B the applied magnetic field,
~S the unitless spin S “ 1 operator and h Planck’s constant. Dgpeq is the zero-field splitting parameter
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CHAPTER 2. THEORY

due to spin-spin interaction, in Hz.
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Figure 2.2: The lattice of 4H-SiC. Indicated in the picture are the c-axis and two types (labeled hh and
kk) of c-axis divacancies.

At low temperatures around 4 K, the transition linewidths become narrower than the spin sublevel
splittings [16], creating a system in which 6 energy levels can be distinguished as illustrated in Figure
2.3. Note that the transition energy between the ground and excited state (around 200 THz) is much
larger than the spin sublevel splitting (around a GHz).
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Figure 2.3: The ground and excited state of c-axis divacancies and their 6 sublevels labeled |6siy. Shown
are 2 defects with different transition energies and how two incoming lasers with frequencies ωc and ωp
can drive the two SRA (Spin Related Absorption) systems O1 and O2 as explained in the main text.

We will now consider the possible schemes to observe EIT with two lasers in this 6 level system. Simply
tuning the lasers in order to excite a simple Λ-scheme usually used to describe EIT will not work. Since
in that case one of the ground states will not be resonantly excited, there will be optical spin pumping
into this level, destroying the characteristic EIT features. For EIT to occur we need the energy levels to
be such that one of the lasers excites two of the ground states in order to pump the system out of state
|6s3y. Changing the direction and magnitude of the magnetic field allows tuning of the energy spacings
in the sublevels. If the magnetic field is sufficiently large and oriented at an angle φ “ 57˝ (φ being the
angle of the magnetic field with respect to the c-axis), we can excite two ground states resonantly with
one laser [16]; see the two resulting schemes exhibiting EIT in Figure 2.3. Note that in both schemes
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CHAPTER 2. THEORY

there is one level in the excited state that is not involved. No laser will excite the system into this state,
and we assume that there is negligible decay into this state from the other excited state sublevels. Even
when this state is populated, it will decay back rapidly into the other states. This reduces the 6-level
system to essentially a 5-level system. These systems are called spin-related absorption (SRA) systems.
In this 6-level system, there are two SRA systems possible, named O1 and O2 as indicated in Figure 2.3
[16]. The lasers can be tuned such that one of these systems is driven in a defect.

Inhomogeneous broadening of the optical transitions

In this work we will focus on scenarios where not all defects are identical. Due to strain each individual
defect in the ensemble can have a slightly different environment. This strain e.g. depends on the distance
to the nearest other defect. Therefore, the energy spacings are not necessarily identical in all individual
defects. This results in different divacancies having different transition energies between ground and
excited state [16]. However, the energy spacings within the two spin sublevels are assumed to remain the
same. This assumption is supported by observations reported in [16]. This means that the two laser fields
will encounter ensembles with a range of different optical transition energies and the interaction of the
lasers will not only be with the defects that are exactly resonant with the lasers. Another consequence
of this inhomogeneous broadening is that if the difference in energy spacing is large enough, both SRA
systems, O1 and O2, will be driven by the same lasers in different defects in the ensemble. Note that not
both are driven in a single defect.
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Chapter 3

Basic Model

3.1 Introduction

The objective of this research is to obtain a better understanding of the impact of inhomogeneous broad-
ening. This is done by building a mathematical model. As a starting point we will use the formalism from
the PhD thesis of Zwier 2016 [16] and adapt/extend this to accommodate the 5-level systems. Next, we
explore how to best incorporate the effects of the inhomogeneous broadening in the model and evaluate
the results. Furthermore, we extend the model in Chapter 5 by taking additional transitions into account
and address the validity and influence of this change. Finally, we use the model to briefly explore the
dependences of EIT on laser powers.

The model is based on solving the master equation in Lindblad form. Solving it will require first an
analytical stage in which approximations will have to be made in order for it to work. The second part of
the problem; inverting a 25x25 matrix created in the first part (representing a set of coupled differential
equations), will be approached numerically. Therefore, in order to obtain results, parameters need to be
defined and values assigned.

The intention is that in the future the model might be used for fitting experimental data. Although
this is not the focus in this thesis, fitting the model to experimental observations would require short
calculation times to be practical. Therefore, we will minimize these and when faced with the option to
implement an extra feature, weigh the extra computational cost to the advantages gained.

3.2 Building the model

We consider the steps for solving the master equation in Lindblad form, allowing us to model the response
of the 5-level system of one defect on two incoming lasers; the probe beam and control beam. This will
mainly follow the lines of Section 4.8 of [16], where the model for a 4-level system is explained. See
Figure 3.1 for the definitions of the states of the 5-level system. To prevent confusion between the 6-
and 5-level system we use superscripts to differentiate between the states of the 6-level system |6siy and
5-level system |5siy.

The master equation is now given by:

dρ

dt
“ ´

i

~
rH, ρs ` Lpρq (3.1)

where ρ is the density matrix (5x5 in this case). ρii are the populations of state |5siy for i “ 1, 2, ..., 5,
respectively, and the off-diagonal terms are coherences. L is the Lindblad superoperator containing the
decay and dephasing terms and will be considered later. The Hamiltonian H “ H0`V is given by adding
the bare Hamiltonian of the system, pH0qij “ ~ωi for i “ j, zero for i ‰ j, consisting of the energies of
the states on the diagonal, and the perturbation created by the optical fields of the two lasers Vij , with
i, j “ 1, 2, ..., 5. The wavelength of the electric field is typically around 1 µm as the optical transition
energies fall in the infrared range. The size of the considered divacancies, typically a few Å, is much
smaller. Therefore, we can approximate this term (V ) with the dipole approximation. This means that

we only consider the perturbation from the dipoles induced by the electric field resulting in Vij “ ´~µij ¨ ~E
where µij is the dipole of the transition from state |5siy Ñ |5sjy. For the diagonal terms we set µij “ 0
because these terms will drop out anyway when the rotating wave approximation, considered later, is
applied. Furthermore, we assume that the electric field of the lasers (by changing the polarization) is
always aligned parallel the dipoles, simplifying the problem to a scalar one. We can now define the scalar
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Figure 3.1: The states of the 5-level system |5siy and their interaction with an incoming probe (blue)
and control (green) laser. Parameters ∆c, ∆p, ∆54, δ and k as defined in the main text are indicated and
shown for positive values.

electric field of the two lasers classically as:

E “
1

2
pEce

iωct ` Epe
iωpt ` Ece

´iωct ` Epe
´iωptq (3.2)

where Ec and ωc and Ep and ωp are the amplitudes and angular frequencies of the control and probe
beam, respectively. Note that in this description the information on the phase is not considered, which
is valid according to [16] if both beams originate from the same laser and the frequency of one laser is
altered using an electro-optic modulator. In this way any unstable features of the laser will be present in
both beams and therefore cancel.

Rotating Wave Approximation

To solve equation 3.1 we write it analytically into a linear system of 25 coupled differential equations. For
this to be possible the time dependence should be eliminated, requiring us to make approximations in the
next part. This will be done by applying a rotating frame and using the Rotating Wave Approximation
(RWA). For this to work we need to limit the possible transitions to a select few. Since transitions that
are excited resonantly have significantly more influence than non-resonantly excited transitions, only
these will be considered. In Chapter 5 we will try to incorporate also some non-resonant transitions
to establish their influence and assess the validity of the assumption made here. In Figure 3.1 the
transitions considered for now are illustrated. The probe beam is tuned such that it excites the |5s1y

Ñ |5s4y transition and the control beam such that it excites both the |5s2y Ñ |5s4y and |5s3y Ñ |5s5y

transitions. To incorporate this into the model we set all µij to zero for transitions that are not considered.
Note that this simplification means that probe nor control beam can excite e.g. the transition |5s1y Ñ

|5s5y. In order to correctly perform the RWA we should change to the interaction picture, in which we
can see the time evolution of the system and identify terms oscillating so fast they will average out on the
relevant time scale. Transforming to the interaction picture can be done by transforming the Hamiltonian
H to H 1 “ UHU : where U is the unitary operator given by:

U “ eiH0t “

»

—

—

—

–

eiω1t 0 . . . 0
0 eiω2t . . . 0
...

...
. . .

...
0 0 . . . eiω5t

fi

ffi

ffi

ffi

fl
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Then we obtain in the interaction picture:

H 1ij “ ´
1

2
µijrEpe

iωpt ` Ece
iωct ` Epe

´iωpt ` Ece
´iωcts ¨ eipωi´ωjqt ` ~ωiδij (3.3)

where δij is the Kronecker delta. Here we will apply the RWA by noting that one of these four terms
oscillates much more slowly than the others. This term is the one that originates from the electric field
that couples state |5siy to |5sjy according to the tunings of the lasers in Figure 3.1. (By noting that
ω4 ´ ω1 « ωp, ω4 ´ ω2 « ωc, ω5 ´ ω3 « ωc and the other way around for ´ωc and ´ωp). Since we
assumed near resonant tunings of the laser, this term oscillates with a frequency equal to the detuning
(assumed small), whereas the others oscillate at frequencies of either the energy splitting between the
two excited state sublevels or approximately double the (very large) energy splitting between ground and
excited state. An attempt was made to incorporate also the influence of this second term oscillating
at the energy difference in the sublevel, since it still oscillates slowly compared to the last two terms
corresponding to the energy difference between the ground and excited state. This, however, didn’t
result in the required elimination of the time dependence. This means that one transition cannot be
excited by two different laser beams (in our model), making our model a simplification of reality. We can
however consider that one of these fields can excite multiple transitions as we will see in Chapter 5. Note
that for transitions |5siy Ñ |5sjy with which none of the 4 terms match, we already set µij to zero. In
the end equation 3.3, after removing all the off-resonant driving terms, reduces to a single term or zero.
We can get back to the Schrödinger picture using H “ U :H 1U resulting in:

H “

»

—

—

—

—

–

~ω1 0 0 ´ 1
2Epµ14e

iωpt 0
0 ~ω2 0 ´ 1

2Ecµ24e
iωct 0

0 0 ~ω3 0 ´ 1
2Ecµ35e

iωct

´ 1
2Epµ41e

´iωpt ´ 1
2Ecµ42e

´iωct 0 ~ω4 0
0 0 ´ 1

2Ecµ53e
´iωct 0 ~ω5

fi

ffi

ffi

ffi

ffi

fl

Next, we define a rotating basis for ρ, such that we can investigate the problem as a steady state
problem. We can define a basis such that the time dependence drops out, if and only if, each ground
state (or each excited state) is excited with only one laser frequency (ωp or ωc) [16]. Therefore, the model
cannot consider e.g. that transition |5s2y Ñ |5s5y is excited by the probe laser. In this new basis the
populations are represented by σptq, which relates to ρ with ρ “ RσR: where R is a unitary operator with
only diagonal terms; Rii “ eiωlt if ground level |5siy with i “ 1, 2, 3 is excited with a laser of frequency
ωl (the other Rii “ 1) such that:

R “

»

—

—

—

—

–

eiωpt 0 0 0 0
0 eiωct 0 0 0
0 0 eiωct 0 0
0 0 0 1 0
0 0 0 0 1

fi

ffi

ffi

ffi

ffi

fl

H and ρ can be combined in equation 3.1; we ignore the Lindblad superoperator L for now. The rotating
frame described by R is chosen such that both the right-hand side as well the left-hand side assume the
same time dependence and hence can be eliminated. As explained before, this can only happen under
the assumptions mentioned. This allows us to express the master equation as 25 coupled differential
equations for

dσij

dt with no time dependence on the right-hand side. Furthermore, to incorporate the
effects of decay and dephasing, we add the Lindblad superoperator to the differential equations. This is
done as described in [16]. This operator is given by:

Lijpσq “

#

ř5
n“1pΓniσnn ´ Γinσiiq, if i “ j

´
“

1
2

ř5
n“1pΓin ` Γjnq ` γi ` γjq

‰

σij , if i ‰ j
(3.4)

where Γij is the decay from state |5siy to |5sjy and γi is the pure dephasing in state |5siy with respect to
state |5s1y.

The strength of excitation of the three considered transitions is expressed in Rabi frequencies Ωij “
µijEij

~ , where Eij is the electric field amplitude of the field (probe or control), which couples states |5siy
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and |5sjy. For this model this means 3 different Rabi frequencies for each of the transitions as illustrated
in Figure 3.1.

Finally, we can group parameters to simplify the problem and define other relevant parameters. We
define ∆p to be the detuning of the probe laser from the transition |5s1y Ñ |5s4y, ∆c to be the detuning of
the control laser from the transition |5s2y Ñ |5s4y. Their difference we call the detuning from two-photon
resonance δ “ ∆p ´ ∆c. To completely remove the parameters ωi (i “ 1, 2, ..., 5), ωc and ωp from the
model we need to define the extra detuning for the transition |5s3y Ñ |5s5y, with respect to the transition
|5s2y Ñ |5s4y and call this energy difference k. This variable indicates the misalignment from perfect
SRA (k “ 0), when the two transitions of the control laser are resonant at the exact same frequency.
Lastly, we incorporate the energy difference between |5s4y and |5s5y, ∆54. A visual representation of
these parameters is given in Figure 3.1. Note that nowhere the energy splitting between ground and
excited state is needed.

The 25 coupled differential equations can be written in the form of dσ
dt “ Aσ, where σ is a vector of

dimension 25 containing all σij and A is a 25x25 matrix consisting of the above described parameters.
Since we are not considering laser pulses but continuous waves, it makes sense to search for a steady
state solution, by setting the time derivatives to zero. The 25 equations are not linearly independent, but
this can be solved by replacing one with a condition that conserves total population:

ř5
i“1 σii “ 1. By

inverting the final matrix we can solve for all σij of the system considering one defect. Matrix A is made
using a symbolic computer language (MATLAB is used in this project) and the inverting of the matrix
is done numerically, meaning that for each different set of parameter values this inverting procedure has
to be repeated.

3.3 How to measure probe laser absorption

In order to be able to use the previously described model in practice, we must extract the relevant data.
Related to the usual experiments we are mainly interested in the absorption of the probe laser. Hence
we try to find a way to obtain this from the model. This will be done by comparing two definitions
of the polarization namely; ~P “ ε0χ~E [6] and ~P “ N ă ~µ ą [5], on which later more. To measure
the response of the medium to the probe laser we are interested in the linear susceptibility at the probe
frequency χp1qpωpq. The absorption of the probe laser is given by the imaginary part of χp1qpωpq [5]. We

will normalize the absorption at the end, so for now we can ignore constants. As previously assumed, ~E
and ~µ are aligned parallel so we can drop the vector notation.

In the first definition P “ ε0χE [6] we again consider the electric field described in equation 3.2. In
first order approximation this gives:

P “ ε0χE “ ε0
ÿ

n

χp1qpωnqEpωnq

“
ε0
2

´

χp1qpωpqEpωpq ` χ
p1qp´ωpqEp´ωpq ` χ

p1qpωcqEpωcq ` χ
p1qp´ωcqEp´ωcq

¯

“
ε0
2

´

χp1qpωpqEpe
iωpt ` χp1qp´ωpqEpe

´iωpt ` χp1qpωcqEce
iωct ` χp1qp´ωcqEce

´iωct
¯

(3.5)

where χp1qpωpq and χp1qpωcq are the linear susceptibilities of the medium to waves of frequencies ωp and
ωc, respectively.

Another way to describe the polarization is by considering the dipoles [5] P “ N ă µ ą where N is
the number density of defects. A property of the density matrix ρ is that we can calculate the expectation
value of µ, ă µ ą, with the trace of pρ ¨ µq [2]. For ρ we can again make the transformation to σ with
ρ “ RσR:. Then P consists of 25 terms oscillating at different frequencies. To equate this to equation 3.5,
focusing on the first two terms, we only have to consider terms oscillating at the matching frequencies.
Ignoring constant N yields:

~P 9 Trpρ ¨ µq “µ41σ14e
iωpt ` µ14σ41e

´iωpt ` µ51σ15e
iωpt ` µ15σ51e

´iωpt

` terms oscillating at other frequencies
(3.6)
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CHAPTER 3. BASIC MODEL

Regrouping terms and using µij “ µji yields:

~P 9 pµ41σ14 ` µ51σ15qe
iωpt ` pµ41σ41 ` µ51σ51qe

´iωpt ` o.t. (3.7)

Comparing equation 3.7 and equation 3.5, we see that for this to hold for all t it must be that:

χp1qpωpq 9 µ41σ14 ` µ51σ15 (3.8)

Because the density matrix ρ is Hermitian, σij is the complex conjugate of σji. This would then
imply, using the same comparison as above, that χp1qpωpq is the complex conjugate of χp1qp´ωpq.

To calculate the absorption we must evaluate the imaginary parts of σ14 and σ15. The ratio between
their contributions is giving by µ51

µ41
. Note that µij refers to the 5-level system states |5siy from Figure

3.1 and hence the ratio can be different for the 2 SRA systems in Figure 2.3.
Due to the assumptions in the model from Section 3.2 on the transitions considered, σ15 is always zero

and just considering the imaginary part of σ14 would suffice. However, in the model described in Chapter
5 where additional transitions will be considered, σ15 is non-zero and must be taken into account.

3.4 Parameter selection

Since the last step in the model is numerical and not analytical, we must assign values to all parameters
before solving. Here we define a set of parameter values used in this research.

The parameters are described in the frame of the 6-level system of Figure 2.3. For the 5-level systems
modeled the relevant parameters (different for O1 and O2) can be carefully extracted from the 6-level
system. Solving for the eigenvalues of the Hamiltonian in equation 2.1 provides information on the energy
splitting in the triplets. We focus on c-axis divacancies in 4H-SiC. For these defects, Zwier [16] uses the
following parameters: Dg “ 1.3 GHz, Dg “ 0.5 GHz. He also indicates that at an angle of φ “ 57˝, the
2 SRA systems are aligned best. A magnetic field B of 60 mT is considered, which is sufficiently high for
this alignment to happen.

From the information on the energy splitting we see that ∆54 (5 and 4 refer to the states in the
5-level description) for SRA systems O1 and O2 are 1.67 and 1.74 GHz, respectively. The corresponding
misalignments from perfect SRA k are 33 and ´30 Mhz, respectively. These misalignments can be
included to verify the model response to it, but may also be ignored later on in order to focus on other
influences.

Not much is known about the transition dipoles µij but by considering the overlap between the
eigenstates from the Hamiltonian we can calculate ratios of these transition dipoles through the Franck-
Condon principle [6]. This principle can be used to relate the decay rates Γij . We set the decay rate of
the vertical transition from state |6s5y Ñ |6s2y equal to 16, 7 MHz, a value used in [16]. The other decay
rates are defined relative to this one, using the fact that their ratio depends quadratically on the ratio
between the transition dipoles [3, 10]. All decays within ground or excited state sublevels are assumed
to be negligible and their rates are set to zero. Zwier [16] indicates that for fitting purposes in order to
reduce the number of fitting parameters, it is useful to set all decay rates to identical values, but by using
such rate ratios (Γij “ aijΓ0, where the aij are calculated as described above) we can still use a single
parameter (Γ0) and consider the fact that these rates are different.

The pure dephasing rates γi are all set to the same value of 5 MHz, except for γ1 “ 0 since the
dephasing is defined with respect to this state.

As described earlier the model works with Rabi frequencies to quantify to what extent a certain
transition is excited. To relate these we first note that all transitions experience a probe field with
amplitude Ep and a control field with amplitude Ec. To relate these we consider the definition of the
Rabi frequencies (in radial frequency),

Ωij “
µijEij

~
(3.9)

where Eij is the electric field amplitude of the field (probe or control), which couples states |5siy and
|5sjy, and find that we can again use the ratios of µij to transform the electric fields to Rabi frequencies
for each transition. For the simple model described before, we have 3 driven transitions, each having a
different Rabi frequency. Note that systems O1 and O2 can have significantly different Rabi frequencies

11



CHAPTER 3. BASIC MODEL

with similar laser powers due to the different µij that need to be considered. Still, the powers of the
lasers need to be quantified. We do this by defining the Rabi frequency for transition from state |6s2y

Ñ |6s5y, excited by the control laser, Ωc to be 100 MHz radially. Similarly for the probe laser, we define
the Rabi frequency for transition from state |6s1y Ñ |6s5y to be Ωp “

Ωc

10 .
To get an idea which laser powers correspond to these Rabi frequencies, we use the formula [8]:

P “
ncε0A

2
E2 (3.10)

where P is laser power, n the index of refraction, c the speed of light, A the laser spot size and E the
electric field amplitude of the laser, which can be calculated from equation 3.9. The transition dipole is
assumed to be on the order of the that of rubidium found to be 2 ¨10´29Cm in [14], allowing us to make an
estimate of the laser power. Using a typical laser spot diameter of 100 µm and index of refraction of SiC
of 2.58 [13], we obtain for the control laser a power of approximately 7.5 µW. The resulting parameters
are summarized in Table 3.1.

Table 3.1: Table of relevant parameters. The other decay rates Γij are are defined w.r.t. Γ52 as described
above. Below the line, important parameters are split for the two SRA systems, O1 and O2, and the
subscripts refer to states |5siy used in the model. The Rabi frequencies are split up for the 3 driven
transitions in Figure 3.1 where the subscripts distinguish the two transitions driven by the control beam.

Parameter Value
Dgpeq 1.3 p0.5q GHz
ggpeq 2
B 60 mT
φ 57˝

Γ52 16.7 MHz
γi for i “ 2, 3, ..., 6 5 MHz (with γ1 “ 0)
∆54(O1/O2) 1.67/1.74 GHz
k(O1/O2) 33/´30 MHz
Ωp(O1/O2) 10/63 MHz (radially)
Ωcp24q(O1/O2) 100/17 MHz (radially)
Ωcp35q(O1/O2) 101/12 MHz (radially)

3.5 Basic model results without inhomogeneous broadening

With all parameters defined, we can address the results of our model of a single defect in order to get
insights and reflect on the validity. We will consider a single defect and tune the control laser resonantly
with transition |6s2y Ñ |6s5y such that ∆c “ 0 for system O1. We look at the response of the O1
system; system O2 will be ignored for now. This makes sense, since in this defect considered, O2 is far
from resonance. Then the probe laser frequency, determining ∆p, is varied around ∆c. The difference
is the detuning from two-photon resonance δ, which is then zero when both the probe laser and control
laser are equally detuned from their intended transition. When this is the case the destructive quantum
interference takes place, creating a dip in the absorption. To relate this δ to the detuning between the
two lasers, one should add the energy splitting of the relevant ground state sublevels (|6s1y and |6s2y).
For a range of δ’s we calculate the absorption of the probe laser and normalize it such that the peak
absorption is unity.

This is shown in Figure 3.2. The red line considers a system where the misalignment from perfect
SRA k is set to zero. The expected EIT dip in absorption, centered around δ “ 0 can be seen clearly.
To further test the validity of the model we compare the influences of two effects. First, Fleischhauer
et al. [5], using an analytical approach, predict that when dephasing times γ (specifically of the ground
state sublevels) are set to zero, the absorption in the dip should be zero. As can be observed from the
yellow line this is also the case in our model. Next, we consider the same system, but now include the
misalignment from perfect SRA k “ 33 MHz (the blue line). As can be seen the shape changes. Also, the
peak absorption magnitude is reduced by approximately a factor 2. This cannot be seen in Figure 3.2
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CHAPTER 3. BASIC MODEL

due to the normalization. The shape change can be explained, since with the misalignment the pumping
out of state |6s3y is less effective compared to the perfect alignment situation. This means that the EIT
dip is less visible, as the system resides less time in state |6s1y and |6s2y, which is necessary for EIT
to occur. Also since the system resides more in state |6s3y and probe absorption is from state |6s1y to
|6s5y, the overall peak height is reduced. Although it is not possible to fully verify the model, previous
observations imply that it can predict expected physical effects. Experimental data might be used as an
additional check in further research but this is not considered in this thesis. We now can describe and
model one single defect. In the next chapter we use this as the basis to focus on the more interesting
part, the influence of the inhomogeneous broadening of the optical transition frequencies.
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Figure 3.2: Probe laser absorption versus detuning from two-photon resonance δ for the basic model
with ∆c “ 0. Results are plotted for different misalignment from perfect SRA k and dephasing rates γ.
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Chapter 4

Modeling inhomogeneous broadening

4.1 Problem definition

As mentioned before, not all defects are identical and there is an inhomogeneneous broadening of the
optical transitions meaning that the energy splitting between ground and excited state varies throughout
the ensemble. In Section 3.5 we considered the response of a single defect (or a single type of defect)
to two incoming laser beams with different frequencies. When one would try to measure this response
with a sample that displays inhomogeneous broadening one must consider the fact that these laser beams
interact with defects of all types and not exclusively with the resonantly driven defects. In this chapter we
will investigate two issues; what is the influence of the inhomogeneously broadened ensemble versus only
considering the defect that is resonantly driven, and how can one model this inhomogeneous broadening
properly.

To approach this problem we need to define a framework of assumptions. We start by assuming that
there is an, in principle unknown, distribution of the optical transitions ∆E (the energy splitting between
the ground and excited state). We do not know details about this distribution, apart from its width of
around 100 GHz [16]. We assume for now that it has a shape similar to a Gaussian distribution. Still,
since some differences between the defects (e.g. distance in lattice sites to next defect) may be discrete,
this distribution doesn’t have to be smooth, but it is assumed to be smooth for the remainder of the work.
An example of such a density distribution of defects with a particular optical transition energy is given
in Figure 4.1. The lasers are tuned such that for one energy splitting ∆E the system is driven resonantly,
as indicated in the figure (consider for now the blue lines). The idea is that defects detuned far from
this resonance will contribute significantly less to the absorption. If we can confirm this and observe a
convergence in the results when considering a wider range of defects (in optical transition energy) around
the one that is resonantly driven, then we would only need to consider the effects of defects within a finite
range of energy splittings (between the ground and excited state) around the one that is resonantly driven.
Since we predict this relevant range to be small with respect to the total inhomogeneous broadening, it
makes sense to assume that the occurrence of all transition energies is uniform in this range. If this range
becomes too large, this assumption may not give accurate results. This might imply that the calculated
values will not be fully correct, but can hopefully still provide qualitative insights into the effects of the
broadening.

To investigate the existence of this convergence, let us first look at how to consider different defects
in the model. Consider again Figure 3.1. The defect driven resonantly has ∆c “ 0 and is considered in
Section 3.5. In a defect with lower energy splitting ∆E, the excited states will lower in energy. All defects
still experience the same laser frequencies ωc and ωp meaning that this defect has ∆c ą 0, and for defects
with higher energy splittings ∆E, ∆c ă 0. This means that we must consider defects with different
values of ∆c that are addressed simultaneously. Note that the detuning from two-photon resonance δ is
not dependent on the inhomogeneous broadening since it is purely defined by the laser frequencies and
energy spacing in the sublevels of the ground state. The responses of 5 defects with different, positive,
∆c are depicted in Figure 4.2. The results are normalized with respect to the defects driven resonantly to
allow comparison of magnitudes of absorption. We observe that for higher ∆c the probe laser absorption
peak is at negative values of δ. This makes sense since at positive ∆c the probe laser is resonant with
the |5s1y Ñ |5s4y transition if δ is negative (see Figure 3.1). Therefore the Lorentzian absorption peak
shifts to the right. Furthermore, we see a promising result; the further detuned from resonantly driven
the defects are, the more the absorption appears to be reduced. This is required to support assumptions
made earlier. However, we also see that these off-resonant defects do show a small absorption peak near
δ “ 0, which appears to be a remnant of the right shoulder of the peak of the resonantly driven defect.
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Figure 4.1: Distribution of the defects in the ensemble. For different energy spacings between the
ground and excited state ∆E, the rate (or density) at which they occur in the ensemble is shown. The
blue en red solid vertical lines indicate the defects for which system O1 and O2, respectively, are driven
resonantly by the incoming lasers. The energy spacing between these two types of defects is 1.7 GHz.
The dotted lines indicate the range of defects that are considered to account for the inhomogeneous
broadening. Shown is also the assumed distribution of the defects in these ranges.
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Figure 4.2: Probe laser absorption versus detuning from two-photon resonance δ for defects with
different detuning ∆c. Results are normalized with respect to the ∆c “ 0 result. Calculated for perfect
SRA alignment (k “ 0).

4.2 The integration problem

Next, we want to evaluate the cumulative response of the defects. Since we assumed that the defects with
different ∆c are uniformly distributed around ∆c “ 0 and since δ is independent of the inhomogeneous
broadening, we can sum (before normalizing) the different contributions of defects in a symmetric range
of ∆c around zero. This then gives the total response of the system. By summing we assume that the
electric field amplitudes are the same for each defect, which is only applicable in an optically thin sample.
To check the convergence properties, we must be able to consider broad ranges of ∆c. For this, summing
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CHAPTER 4. MODELING INHOMOGENEOUS BROADENING

lines like the ones in Figure 4.2 is very impractical. To avoid unwanted oscillations in the results using
the previous method of summing, a minimal resolution in ∆c is needed. For high ∆c ranges this implies
a lot of computation time. Note that the model needs to invert a 25x25 matrix for each ∆c and each δ
considered, which is computationally very expensive. Therefore, we must find a way to accelerate this
process. First we note that this is an integration problem for each value of δ. To effectively tackle these
problems we implemented an adaptive Simpson quadrature formula algorithm and adapted it to suit
this problem. This algorithm is chosen since it excels at the integration problem at hand. It calculates
only the points ∆c where it is needed and due to an error estimation procedure it knows when to stop
improving the result. Both aspects contributed to significantly reduce the required number of inversions
of the 25x25 matrix. More details on the integration problem, the choices made and the algorithm itself
can be found in Appendix A. It resulted in an impressive calculation time reduction of 1 hour to 30
seconds, allowing us to investigate convergence properties. Moreover, this efficiency increase is a real
benefit if in later research the model is to be used to fit experimental data.

4.3 Two SRA systems due to inhomogeneous broadening

In the approach described above only one SRA system (a 5-level scheme) was considered, for example
system O1. Defects that are detuned far enough off-resonance in system O1 may start to become resonant
with the system O2 for the same laser frequencies. By inspection of Figure 2.3 we see that this happens
for higher energy spacing ∆E. Since these defects are also driven near-resonantly they can influence the
response of the system. Returning to the concept shown in Figure 4.1, we note that we now also want to
include the influence of again a range (in ∆E) of defects. This time the energy of the defects for which
system O2 is driven resonantly (∆c “ 0), is shifted up by the energy difference of state |6s4y and |6s5y

(1.7 GHz). We assume again that in this range the distribution is uniform. For convenience we assume
that this distribution is of similar density as for the O1 driven defects, since we still don’t know the actual
distribution of defects. This is depicted in Figure 4.1. To model this we can add the absorption of SRA
system O2 by doing exactly the same as for the system O1 but for different parameters and add these
results to the ones of system O1. The integration problem remains the same since we are still integrating
for the same values δ over the same range of ∆c.

The difference in parameters for systems O1 and O2 is already addressed in Section 3.4. It arises due
to different levels of the 6-level system that are considered. This affects the decay rates Γij , misalignment
of perfect SRA k, energy splitting of state |5s4y and |5s5y; ∆54 and the ratio to calculate the absorption
(see Section 3.3). Another big influence is, due to the Frank-Condon principle, that the Rabi frequencies
change. In O2 the Rabi frequency for the probe laser increases and for the control laser it decreases such
that in O2 Ωc

Ωp
“ 0.26 compared to 10 in O2. The differences in parameter values are also indicated in

Table 3.1.
In the thesis of Zwier [16], the influence of system O2 was found to be insignificant and was therefore

not considered in the model. In our research we will incorporate both systems and asses the effects this
has. Also, since in our driving scheme the probe and control lasers are interchanged with respect to the
scheme Zwier considered, we expect system O2 to be more dominant. This is because the probe laser is
more strongly absorbed by the vertical transition in O2, compared to the non-vertical transition in O1
due to the larger transition dipole, see Figure 2.3.

4.4 Results on inhomogeneous broadening

Let us now look at some results of the model to see the influences of various effects and reflect on some
of the assumptions made. An initial result is plotted in Figure 4.3. The first two lines demonstrate
the response of single defects tuned at ∆c “ 0 for both the SRA systems O1 and O2 (the blue and red
line, respectively). They are normalized with respect to the O2 defect showing clearly that the response
(i.e. in absorption of the probe lasers) is much larger for system O2. The absorption of system O1 is
approximately 2% of that of system O2. Besides the difference in magnitude their peak shapes also differ;
O1 has a slightly broader peak and relatively a larger EIT dip.

In this figure we also see plotted a result considering inhomogeneous broadening. For this we integrated
defects in a range ∆c equal to the considered δ range of about ˘60 MHz. It makes sense to define the
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∆c considered in terms of the δ range since it has influence of the convergence of the tails. We call this
ratio of considered ∆c versus δ from now on n. Of course we are also interested in the absolute value of
the inhomogeneous broadening (equal to 2n ¨ 60 MHz).

In Figure 4.3 we see in the blue en red dashed lines the contributions of system O1 and O2, respectively,
after the inhomogeneous broadening is taken into account. Their sum then gives us the total response
of the system, the green line. Note that if we would have considered only the O2 system and would
have normalized this properly, the difference with our current result would have been less than 1%. This
supports Zwiers decision to leave out the lesser involved system. However we still decide to incorporate
it since this is just one result for a somewhat arbitrarily chosen set of parameter values. For some
other set, we cannot exclude that system O1 might become more important and incorporating it allows
one to recognize this. Follow-up research can be done to investigate for which parameters values (e.g.
magnetic field or laser power ratios) one should consider both systems O1 and O2. Incorporating both
approximately doubles computation time, but is optional.
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Figure 4.3: Probe laser absorption versus detuning from two-photon resonance δ considering 2 SRA
systems O1 and O2. Response is shown for one single defect of O1 and O2 (normalized to O2). Also shown
is the response when an inhomogeneous broadening of ˘60 MHz is considered (n “ 1). The contributions
of O1 and O2 are separated. Calculated for perfect SRA alignment (k “ 0) in both systems.

Now that we have considered the impact of the two SRA systems, we return to the other aspect of
inhomogeneous broadening. We want to know the consequence when we integrate over, and hence take
into account, also defects that are driven further off-resonant (compared to what is considered in Figure
4.3) and determine whether we can find convergence. In Figure 4.4 we have shown again as the green
line the effect if we would consider an inhomogeneous broadening of n “ 1 (120 MHz) but now also the
results for modeling more inhomogeneous broadening are plotted, ranging from n “ 1 to n “ 1000 or
correspondingly 120 MHz to 12 GHz. The response of a single system is plotted as reference. For more
inhomogeneous broadening the absorption increases but the lines seem to come closer to each other to
the point that we cannot see any difference between the lines for which n “ 100 and n “ 1000. To
confirm this apparent convergence, we want to calculate errors. We do this by assuming that n “ 1000 is
the correct solution and we determine the maximum error and the average error of the other results. We
express these errors in absolute errors on the scale that the absorption is normalized (0 to 1) like in Figure
4.4. The results are plotted in the double logarithmic graph in Figure 4.5, along with the computation
time needed. The reason that this time does not explode is our integration method. Simply summing
lines would make calculation time proportional to n.
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Figure 4.4: Probe laser absorption versus detuning from two-photon resonance δ considering 2 SRA sys-
tems O1 and O2. Shown are results where different ranges of inhomogeneous broadening are considered.
Calculated for perfect SRA alignment (k “ 0) in both systems.

In Figure 4.5 we see a clear convergence behavior, implying that we only need to consider a finite
range of ∆c, matching our assumptions. We want to know how broad this finite range is. If we require
an accuracy of 0.1% (approximately the accuracy chosen of the integration, hence a much lower accuracy
wouldn’t make sense) we see that we need to consider an inhomogeneous broadening of around n “ 100
corresponding to around 12 GHz (˘6GHz). This is more than one would expect looking at Figure 4.2
where the defect at ∆c “ 150 MHz seems to have almost no influence. Our results show that still all these
small effects can add up to a significant effect. This 12 GHz also seems large versus the homogeneous line
width of a single defect of around 40 MHz. We can now also reflect on the concept proposed in Figure
4.1. The total width of this distribution is around 100 GHz [16]. This means that we need to consider
around 12% of the possible transition energies of the defects. If we look back, the assumption that in
this range the distribution is approximately uniform, might still be valid. Still, this range is large enough
to raise doubts about the accuracy of this approximation (especially if we want to claim an accuracy
of 0.1%). Building a more exact model would require a better understanding of the distribution of the
defects and awareness of the position within this distribution of the defects resonant with both lasers.
Especially the first requirement is probably a difficult task, but could be a subject for further research
by incorporating a Gaussian distribution and by assuming we are resonant at the peak for example. The
conclusions drawn here are valid for the set of parameter values chosen (Table 3.1). If one would want
to apply this for another system, it is advised to change the parameter values to that specific case and
recheck the implications on the convergence, as this can easily be done with the model built.

Next, we briefly touch on the consequences of inhomogeneous broadening on the absorption of the
probe laser. Looking at Figure 4.3 or 4.4 we see that the main effect is an broadening in the absorption
peak. In this picture the EIT dip seems to remain constant for increasing inhomogeneous broadening. If
one looks at the effect in the system of O1 (barely visible in Figure 4.3) the EIT dip depth is strongly
reduced for increasing inhomogeneous broadening, as is reported in Zwiers thesis [16]. This reduction is
a consequence of the remnant peaks at δ “ 0 in Figure 4.2. This also indicates the influence of different
parameter values on the conclusions.
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Figure 4.5: Double logarithmic plot showing the convergence of the error (maximum and average) versus
the considered inhomogeneous broadening. Error is reported in units as normalized in Figure 4.4. The
approximate computational time is also given (on a linear scale). Calculated for perfect SRA alignment
(k “ 0) in both systems.

Finally, we want to check the validity of the model and its results. No experimental data are considered
but we can try and assess if the response of the model to changes makes sense from a physics perspective.
First of all, we note that our conclusions on the influence of the inhomogeneous broadening match those
drawn by Zwier [16] (i.e. reducing EIT dip in O1 system as the inhomogeneous broadening increases
and the broadening of the absorption peak). Secondly, we consider the system where we include the in
Section 3.4 calculated misalignments of perfect SRA k “ 33 MHz and k “ ´30 MHz for system O1 and
O2, respectively. In Figure 4.6 we consider these for an inhomogeneously broadened sample using the
previously argued value of n “ 100.

We observe that there is an asymmetry emerging; there is less absorption for positive δ. In Figure 4.2
we see that positive ∆c contributes primarily to the negative side of the δ. In the main defect O2 k was
calculated to be negative. If we look carefully at Figure 3.1 we note that then (for k ă 0) for positive
∆c the control beam transitions are more resonantly driven than for negative ∆c . This implies that for
∆c ą 0 the pumping out of state |6s3y and hence probe laser absorption is larger. If we combine this
observation with the first we see that this should result in higher absorption for δ ă 0. This is also what
we obtain from the model (Figure 4.6), implying that the model is capable of predicting this physical
effect, which is a result of the inhomogeneous broadening.
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Figure 4.6: Probe laser absorption versus detuning from two-photon resonance δ. Shown is the response
of the inhomogeneous sample when we take into account the imperfect SRA alignment as calculated
(k “ 33 MHz and k “ ´30 MHz for O1 and O2, respectively). For reference the response of a single O2
defect resonantly driven at ∆c “ 0 is plotted.
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Chapter 5

Extending the model to incorporate
additional transitions

5.1 Allowing for additional transitions

In the model discussed in Section 3.2 we limited the number of transitions to three (see Figure 3.1) to
allow the Rotating Wave Approximation to work and produce a solvable problem. It was also mentioned
that allowing the control laser to excite the transition |5s1y Ñ |5s4y would make the system unsolvable.
However, we can relax the assumptions somewhat (but not completely!) by considering a set of extra
transitions as shown in Figure 5.1. Note that still each ground state is coupled only to fields of a single
frequency (probe or control). Therefore, we can still define a rotating basis described by R for ρ that
removes the time dependence such that we can solve the problem. We implement this to see the influence
and validity of this part of the RWA (still there are transitions that cannot be addressed). Allowing for
transition |5s1y Ñ |5s5y requires us to also include σ15 to calculate the absorption as shown in Section
3.3. Allowing for the additional transitions could be of special importance since we are also considering
inhomogeneous broadening here. If the inhomogeneous broadening changes ∆c enough the probe laser
can become more resonant with the |5s1y Ñ |5s5y transition compared with the |5s1y Ñ |5s4y and thus the
extra transition could have a significant effect on the inhomogeneous response. For each of the six now
allowed transitions, the corresponding Rabi frequency is calculated from the two defined Rabi frequencies
and the ratios of µij as calculated from the Franck-Condon principle. In the new model, the parameter
∆54 (the energy splitting between state |5s4y and |5s5y) becomes important, whereas it had no influence
in the previous model. The magnetic field considered is such that this splitting ∆54 (1.74 GHz) is much
more than the homogeneous line width.

|5s1

|5s2

|5s3

�p

�c

|5s4

|5s5

Figure 5.1: The 5 level system modeled. Shown are the transitions considered in the extended model.
For simplicity it is drawn for ∆c, ∆p and k equal to zero.

The effect of the new model is shown in Figure 5.2. Looking at the response of the single defect, we
see there is a second peak that we expect at δ “ ∆54 when the probe laser is resonant with the second
excited state sublevel. The second peak is smaller due to the lower transition dipole. We also see an
asymmetry arising in both these peaks. The asymmetry in the main (left peak) could be explained if

21



CHAPTER 5. EXTENDING THE MODEL TO INCORPORATE ADDITIONAL TRANSITIONS

the tail of the right peak adds more to the absorption of the right shoulder, but due to the size of the
asymmetry this is most likely not the only reason. However, the tail of the main peak cannot explain
the asymmetry in the secondary (right) peak since this tail would lift the left shoulder of this peak. So
far this asymmetry is not yet understood, and if no explanation can be found, it may challenge the full
validity of the model. When we investigate the inhomogeneous response we see that this asymmetry
is strongly reduced, but still two peaks (with dips) are visible. Another interesting observation to note
is that the location of the EIT dip minimum is not exactly at δ “ 0, but shifted slightly to the left.
This is most likely caused by the previous discussed asymmetry; the left shoulder lowers and therefore
tilts the minimum slightly to the left. When we compare the new model (with additional transitions) to
the previous one (with only 3 possible transitions) in the δ-range previously considered (˘60 MHz) the
maximal difference is less than 0.5%. For a different external magnetic field this secondary peak may be
located closer to the main peak and therefore have a more significant impact on this main peak. If we
also want to model this second peak, the incorporation of these extra transitions is essential; it would
cost around 20% extra computation time.
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Figure 5.2: Probe laser absorption versus detuning from two-photon resonance δ for the model consid-
ering the additional transitions. The x-axis range is extended compared to earlier plots to show the extra
feature. Both the response of a single defect as well as that of the inhomogeneously broadened ensemble
is shown. For illustration purposes we assumed ∆54 to be 6 times as low as calculated in Section 3.4 such
that ∆54 “ 266 MHz. Calculated for perfect SRA alignment (k “ 0) in both systems.

5.2 Comparing models and their power dependence

The original objective of this project was to measure the power dependence of EIT. However, the exper-
imental work did not provide any data because we did not achieve optimal laser alignment due to time
constraints. A suggestion of a setup to measure the effects experimentally is given in Appendix B. In
order to address this power dependence, but mainly to show the advantages of a model to quickly predict
experimental outcome, we explore this relation. In Figure 5.3 we plot the depth of the EIT dip and the
full width at half maximum (FWHM) of this dip for different Ωc. This is done for both models (with
and without the extra transitions considered). We observe that the width of the EIT dip increases as
the power of the control laser increases. For higher values of Ωc the window in which the destructive
quantum interference happens is enlarged, increasing the FWHM of the EIT dip. We note that there
is only little difference between the two models (only visible at higher powers). Because of this, if one
would try to use power dependence measurements to support or reject the model with extra transitions,
just looking at the depth of the dip and its FWHM would not suffice. It is advised to look at the location
of the dip. In the old model this location remains at δ “ 0, whereas the new model predicts a shift of
the minimum for increasing power. This shift is not very large (2 MHz at max for the values considered
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in Figure 5.3) but if observed, might validate the physical relevance of the new model.
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Figure 5.3: The dependence on the power of the control laser for the depth of the EIT dip and the Full
Width at Half Maximum of the dip. The stars and dotted line correspond with the model in Chapter 3,
the circles and dashed line with the model of Chapter 5. The power is depicted as the Rabi frequency for
the |6s2y Ñ |6s5y transition. The corresponding laser power in W scales quadratically with this. Note
that the Rabi frequency of 100 MHZ is the power used previously in this report and corresponds to a
laser power of approximately 7.5 µW.
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Chapter 6

Discussion

In the work reported in this thesis, the question was addressed how one can efficiently model the inhomo-
geneous broadening of the optical transitions of defects in the ensemble. The broadening of the absorption
peak in Figure 4.4 as a result of inhomogeneous broadening indicates the relevance of incorporating this
into the model. If one would want to extract relevant parameters like the decay and dephasing rates
from experimental data based on the width of the absorption peak, the model without inhomogeneous
broadening would overestimate this width. These rates provide information on how long a defect can
store its quantum information (dephasing rate) and how rapidly the defect can switch its state (decay
rate). Since it is important to know these parameter values accurately for applications of defects in SiC in
quantum information systems, incorporation of this inhomogeneous broadening in the model is required.

In order to obtain these results assumptions and simplifications had to be made (e.g. dipole ap-
proximation, rotating wave approximation, assumptions on the distribution of defects, etc). In previous
chapters we addressed the motivation, justification and limitations of these assumptions. Due to the
manner the model handles the problem at hand, we have implicitly made some additional assumptions.

First of all we assumed that the electric fields experienced are equal for each defect. However, when
the incoming lasers produce a Gaussian shaped laser spot on the sample, these field intensities are not
spatially uniform. Therefore, defects experience different Rabi frequencies depending on their position
in the sample. The consequence of this effect has been described in the thesis of Zwier [16] but is not
considered in the model of this project. Incorporating this can be a subject of further research.

The inhomogeneous broadening considered (˘6 GHz) is larger than the spacing between the energy
levels where SRA system O1 and O2 are resonant (1.74 GHz). This means that the considered ranges
for O1 and O2 in Figure 4.1 overlap for some defects. The model built considers and sums the response
of these defects to the driving schemes O1 and O2 separately. However, in these defects these schemes
are driven simultaneously. If our assumption in this regard is not valid, it is still expected that it will
only have a minor influence on the final result since this problem only arises in defects detuned far from
resonance.

It must be stressed that the presented results are calculated for the chosen set of parameter values
(Table 3.1). This implies that conclusions based on these results (e.g. that 12 GHz of inhomogeneous
broadening must be taken into account and that system O2 dominates the absorption) are validated only
for this set of values. In further research the robustness of these conclusions with respect to these values
should be investigated. In the model the number of independent parameters is limited to the dephasing
rates, one decay rate, the external magnetic field and the powers of the probe and control laser.

In an attempt to validate the physical relevance of the model, the results of the model were compared
with predictions reported in literature (e.g. total transparency in the EIT dip when the dephasing rate
is set to zero). Furthermore, the response of the model to changes such as a misalignment from perfect
SRA was interpreted to check whether the outcome made sense from a physics point of view. In order to
get a better understanding of the validity of the model, it should be compared with experimental data
in further research.

When considering also off-resonant transitions, an interesting asymmetry was observed in Figure 5.2
of which the origin is not yet understood. From the figure we can also observe that if one would want to
measure this asymmetry one must consider a homogeneous ensemble of defects, since the asymmetry is
significantly reduced in the inhomogeneously broadened ensemble.
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Chapter 7

Conclusion

In this research the EIT response of the 6-level systems of an ensemble of c-axis divacancies in silicon
carbide was investigated. A mathematical model has been built that incorporates the effects of inhomo-
geneous broadening into existing models only accounting for the response of a single defect. An efficient
integration method was implemented reducing calculation times from one hour to 30 seconds. Such a
calculation time reduction may allow the fitting of the model to experimental data in later research.

It was found that in order to accurately describe this broadening only the defects in the ensemble
in a finite range of detuning from resonance need to be considered. For the considered set of parameter
values (Table 3.1) it was found that an inhomogeneous broadening of 12 GHz needs to be considered to
obtain an accuracy of 0.1%. This was larger than expected since the full width at half maximum of the
absorption peak of a single defect is only 40 MHz. To obtain this result two driving schemes, O1 and O2,
were considered. It was found that for our parameter values the absorption is dominated by system O2.

Furthermore, the influence of off-resonance transitions in the model was investigated. This correctly
predicted the existence of a second peak in the absorption spectrum. If one would only be interested in
the behavior near the main peak, ignoring those extra transitions would introduce an error of only 0.5%.

In the model the Franck-Condon principle was used to relate all the decay rates to each other. This
principle was also used to account for the difference in Rabi frequencies of all excited transitions, especially
important when comparing the SRA systems O1 and O2.

The model that has been built is a step in improving the understanding of the impact of inhomogeneous
broadening and is a useful tool for further research. The new model has the potential to allow more
accurate extraction of relevant parameters like the decay and dephasing rates out of experimental data.
Characterizing these parameters accurately is a key task in the research for applications of defects in
silicon carbide in quantum information systems.
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Appendix A: The integration
problem and algorithm

For each two-photon detuning δ, which is independent on the inhomogeneous broadening as noted before,
we simulate the inhomogeneous broadening by integrating over the absorption from all defects in a given
range of ∆c. The result, after normalization, yields the total ensemble response for this δ. For different
values of δ the functions to integrate over are shown in Figure A.1. We observe that all functions have
a peak near, but not exactly at, δ “ 0. The goal is to obtain an accurate value for the integral while
evaluating as few points on this line as possible (since this requires the inverting of the 25x25 matrix)
and thereby minimizing the computation time. For this integration to be accurate, we need enough point
evaluations across the peak, but not that many in the other parts. Note that for larger inhomogeneous
broadening (˘6 GHz), when the peak is narrow with respect to the total integration range we can
significantly reduce the number of evaluated points if we only use a high resolution of data points across
the peak.
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Figure A.1: Probe laser absorption of defects detuned ∆c from resonance for different two-photon
detunings δ. Plotted for model with 3 possible transitions and perfect SRA alignment k “ 0.

In order to efficiently tackle this problem an Adaptive Simpson quadrature formula algorithm from
[11] is adopted. It calculates the area under a 2nd degree polynomial fitted to 3 adjacent evaluated points.
It can increase the resolution of points and by comparing this result with the one before increasing the
resolution, it can calculate an error estimate (the difference between the two results divided by 15).
This estimate is based on the assumption that the fourth derivative is approximately constant over
an interval (this makes it an estimate). For the exact mathematics behind the algorithm and error
estimation the reader is directed to Section 4.5 of [11]. The adaptive part of the algorithm ensures that
the resolution of points is increased in the areas where the error estimate is larger than a set tolerance. It
does so recursively allowing it to evaluate more points only where needed and to assess when no further
refinements are needed. We set an error target of 0.01% from the objective to guarantee 0.1% error due
to the approximations.
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Figure A.2: Probe laser absorption in an inhomogeneous broadened sample with n “ 10 with a tolerance
such that the integration algorithm makes mistakes. The proper line shape can be seen in Figure 4.4.

Since in our case the fourth derivative is not necessarily constant, the error estimate might not be
accurate. This can result in an inaccurate evaluation of the integral. In Figure A.2 we see this occurring
for some points. It was noted that in these points the algorithm used significantly less nodes (point
evaluations) compared to the number used in the correctly calculated points. This can be solved with
brute force by setting the tolerance lower. Our aim is to reduce the time needed. The algorithm is altered
so that we can define a minimum number of nodes. To optimize the calculation speed the problem is
solved with a normal tolerance and minimum number of nodes. Next, a filter analyses the results and
if it identifies anomalous points as in Figure A.2, it will repeat the integration with reduced tolerance
and a higher minimum number of nodes. The ratios between these are optimized for speed. If one uses
other parameters or has other objectives, they can be adapted to fit ones needs. Finally, the number
of integrals that have to be calculated is reduced by setting a resolution of δ (the x-axis in plots like
Figure 4.3) to 1

2πMHz for δ close to the peak and to 1
πMHz elsewhere. In the tails of the peak this high

resolution is not required to the same extent.
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Appendix B: Potential experimental
setup

In this appendix a potential experimental setup to measure EIT and related optical phenomena is ad-
dressed. Such a setup may provide data that can be used in our models. A schematic drawing of the
setup built in our lab is given in Figure A.3. In this figure different sections are labeled which will be
explained below.

Section A

A grating stabilized diode laser is tuned to approximately 1130 nm such that it is resonant with the
defects considered. The laser beam is then collimated using two lenses. Note that the flat sides are
aimed at the focal point in order to reduce the spherical aberration. By combining a half wave plate and
thereafter a polarizing beam splitter, we make the emerging laser beam polarized and dump part of the
power of the laser in a beam dump. By changing the angle of the wave plate the power that passes or is
reflected into the beam dump can be varied. For the mirrors we use broadband dielectric mirrors rated
for 750 - 1100 nm.

Section B

In section B we apply the same trick twice to split off parts of the beam and couple them into fibers.
First we couple the beam into a single mode polarization-maintaining fiber which will lead to the EOM,
on which we elaborate later. To couple the laser into this fiber we need two mirrors that provide us
with the necessary 4 degrees of freedom to align. Since the correct polarization is required to match the
polarization filter on the input of the EOM, we add a half wave plate. We were able to couple the laser
into the fiber with 30% efficiency. Secondly, we couple the beam into a multi mode fiber that is connected
to a wavelength meter. This meter is used to provide a feedback loop for the laser to maintain a stable
frequency. The coupling of the lasers into fibers introduces reflections that might interfere in the laser
creating instabilities. This can be counteracted with the use of an optical isolator. This however gave a
power reduction of 50% and observing the stability of the feedback loop of the laser indicated that it was
stable enough without the optical isolator, hence it was opted to leave it out.

Section C

The beam from section B will fulfill the function of the control beam. A shutter is placed to be able to
cut off the control beam if required. Next a chopper, at 270 Hz, will chop the control beam. This 270
Hz of the chopper will be used as the reference signal of the lock-in amplifier in order to increase the
signal to noise ratio in the measurements. To be able to check the power of the control beam, part of the
beam is split off into a photo diodedetector (rated for 350 - 1100 nm). To avoid optical bleaching in the
sample, it must be irradiated with a repump laser. Due to the later spatial separation, we want to join
this repump beam with the control laser. The repump beam originates from a pulsed Ti:sapphire laser
of 770 nm. In the setup it is recollimated using two lenses and a shutter is placed to turn the repump
laser off and on. To be able to overlap the control and repump laser using a polarizing beam splitter and
to regulate the power, two mirrors and a half wavelength plate are needed. The light leaving section C
contains both fields from control and repump laser.

Section D

The fiber from section B is coupled into an Electro-Optic Modulator (EOM), which can detune the laser
with kHz precision while maintaining phase coherence with the original beam and hence the control
beam [16]. Note that this property was used in the derivation in Section 3.2 (equation 3.2). The EOM
creates sidebands in the frequency spectrum of the laser. In order to select the preferred sideband of the
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EOM some additional elements are need. The laser is first recollimated and sent through a polarizing
beam splitter. Then it proceeds through an quarter wave plate at 45˝ to make the polarization circular.
The resulting beam is focused on an optical cavity after which it again passes through a quarter wave
plate, making the polarization linear again. After being recollimated the beam is split using a polarizing
beam splitter and a part is redirected and focused on a photodiode. This photodiode acts as feedback
for the optical cavity which can then isolate the correct frequency of the EOM produced beam using
piezoelectrics. For this purpose we need enough intensity on the photodiode, but we want to minimize
this in order to maximize the power transfer to the next element. Intensity noise below 1 MHz is actively
filtered out by the noise eater. The generated beam will act as the probe beam. Again we use a beam
sampler and photodiode to be able to relate powers of the probe beam and apply a shutter so that we
can turn it off.

Section E

First, both beams (control+repump and probe) pass through both a quarter wave plate as well as a half
wave plate. The mirrors used may introduce slight alterations to the polarization and this setup provides
the degrees of freedom to tune this polarization. Then both beams are sent through the cryostat at
a small angle. The cryostat uses a flow of liquid helium and an electrical heater to allow for low and
stable temperatures. A superconducting magnet applies an external magnetic field ~B. The beams are
focused with a lens (f “ 15 cm) on the sample. The alignment of the lasers requires that both are
aimed at the sample and also that these beams overlap in the sample. To check the first requirement
we can observe the photoluminescence for each laser separately. To ensure that the beams overlap we
can use the fact that without the repump laser, optical bleaching will happen. Therefore, if the probe
and repump laser overlap, different photoluminescence responses in time are expected when the repump
is on or off. Photoluminescence is measured at an angle of 90˝ by coupling the light into a fiber and
connecting it to either a single photon counter (SPC) or spectrometer. When the beams have passed
through the sample, they are spatially separated to isolate the probe beam, which is then focused on a
photodiode. Analyzing this signal with a lock-in amplifier that uses the 270 Hz signal of the chopper
as reference, isolates the signal due to the lasers interacting with the same divacancies. This reduces
background signal and improves the signal to noise ratio.
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Figure A.3: Schematic drawing of a setup used in our group to measure EIT in SiC samples.
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