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Chapter 1

Introduction

1.1 Prospects of Quantum Information Science

Beginning around the year 1760, the first industrial revolution mechanized pro-

duction with water and steam power. The second, anno 1870, added electric

power, allowing for mass production. The third saw digitalization of information

on a grand scale, automating production. Each revolution, life has fundamentally

changed. It is widely believed we are on the brink of the fourth now, character-

ized by the evolution of science and technology at an unprecedented rate [1], and

a fusion of physical, digital and biological systems. In this, a prominent role may

be played by devices that operate in a fundamentally new way: harvesting the

unique properties of quantum mechanics.

Niels Bohr once said: ”if quantum mechanics hasn’t profoundly shocked you,

you haven’t understood it yet”. Mankind has spent over a century finding its

footing in a quantum world, puzzling out the intricacies of particles acting like

waves and vice versa. The relatively young field of quantum information science

(QIS) now aims to apply the principles of quantum mechanics. At the core of QIS

lies the concept of a qubit, the quantum mechanical analogue to the classical bit

underpinning all of modern computing. Whereas a bit is a simple switch, either

0 (off) or 1 (on), a qubit can be in any complex combination of 0 and 1 (the

principle of superposition). This can, in principle, lead to a higher information

density on a qubit than on a classical bit. Additionally (and uniquely quantum)

qubits can be entangled, inextricably linking them together. This means that

a single unitary gate operation can operate on all qubits simultaneously, which

is the fundamental reason a quantum computer can be faster than a classical

computer for many important tasks.

Perhaps the most widely known of these tasks is that a quantum computer can
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2 Chapter 1.Introduction

break the widely-used RSA encryption by quickly factorizing large prime numbers

- an insurmountably complex task for any classical computer [2]. Conversely,

encryption schemes based on entangled qubits would be fundamentally safe [3],

meaning QIS is both a disease and a cure for privacy. Many other important

algorithms can also be sped up dramatically be quantum algorithms (for a very

readable account, the reader is referred to [4]). However, the most important

use of a quantum computer could well be its ability to simulate other complex

quantum systems. Where a classical computer needs exponentially more time

to calculate the dynamics of a quantum many-body problem as the number of

quantum systems is increased, a quantum computer could basically mimic the

quantum system under study, taking exponentially less time than its classical

counterpart. Many fields of potentially revolutionary research involving quantum

many-body problems (e.g. room temperature superconductivity, metamaterials,

quantum chemistry, and quantum computing itself) could be revolutionized this

way.

1.2 Qubits

A single qubit is a quantum mechanical two-state system, isolated from its en-

vironment, only interacting with what, and when, we want it to. Also, it has to

have a long coherence time T2, which is the fundamental limiting timescale after

which the qubit forgets its quantum state. Many such systems have been realized,

such as atoms trapped in optical fields at temperatures near absolute zero [5], su-

perconducing circuits [6], and quantum dots in semiconductors [7]. In addition to

these stationary systems, optical pulses are by nature great carriers of quantum

information, which can for instance be encoded in their wavelength, polariza-

tion, or the number of photons. These flying qubits hardly interact, preserving

their quantum state, but can be coupled via non-linear elements like stationary

qubits. In a quantum circuit, they can shuttle information between qubits, or

be the qubits themselves. The reason why the construction of entire quantum

computers is still in its infancy is that it is very hard to entangle large numbers

of qubits, and to subsequently perform precise quantum logic operations on them

(the record numbers are in the double digits, while at least thousands of entan-

gled qubits are required, and preferably orders of magnitude more). For classical

computers such scaling required integrated circuits (ICs) on semiconductors, and

it is likely this will also be the case for quantum computers (see Fig. 1.1 for an

artist impression of a photonic quantum IC).
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Figure 1.1: Photonic quantum IC

impression. Chip concept for QIS with

photons. Single-photon sources (yellow)

are coupled to waveguides (white), which

branch off into the distance, with beam-

splitters providing coupling between the

photonic channels (reproduced from [8]).

The list of desirable features for a qubit in the solid state is long: longer

coherence time; higher efficiency; room-temperature operation; optical operating

wavelengths compatable with current telecom infrastructure; ease of fabrication

and scaling; low cost per qubit - to name some important ones. Though several

solid state qubits have been realized, none yet fulfill this entire list, nor is it certain

any system ever can. Thus, the search for better ones continues undiminished.

Color centers in semiconductors, pioneered by the NV− center in diamond [9],

have been shown to hold promise on many levels. Color centers are point defects

in the crystal lattice: small complexes of one or a few vacancies and/or impurities.

Here, the bonding electrons reconfigure very locally, resulting in a tightly bound

electronic spin. This spin can have several long-lived and long-coherent ground-

state levels, which can be used as a qubit. Color centers occur naturally, or can

be created by damaging the lattice, for instance by electron bombardment. The

name comes from the optical transitions of various color centers: some can emit

visible light, depending on the details of the center, but many also emit in the

infrared. Conversely, color centers can be addressed by laser fields of the correct

wavelengths, possibly allowing to all-optical manipulation of the ground-state

spin.

1.3 Color centers in silicon carbide

Since 2011, is has been shown that the 4H, 6H and 3C polytypes of silicon carbide

host several color centers promising for QIS [10–13]. These early works, using

microwave fields and defect ensembles, showed that their ground-state spin levels

have coherence times in the microsecond (free spin precession) or millisecond

range (using spin-echo techniques). Some of these defects were even coherent at

room temperature. Also, since these varieties of SiC are easily grown in bulk and

processed into devices industrially, and the wavelength of light required (1040-
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1140 nm, depending on the center) is near the telecom regime, SiC seems a very

appealing platform for QIS.
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Figure 1.2: Color centers in 4H-silicon carbide. Divacancies (a and b), and Mo

interstitial (c) in a slice of 4H-SiC along the c-axis.

Fig. 1.2 shows a two-dimensional slice of the 4H-SiC lattice (see appendix 1.6

for more detail on the lattice structure and symmetry). The lattice consists

of hexagonal sheets (orthogonal to the plane of Fig. 1.2) of silicon (blue) and

carbon (yellow), stacked to form tetrahedral unit cells along the c-axis (running

from bottom to top). The covalent bonds are indicated in red. An example

is shown for each of the three color centers investigated in this thesis. First,

labeled a, is a divacancy. It consists of a missing carbon and silicon atom (faded),

adjacent to each other. It is oriented at 19.5◦ with respect to the basal plane

(the plane orthogonal to the c-axis), giving it the low point group symmetry of

C1h (also known as Cs), and its name of basal plane divacancy. There are two

distinct basal plane divacancies in 4H-SiC (known as PL3 and PL4 [10]), due

to different local lattice symmetries the divacancy can be in (see appendix 1.6).

Next, labeled b, is the c-axis divacancy. It is similar to the basal variety, except

for the important fact that it has the higher point group symmetry of C3V . Both

divacancies have a ground-state spin S = 1, with degeneracies lifted by local

asymmetry inside the lattice (zero-field splittings). Lastly, indicated by c, is the

molybdenum interstitial impurity. The Mo atom (green) is expected to sit inside

a c-axis divacancy, slightly shifted towards the missing Si position [14]. Its ground

state has not been studied as much as that of the divacancies (its coherence time

is unknown), but it was reported to also be an S = 1 state [15].
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Figure 1.3: Electromagnetically Induced Transparency. a) Three-level system,

with decay rates and optical fields, suited for EIT. b) Excitation pathways that undergo

interference, leading to formation of a dark state, resulting in EIT.

To coherently address the color centers, we turn to the physical phenomenon

of electromagnetically induced transparency (EIT). Fig. 1.3a shows the energy

levels that form the basis of an optically-addressed qubit: a Λ system. The

relevant decay rates (Γa,b for population relaxation, γa,b for pure dephasing) are

drawn in gray. Quantum information is stored in a coherent superposition of

the ground-state levels |g1〉 and |g2〉. Two optical fields, a weak probe (green)

and strong control (orange), drive transitions from the ground-state levels to the

optically excited state |e〉. When both fields are equally detuned from |e〉 (two-

photon resonance), the system is transparant to the optical fields, and EIT is

realized. In this situation the population is trapped in the ground-state levels,

a phenomenon called coherent population trapping (CPT). In an optically thin

medium EIT and CPT lineshapes are identical (perhaps up to a background and

sign, depending on the measurement technique), as is the case throughout this

thesis. The physical system may have (many) more energy levels, but as long

as these three levels can be isolated from the rest, EIT can be realized. EIT

allows optical fields to address the ground state without actually exciting the

system to an excited state, which would typically destroy the system’s quantum

information in a matter of nanoseconds, and has been essential in many areas,

such as slowing of pulses of light [16], cooling atoms [17], and the operation of

optical quantum memories [18, 19].

For a qualitative understanding of EIT consider the following optical pro-

cesses, with population of the three energy levels denoted as ρi. When, for in-

stance, only the strong control field is active, population will be quickly pumped
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into |g1〉 (i.e., ρ1 = 1), since there is hardly any decay from |g1〉 to |g2〉. If then

a weak probe field is switched on, some population is pumped back into |g2〉,
but not much, since the probe is so much weaker. This population equilibrium

is depicted in Fig. 1.3b. The arows I and II designate two exitation pathways

from |g1〉 to |g2〉: path I is direct, and path II is indirect, via decay to and subse-

quent excitation from |g2〉. Since the control beam is so much stronger, these two

pathways have equal probability amplitudes, and they destructively interfere and

cancel each other, causing the population to remain trapped in the ground state

(there is in principle an infinite series of such indirect pathways, but they cancel

out in the same manner). This state |Ψ〉 ∝ Ωp |g2〉−Ωc |g1〉 is called coherent dark

state, and its coherence time is that of the ground state. In situations where the

probe is not relatively weak, it can still be shown [20] that EIT actually persists

even when the probe and control fields are of equal intensity.

1.5 Goals of this research

The goal of the research presented in this thesis is to delve into the all-optical

manipulation of several SiC-based qubits: the electronic spins of divacancies and

molybdenum interstitials. What does the optically excited state look like, and

what are the transition rules? Can we access the long ground-state coherence

times, or does an all-optical approach interfere? Can we make the light interact

coherently with the defects (essential for QIS, see section 1.4)? Are there sig-

nificant differences between color centers? Are there additional optical phenom-

ena that play a role, impeding or helping these defects in eventual applications?

These are some of the questions we will (try to) answer. As an added factor,

instead of measuring on a single defect, we look at ensembles of 1014-1017 defects

simultaneously. Though ensembles can make for less technically demanding ex-

periments than measuring on single defects [21, 22] (see Fig. 1.4), and can be

very appealing for applications in their own right [18], this does add a degree of

inhomogeneity to the measurements which can mask homogeneous interactions

between light and defects. Circumventing these inhomogeneities will play a large

role in all the presented measurements, and the methods used in that regard are

not unique to color centers in SiC, but can be applied to a variety of quantum

systems suffering from inhomogeneities. Finally throughout this work, emphasis

will be placed on how such defect ensembles can be optimally addressed with an

eye on applications, especially as a quantum memory for light.

First, we present in chapter 2 an investigation on the basal plane divacancies.
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Figure 1.4: SiC samples in measurement cage. a) Copper cage holding several

4H-SiC samples. A lens is mounted to the side, to collect PLE emitted by the samples.

b) Samples as seen through the lens.

Measurements took place on a commercial wafer with low divacancy concentra-

tion, requiring the use of photoluminescence excitation and a specially designed

macro-caviy sample to observe the spin signals. Special methods were developed

to circumvent inhomogeneity in the optical transition frequency, requiring the op-

tical driving of additional transitions in the full triplet-triplet energy level scheme,

besides just those shown in Fig. 1.3. As a result, we reveal the excited-state spin

structure, propose and verify a simple model explaining the transition rules, and

we report the first observation of CPT in silicon carbide.

Next we turn to the study of the second type of divacancy, oriented along

the c-axis, in chapter 3. Due to electron irradiation and subsequent annealing,

the samples contained 103 times more defects (samples grown in the group of

Nguyen T. Son and Erik Janzén at Linköping University, Sweden, and irradiated

by Takeshi Ohshima, of the Japan Atomic Energy Agency). This made possible

the use of transmission spectroscopy - a step towards optically thick samples

and directly in line with the anticipated device functionality. It is shown that

although two divacancy sub-ensembles are always addressed simultaneously, with

very different excited states, optimal external magnetic field alignment can cause

light to only interact with particular Λ systems. For both sub-ensembles our

measurements reveal the spin structure for the excited state.

Chapter 4 reports how EIT can be realized in these optimally prepared Λ

systems. The EIT is shown to be robust, despite taking place in an effective five

level system with up to six driven transitions, in the presence of very significant

inhomogeneity in the optical transition frequency and laser intensity. The rele-

vant relaxation and dephasing parameters of the divacancies are extracted. We

also address the feasibility of using these divacancies for the storing and readout
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of pulses of light in quantum memories.

In chapter 5 we turn our attention to the molybdenum interstitial impurity,

in a 4H-SiC sample with low defect concentration (obtained from the group of

Nguyen T. Son and Erik Janzén at Linköping University), again requiring photo-

luminescence methods as in chapter 2 for signal detection. It is found that even

though homogeneous signals can be extracted from the inhomogeneous ensemble,

these behave as S = 1
2

states, which contradicts previous literature on the subject

[15]. Full understanding of the ground-state and excited-state spin structure of

this system remains a point for further research.
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1.6 Appendix: Lattice and defect geometry

Figure 1.5 shows a side view of the 4H-SiC lattice, taken along the crystal growth

axis (termed the c-axis). The c-axis is defined as orthogonal to the consecutive

hexagonal sheets of carbon (yellow) and silicon (blue) that form the crystal,

and the plane these sheets lie in is termed the basal plane. The unit cell is a

tetrahedron with Si at its corners, and one C inside (or vice versa). The covalent

bonds are indicated in red, and the view of the lattice is such that all bonds that

lie as the two white arrows are in the plane of the page.

The local symmetry of the lattice surounding a point defect is of paramount

importance for what the electronic spin will be, and in SiC, there can be many

local symmetries. The reason for this is that SiC can grow in hundreds of so-called

polytypes, where the difference between these polytypes is after how many layers

of Si and C along the c-axis the lattice repeats itself. In Fig. 1.5, this is shown for

4H-SiC, where capital letters indicate Si layers of a particular symmetry. Starting

at the bottom with layer B, the next layer up is simply called A. Looking along

the arrow I, we see that the Si atoms in the third layer from the bottom (as well

as the C atoms directly below them) are in the same positions as for the first

layer, so we label this layer B as well. The fourth layer, however, has its Si atoms

at a different position from A and B, as seen by looking along arrow II, and we

label it C. This change of positions is possible because every consecutive layer

can be rotated around the c-axis by 60◦, still forming a continuous lattice. The

next layer is identical to the two layers B again, and after the fourth layer the

pattern repeats: hence the 4 in 4H-SiC (where h stands for hexagonal).

The local symmetries of the Si and C layers comes from these 60◦ twists of the

sheets of Si and C around the c-axis. The first symmetry is hexagonal (h), which

is the case for the atoms in the red bars. For these atoms, the atoms directly above

are in the same positions as the atoms directly below (see for instance the atoms

in the lower two red bars, enclosed by Si and C atoms in the same positions,

as indicated by arrow I). These surrounding layers are hexagonal, giving the

hexagonal symmetry. The second symmetry, quasi-cubic (k), is indicated by the

green bars. It occurs when the surrounding layers of atoms are not in the same

positions (such as for arrow II), resulting in a warped cubic surrounding lattice.
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Figure 1.5: Symmetries of the 4H-SiC lattice. Side view of the 4H-SiC lattice,

showing consecutive layers of Si (blue) and C (yellow), with covalent bonds (red). White

arrows indicate bonds in the plane of the page. After four distinct layers (BABC), the

sequence repeats. Two local symmetries result: hexagonal (h), with identical hexagonal

surrounding sheets of atoms (indicated by arrow I), and quasi-cubic, with different

surrounding layers (arrow II). From these symmetries, four divacancies are possible:

hh and kk (along c-axis), and hk and kh (in the basal plane).

For polytypes with more layers per repetition, there are more local symmetries:

generally for NH-SiC there are N symmetries.

Since a divacancy (the color center under investigation in chapters 2-4) con-

sists of one missing C and one missing Si next to each other, these local symme-

tries allow for four distinct divacancies: those where both vacancies have the same

symmetry necessarily lie along the c-axis (hh and kk), and those with different

symmetries lie in the basal plane (hk and kh). For the molybdenum interstitial

impurity investigated in chapter 5, the Mo atom is expected to sit inside a diva-

cancy along the c-axis with hh-symmetry, slightly shifted towards the vacant Si

position [14].


