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Abstract

In the first part of the thesis, we present a historical overview of how the
negatively charged silicon-vacancy (SiV−) centre in diamond was discovered.
In it the contribution of silicon atom, a vacancy and the negative charge
state of the centre was established and lead us into a brief discussion of
the physical structure of the centre and its D3d symmetry. These details
represent a literature review of the ensemble properties of SiV− centres, as
no new experimental results are presented.

Starting from the D3d symmetry, which at this point will be assumed to
be correct, the electronic level structure was derived from the electron wave
functions. Following the argument we extracted the properties of the ex-
pected transitions, especially polarisation, and compared them to our meas-
urements at room and cryogenic temperatures [1]. Thus we established the
electronic properties of the centre and were able identify two different excited
states.

By focussing on the zero-phonon-line (ZPL) of the transition at cryo-
genic temperatures we then investigated the inhomogeneous distribution of
the photoluminescence excitation (PLE) spectra in the SiV− centre in our
diamond samples grown by chemical vapour deposition (CVD). A high spec-
tral overlap in all of the investigated sites pointed to a low sensitivity of SiV−

centres to both strain and local electric fields [2]. Interestingly, the shield-
ing due to a large spin-orbit splitting could be distinguished from an even
stronger shielding arising from the centre’s inversion symmetry. With these
highly uniform centres, the natural next step was to interfere photons from
two distinct centres in a Hong-Ou-Mandel (HOM) experiment. By using
filtering techniques and selecting two similar sites below a flat surface, an
interference contrast of over 70 % was identified [3]. The scheme used was
especially favourable since about half of the emitted photons arose from the
interfered transition, proving the centre to be a promising candidate as an
efficient single-photon source for quantum cryptography applications.

Due to the low inhomogeneous distribution of the ZPL we were able to
detect an isotopic shift of the optical transitions at the single site level [4].
The individual SiV− sites formed three groups corresponding in frequency
of occurrence to the natural abundance of the silicon isotopes and the shift
matched the simple harmonic oscillator model. With this knowledge about



the isotopes, it was possible to investigate the phonon sideband (PSB) in
emission for any isotopic shifts. When using off-resonant excitation, multiple
peaks in the PSB could be identified but only the 64 meV peak showed an
isotopic shift, identifying it as a local mode of oscillation.

Starting from the investigation of the high energy phonons, we switched
to temperature dependence measurements of the optical properties of the
SiV− centre to capture the low energy phonon processes [5]. A low temper-
ature investigation of optical line width and orbital relaxation time (T Orbit

1 )
showed a linear behaviour indicating a direct single-phonon process between
the orbital states in the ground and excited state doublets. At higher tem-
peratures, a cubic dependence for the line width and transition wavelength
established a two-phonon dephasing as the main electron-phonon process.
All the measured results were consistently described by the microscopic
model developed here. Additional strength was added by consistent tem-
perature dependent studies of spin-orbit splitting and optical lifetime.

Having a thorough understanding of the SiV− centre and the processes
involved, made it possible to investigate its potential as a spin qubit [6]. A
magnetic field was used to lift the spin degeneracy in the ground state, and
different spin states were selectively addressed using narrow band resonant
excitation. As a first step in manipulating the spin, an initialisation into
a defined spin state with a fidelity of over 95 % was demonstrated. In a
magnetic field well aligned along the centre’s symmetry axis, spin relaxation
times (T Spin

1 ) of over 2 ms were reached and an efficient read-out process
was established. Two resonant lasers were used to demonstrate coherent
population trapping (CPT), which involves the preparation of a coherent
dark superposition state. From the width of this dark dip in the spectrum
the coherence time of the superposition was calculated to be much shorter
than T Spin

1 but of the same order as T Orbit
1 . The coherence was concluded

to be limited by orbital dephasing processes and we proposed techniques to
overcome these limitations.

One way to get longer coherence is to use nanodiamonds with a size
smaller than half the phonon wavelength to suppress the dephasing pro-
cess. Since the nanodiamonds reported in literature so far have not shown a
narrow ZPL, we investigated a new kind a high-pressure high-temperature
(HPHT) grown nanodiamonds. The silicon has been added by silanoxides in
the growth process so that we were able to find SiV− centres in this sample.
Investigating the spectral properties at cryogenic temperatures, nearly life-
time limited line widths have been found making these nanodiamonds good
candidates for further spin applications with SiV− centres. Another advant-
age of the nanodiamond was that the relatively easy handling makes it a
good candidate to incorporate into microcavities in the future, using the full
tool set of modern quantum optics.
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Chapter 1

Introduction

Quantum information processing - commonly called “quantum computa-
tion” - is expected to give a considerable advantage over classical computers
[7, 8, 9, 10, 11]. Not only are there some quantum algorithms which can solve
specific problems orders of magnitudes faster than possible classically, but
also completely new sorts of problems are solvable [12, 13]. One practical
realisation of such a quantum computer could be reached through quantum
networks [14, 15, 16, 17, 18]. These are built up from nodes that allow for
operations and storage of the quantum-mechanical states, which are inter-
connected in order to exchange this information. The design of a quantum
information processor in the networked architecture achieves a high flexibil-
ity by allowing each node to be controlled and optimised independently. In
any design however, quantum bits, so called “qubits”, are needed that con-
ventionally consist of two-level systems and can be manipulated coherently.
Information transfer is achieved via “flying” qubits where the information
is encoded in photons, hence an efficient single-photon interface is necessary
to interconnect the nodes of the quantum network.

If such a network was established, it could additionally be used to test
fundamental quantum theory and the laws of physics [19, 20, 21]. Other pos-
sible research includes quantum simulators, in which a simple well-controlled
quantum system is used to simulate new complex effects and gain an un-
derstanding of the physical laws governing them [22, 23, 24]. Additional
applications are developed in quantum cryptography in order to achieve
secure communication [25, 26]. Quantum sensing uses these same basic
building blocks to improve the measurement sensitivity up to a point where
single spins become resolvable, and this has enormous impact on biological
technologies [27, 28, 29, 30, 31].

In order to experimentally realise all these fascinating new technologies,
a high quality implementation of qubits with a photon interface is para-
mount. Such a system must show a long coherence time compared to the
manipulation time of the qubit to assure a high fidelity of operations. Fur-
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2 Chapter 1. Introduction

thermore, the system should be fast to manipulate and relatively easy to
control, to scale up the network from one to many qubits without an ex-
ponential increase in effort involved. Finally, the qubit has to be efficiently
entangled with a photon that acts as a flying qubit to interface with a second
qubit, spreading the entanglement thus making the quantum network act
as one big quantum computer and not only as single small qubits. Several
experimental realisations of qubits have been developed so far.

One promising technology are ions suspended in electro-magnetic traps
[32, 33]. Since the trap can be controlled with high accuracy and the trapped
ion is well separated from all external influences that could cause decoher-
ence, the coherence time of the qubits formed this way is extremely long.
This makes it a good qubit for information storage, but the excellent isola-
tion also poses a problem. Any manipulation of the ion-qubit is a slow pro-
cess and needs intricate control. Nevertheless, multiple ions can be placed
in one trap to interact directly, for example by collective motion. To achieve
this high quality qubit, an enormous technological effort, including ultra
high vacuum and laser cooling, is necessary. This makes the system difficult
to scale up, prohibiting its breakthrough.

A second approach, using a solid state system, is the use of quantum
dots as qubits [34, 35, 36]. In these, the manipulation of the qubit and the
production of big numbers of qubits is relatively easy, although cryogenics
are still needed. The solid state system however, imposes a decoherence bath
from which it can be hard to isolate any qubit. Therefore, the coherence
time of these qubits is limited and the efficient interaction with phonons still
remains challenging.

An alternative approach is to keep using solid state systems, but exploit
the natural energetic isolation of a qubit inside a band gap as for colour
centres in diamond. The most prominent among them is the nitrogen-
vacancy (NV−) centre which has an optical transition that provides access
to its spin even at room temperature [37, 38, 39, 40]. This qubit combines
simple control and manipulation with the basic scalability of a solid state
system, while still preserving a good coherence time of its spin. The spin is
protected by the stiff diamond lattice which shields it against the solid state
bath, hence the colour centre can be seen as a molecule trapped by the dia-
mond lattice. Despite its many advantages, the NV− centre is handicapped
by a highly inefficient spin-photon interface which is hard to improve and
only accessible at cryogenic temperatures.

This thesis describes the investigation of a new colour centre in diamond
that combines many of the advantages already observed for the NV− centre
with a high quality single-photon interface to make it a promising realisa-
tion of an experimental qubit. A hint for such a colour centre was given in
a study by Wang et al. [41] in which they were able to observe the single
site fluorescence of an already studied silicon-vacancy (SiV−) centre. This
centre shows the desired good single-photon properties of a good qubit in-
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terface. Therefore, we concentrate on the study of the SiV− centre in order
to evaluate its viability as a qubit and drive its development to applications.



4 Chapter 1. Introduction



Chapter 2

Fundamental properties of
the silicon-vacancy centre

This chapter represents a literature review on the early work done on SiV−

centres in diamond. The papers are presented in chronological order to
present the fundamental properties and the experiments leading to these res-
ults prior to the start of this thesis. Conclusions drawn from these early
data are discussed. For this chapter, no new experimental data were ac-
quired and the discussion was formulated exclusively by Kay Jahnke. The
theoretical explanations and conclusions concerning the electronic structure
were developed in discussions by Marcus Doherty, Lachlan Rogers and Kay
Jahnke and formulated for the thesis by Kay Jahnke. The first figure presen-
ted is based on an original model by Lachlan Rogers but was modified by Kay
Jahnke for this thesis.
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6 Chapter 2. Fundamental properties of the silicon-vacancy centre

2.1 Physical structure of the silicon-vacancy centre

The silicon-vacancy (SiV−) centre is now known to have a strong zero-
phonon-line (ZPL) at 737 nm or 1.68 eV. Since this is close to the ZPL
of a single vacancy (GR1 centre) at 1.673 eV (741 nm) [42] it was originally
confused with the latter [43]. The first direct indication that the 1.68 eV
transition involved silicon, came in the year 1980 by Vavilov et al. [44].
Silicon atoms were implanted into natural diamond resulting in a strong
cathodoluminescence signal at 1.684 eV.

Building on that work, Collins et al. [42] implanted 29Si isotopes into
a range of natural and synthetic diamonds containing different amounts of
nitrogen. In the nitrogen containing diamonds they found the SiV− colour
centre at 1.681 eV clearly distinguishable from the also present GR1 centre.
They did not anneal their samples but concluded that the centre definitely
involves silicon, while erroneously suggesting the contribution of a nitrogen
atom. This clear separation of the GR1 from the SiV− centre was confirmed
one year later by Ruan et al. [45], although they erroneously attributed a
di-silicon centre due to the behaviour of their implantation yield.

The next big step in the understanding of the SiV− centre came from a
work by Clark and Dickerson in 1991 [46] who investigated synthetic poly-
crystalline diamond grown from microwave-assisted chemical vapour depos-
ition (CVD). The sample contained only a very small amount of nitrogen and
they implanted 28Si at 200 keV. To detect a feature at 1.681 eV, they also
implanted electrons with 2 MeV energy and annealed the diamond samples
afterwards at a range of temperatures from 300 ◦C to 2200 ◦C. By normal-
ising the ZPL intensity to the height of the Raman peak in the photolumin-
escence (PL) spectrum, it was possible to determine the relative creation
yield for different annealing temperatures. From this, it was concluded that
the 1.681 eV centre is composed of a silicon and a vacancy giving it its name
“silicon-vacancy centre”. Additionally, from the formation energies, the sil-
icon atom was proposed to sit at an interstitial site with the vacancy at an
adjacent lattice position. This finding was later confirmed by Collins et al.
[47] in a study on the annealing properties of radiation damage in colourless
CVD diamond. Of interest for the optical properties, it was found that the
line shape narrowed when the SiV− defect was annealed at above 1000 ◦C,
drastically improving the optical distribution of the ensemble of centres.
The same paper also provided the first mention of weak sideband features
belonging to the SiV− centre.

These phonon sideband (PSB) features were further studied by Feng
and Schwartz [48]. They used PL spectroscopy on a single-crystal CVD
diamond film grown on a silicon wafer doped with diamond powder to resolve
even more phononic features, including the 64 meV peak. Some of these
peaks were concluded to be from local vibrations although the 64 meV peak
was not among them. In this paper, the lowest reached temperature for
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taking spectra was 10 K, hence they should have been able to resolve the
four line structure of the ZPL which was observed later on. However, in
this ensemble measurement the inhomogeneous distribution was too broad,
thereby obscuring the detection.

A more thorough study was then performed by Gorokhovsky et al. [49]
in 1995 to identify local modes and contributions from the diamond lattice.
Switching from emission to the excitation, Iakoubovskii et al. [50] were
able to find matching relative positions for some of the peaks in the PSB.
However, they erroneously identified a high energy excitation band as a
direct transition to the conduction band in diamond, which later could be
identified as an additional excited state [1]. In all these studies, strong and
sharp sideband peaks were found pointing to the presence of local modes,
which also support the assignment of the D3d symmetry group for the SiV−

centre.
The first observation of a four line fine-structure for SiV− was reported

by Sternschulte et al. in 1994 [51] on ensembles in CVD grown diamond.
It was found in PL spectroscopy on strained diamonds at 10 K. Uniaxial
stress was applied along the (001) direction and the lines were found to split
linearly into two matching sets. From this result, a doublet excited and a
doublet ground state was concluded, both of which were split apart even
at zero applied stress. Additionally, this is the first report of a fluorescence
lifetime of SiV− being estimated in a range from 1 ns to 4 ns for a variation
of different diamond samples.

To resolve the reason for additional side-peaks seen by Sternschulte et
al. [51], Clark et al. [52] did a spectroscopic study on high-pressure high-
temperature (HPHT) grown diamond in 1995. They were able to resolve the
ZPL into twelve fine-structure lines. From the intensity ratios of these lines
and their respective spacing they identified a four-line pattern which was
repeated three times, with intensity ratios matching the natural abundance
of the silicon isotopes. With the ability to identify the four line structure
of each isotope they could determine a ground (excited) state splitting of
0.20 meV (1.07 meV). A thermalisation in the excited state was suggested
to account for the intensity difference from the two excited state branches
in the spectrum.

Equipped with all this experimental evidence, Goss et al. [53] used
ab initio cluster methods to model the SiV− centre in 1996. First, the
model of spin-polarised local density functional cluster theory with about
70 atoms was validated and calibrated on the well-known theory for the
neutral nitrogen-vacancy (NV0) centre in diamond. After the validity of the
model was verified, they simulated the silicon-vacancy in its different charge
states. The silicon atom in the silicon-vacancy configuration was found to
relax to an interstitial lattice position because of its large size compared
to the surrounding carbon atoms. This relaxation effect is illustrated in
Figure 2.1.
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(a) (b)

C

Si

C

Si

Figure 2.1: Physical structure of the SiV− centre in the diamond lattice. The carbon
atoms are black, while the silicon atom is marked in blue. Bonds are represented in
gray or red for dangling bonds. (a) The silicon atom is large and hence does not
properly fit in the lattice at the carbon position, which would lead to a C3v symmetry.
(b) Instead the silicon relaxes to an interstitial lattice position in a split vacancy
configuration, giving the centre a D3d symmetry.

Hence, the silicon atom was found to be centred at an interstitial lat-
tice position between a split vacancy. This gives the silicon-vacancy centre
physical geometry corresponding to the D3d point group, which includes in-
version symmetry. The four line fine-structure was then consistent with the
negative charge state, giving the SiV− centre a ground as well as an excited
state of E symmetry. Additionally, the level scheme was simulated to be
located deep within the band gap of diamond, mostly protecting it from
charge state switching.

This theoretical finding on the negative charge state of the SiV− centre
leading to the 737 nm ZPL was widely accepted and more thoroughly ex-
plained by Goss et al. [54] in 2005. Experimentally, it was confirmed by
Edmonds et al. [55] in 2008, discussing the electron paramagnetic resonance
of silicon related defects in diamond. Here, they also pointed out that the
negative charge state is entirely consistent with early findings by Collins et
al. [42] in which they had only seen a SiV− signal for nitrogen containing
diamond. In that early work, nitrogen was presumably necessary to supply
the excess electron as a donor in the neutral diamond environment.

More details on the symmetry of the SiV− were provided by Moliver
[56] in 2003, when he determined the neutral charge state of the centre to
also be of D3d symmetry. This finding was experimentally verified in 2011
by D’Haenens-Johansson et al. [57]. However, to date there has not been
any direct unambiguous experimental proof of the D3d symmetry of SiV−

centres, although the empirical results are all consistent with the geometry.
To resolve the relative alignment of the transition dipole to the symmetry
axis of the SiV− centre, PL studies were employed. Brown and Rand [58]
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used a polarisation study on ensembles in a CVD film concluding a 〈110〉
alignment, while Sternschulte et al. [59] performed uni-axial stress and
Zeeman splitting studies also on ensembles, concluding a 〈100〉 alignment.
With the lack of unambiguous ways to identify the alignment of the dipole,
single site measurements were later developed to resolve this question. From
single site measurements on preferentially grown nanodiamonds, a 〈110〉
alignment was concluded by Neu et al. [60] but later corrected to 〈111〉 by
the same group in a work by Hepp et al. [61]. This now widely accepted
〈111〉 alignment of the transition dipole, is a strong indication for the D3d

symmetry of the centre.

2.2 Derivation of electronic structure

For the rest of the thesis we take the symmetry of the SiV− centre to be
D3d, as established by Goss et al. [53] and described in the last section. It
is possible to derive the electronic level scheme for the defect in a straight
forward manner. The allowed “irreducible representations” for symmetry
operations in the rhombohedral (trigonal) D3d point group are: A1, A2, and
E [62]. Due to inversion symmetry, any orbital wave function could either
have an even (g, gerade) or an odd (u, ungerade) character. This allows the
linear combinations of the electron molecular orbitals of the carbon dangling
bonds with D3d symmetry to take any of the following symmetries [62]: a1,g,
a2,u, eg, and eu are valid, analogous to the configuration of tin-vacancy pairs
in silicon that were studied by Watkins [63]. The electrons from the silicon
atom on the other hand transform like: a1,g, a2,u, and eu. In the presence
of a silicon atom in the defect, the energy of the carbon bonds is lowered so
that they resided below the silicon’s levels with a negligible coupling [57].

In the SiV− centre there are a total number of eleven electrons bound to
the defect. Six of them come from the dangling carbon bonds making up the
two split vacancies represented as red elongated bonds in Figure 2.1(b). The
interstitial silicon atom supplies four electrons, and one additional electron is
donated, leading to the negative charge of the centre. Odd states have lower
energy than even states, while A symmetry points to lower energy than the
E symmetry states [53, 63]. For the SiV− centre, the silicon’s orbitals are
much higher in energy than the carbon’s and hence the latter are filled first
[64, 57]. As electrons have spin S = 1/2, two electrons can fill each level
and they are ordered in the series (a2,u, a1,g, eu, eg) from lowest to highest
energy. Filling the available levels from lowest energy with electrons, the
level scheme is nearly filled up (a2

2,ua2
1,ge4

ue3
g) leaving only one hole in the eg

state [65].

This process is illustrated in Figure 2.2(a) where the orange arrows rep-
resent the electrons while the blue arrow marks a hole. The described state
represents the ground state of the SiV− defect. Since the hole can be on any
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(a) (b)

(c)

a2,u

a1,g

eu

eg

a2,u

a1,g

eu

eg

a2,u

a1,g

eu

eg

Figure 2.2: Electronic structure constructed from the electronic orbitals of the
dangling bonds. Orange arrows represent electrons with a certain spin while blue
arrows signify missing electrons or holes. (a) A missing electron at the eg orbital leads
to a 2Eg ground state of the SiV− centre. (b) The next highest energetic config-
uration consists of a hole at eu making up a 2Eu excited state. (c) An even higher
excitation of the hole to the a1,g orbital leads to a A1,g excited orbital singlet state.

of the two degenerate eg states, it has twofold orbital degeneracy, and an-
other twofold degeneracy from the spin state. Hence, the group-theoretical
label of the fourfold degenerate ground state of the SiV− centre is 2Eg.

The excited state of the SiV− centre is derived from this ground state
formation by promoting an electron from the lower levels to the position of
the ground state hole. This can also be seen as promoting the hole to the
next levels, and is illustrated in Figure 2.2(b) for the first excited state and
in Figure 2.2(c) for the second one. The first excited state is another orbital
doublet, but of 2Eu symmetry. The second excited state on the other hand
is an orbital singlet of A1,g symmetry that only has spin degeneracy. With
these three mentioned levels (2Eg, 2Eu, A1,g), the whole energy structure
of the SiV− centre can be described. In principle, there might also be a
third excited A2,u level arising from the a2,u hole, but no signature of that
was observed, so we presumed it to be located in the conduction band of
diamond.

All the described levels are the result of the spin S = 1/2 hole and hence
the spin manifold of any of the electronic states leads to a spin doublet. This
is in contrast to the NV− centre in diamond, which has spin triplet S = 1
states for the ground and excited state. That makes the latter especially
useful for sensing since a zero-field splitting and metastable states allow
the spin to be initialised and read-out even at room temperature. In SiV−

centres an external magnetic field is needed to split the doublet apart and
address the spin at cryogenic temperatures. This makes it a good candidate
for an optical qubit but hinders its application in sensing.



Chapter 3

Electronic structure and its
implications

The theoretical explanations and conclusions in this chapter were developed
in discussions by Marcus Doherty, Lachlan Rogers and Kay Jahnke and
formulated for the thesis by Kay Jahnke. The confocal microscope setup
design was originally conceived by Fedor Jelezko and Boris Naydenov in
the 3. Institute for Physics of the University Stuttgart. It was then modi-
fied by Lachlan Rogers and Kay Jahnke for the polarisation measurements
presented here. The experiments were conceived by Lachlan Rogers and Kay
Jahnke and were performed with the additional help of Andreas Dietrich.
The employed measurement software was programmed by the members of
the Institute for Quantum Optics based on the original “pi3diamond” soft-
ware created by the 3. Institute for Physics of the University Stuttgart. The
diamond samples were supplied to the Institute for Quantum Optics of the
Ulm University by Junichi Isoya. Tokuyuki Teraji and Hitoshi Sumiya were
involved in the growth of both samples used in this thesis. Early polarisation
measurements were performed by Liam McGuinness and Christoph Müller
but none of these data were used for this thesis. The results presented in
this chapter were previously published in [1].

11
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3.1 Experimental details

3.1.1 Confocal setup

To confirm the theoretically derived level scheme from section 2.2 we per-
formed polarisation measurements of photoluminescence in emission (PL)
and excitation (PLE) of single SiV− sites in bulk diamonds. In the whole
thesis, a home-built confocal microscope was used to resolve structures with
a resolution limited by Abbe’s criterion to

d =
λmin

2 NA
, (3.1)

given by the minimum optical wavelength λmin in the experiment and the nu-
merical aperture (NA) of the microscope objective. Therefore, single fluor-
escence spots could be resolved with our default 532 nm laser if the density
of these sites was less than 0.25/µm2 for a single layer of sites or less than
0.5/µm3 in an extended region.

The confocal design is illustrated in Figure 3.1. This setup design was
used for all experiments described in this thesis unless marked otherwise. For
excitation of the colour centre, different laser sources were used depending on
the exact experiment. The laser was coupled into a single-mode, polarisation
maintaining photonic-crystal fibre (NKT Photonics, LMA-PM-10) and out-
coupled with an objective (Olympus Plan N, 4x, 0.10 NA) leading to a
collimated beam diameter of about 5 mm. The beam was then directed
to a Beam Sampler (Thorlabs BSF20-B) which reflected a small fraction
into the back aperture of the microscope objective (Olympus UMPlan Fl,
100x, 0.95 NA) focussing the light into a spot in the diamond. To get
a spatially resolved picture, the objective was scanned by a 200 × 200 ×
200 µm closed-loop piezo scanner (Physik Instrumente GmbH & Co. KG,
P-562.6CD PIMars), moving the confocal spot through the diamond sample.
The diamond itself was mounted on an aluminium holder that was screwed
to the coldfinger of a continuous-flow helium cryostat (CryoVac, modified
KONTI Cryostat), which could be coarsely positioned by motors (Micos
Micro Stage MTS-70 Vacuum). The coldfinger sat in a vacuum of 10−7mbar
and the temperature was stabilised to within 0.1 K in a range between 4.5 K
to 350 K using an active heating element controlled with a PID loop.

The light emitted by a fluorescent spot in the focal point of the micro-
scope objective was then collected by the same objective and collimated to
pass through the Beam Sampler. This Beam Sampler had an anti-reflective
coating for near-infrared (NIR) light. The light was focussed through a
25 µm pinhole, to select only one slice in z-direction of about 0.5 µm width
in the focal spot of the objective. An automated flippable mirror in the shiel-
ded detection channel was used to direct the light transmitted through the
pinhole to either a spectrometer or further on to a single photon detection
with an avalanche photo diode (APD).

http://www.nktphotonics.com/files/files/LMA-PM-10.pdf
http://www.thorlabs.de/thorproduct.cfm?partnumber=RMS4X
http://www.thorlabs.com/thorproduct.cfm?partnumber=BSF20-B
http://www.olympusamerica.com/seg_section/files/scientific_component_guide.pdf
http://www.olympusamerica.com/seg_section/files/scientific_component_guide.pdf
http://www.physikinstrumente.de/produkt-detailseite/p-5626cd-201555.html
http://www.physikinstrumente.de/produkt-detailseite/p-5626cd-201555.html
http://www.cryovac.de/index.php/cryostats/konti-cryostats/2-uncategorised/72-konti-micro-wafer
http://www.cryovac.de/index.php/cryostats/konti-cryostats/2-uncategorised/72-konti-micro-wafer
http://www.pimicos.com/web2/data/download/vacuum/mts70_vacuum.pdf
http://www.pimicos.com/web2/data/download/vacuum/mts70_vacuum.pdf
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Figure 3.1: Confocal microscope setup used to resolve single fluorescence sites in the
diamond sample. Adapted from [1].
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The spectrometer (Princeton Instruments Acton SP2500) had a free
space mirror configuration with a rotatable mirror tower, and the light
was collected by a CCD camera (Princeton Instruments Pixis 100 Model
7515-0015) cooled to −75 ◦C, in order to increase detection efficiency while
decreasing dark counts. The spectrometer tower had three gratings moun-
ted for maximum flexibility: 150 g/mm at blaze wavelength 800 nm (low-
resolution); 1200 g/mm at blaze wavelength 750 nm (mid-resolution);
1596 g/mm with holographic blaze at NIR (high-resolution). With the high-
resolution grating, a calculated resolution of 22 GHz should have been reach-
able, although by fitting the resulting spectrum with Gaussian functions for
single narrow lines it was possible to reach a resolution down to 16 GHz from
the Gaussian line width. The absolute position of the spectrometer was cal-
ibrated with a narrow band (100 kHz) Titanium:Sapphire laser at 737 nm,
which in turn was calibrated using a wavemeter (High Finesse WS Ultimate
30).

The other detection path led to an APD (Excelitas Technologies SPCM-
AQRH 14) which produced short TTL pulses for each arriving photon. A
50:50 beam splitter could be placed in front of the APD to deviate 50 % of
the incoming photons to perform photon autocorrelation measurements with
a second APD in a Hanbury-Brown-Twiss [66] configuration. The photon-
count signal was either counted with a slow counting card (National Instru-
ments NI6323) synchronously with the objective position for microscope
imaging or with a fast time-of-flight counting card (Fast ComTec P7887 or
MCS6A) for time resolved measurements.

For the polarisation measurements, polarisation optics were either placed
in front of the pinhole to measure PL polarisation or in front of the Beam
Sampler to measure the PLE signal. The polarisation optics consisted of a
half wave plate (HWP) mounted with a motorised rotation mount in front
of a polarising beam splitter (PBS). With the HWP, the incoming light
could be rotated to an arbitrary orientation while the PBS ensured that
only the horizontal linear polarisation passed through. Thereby, the passing
polarisation was always the same and we were not susceptible to any other
polarisation effects from the setup, such as gratings in the spectrometer or
the 50:50 beam splitter.

3.1.2 Diamond samples

In this thesis we have mainly used two kinds of samples. The first one (des-
ignated HPHT-diamond) was a IIa-type diamond grown in a high-pressure
high-temperature (HPHT) process by collaborators at the Research Center
for Knowledge Communities in the University of Tsukuba (Japan). As a
source material, highly pure carbon with natural isotope abundance was
used to grow this low strain HPHT crystal, leading to an average nitrogen
content of about 2 ppb. One side of the diamond was laser cut to form a

http://www.princetoninstruments.com/Uploads/Princeton/Documents/Datasheets/Princeton_Instruments_Acton_Series_N3_5-19-14.pdf
http://www.princetoninstruments.com/Uploads/Princeton/Documents/Datasheets/PIXIS/Princeton_Instruments_PIXIS_100_rev.5.1_10_22_14.pdf
http://www.princetoninstruments.com/Uploads/Princeton/Documents/Datasheets/PIXIS/Princeton_Instruments_PIXIS_100_rev.5.1_10_22_14.pdf
http://www.princetoninstruments.com/Uploads/Princeton/Images/Grating%20curves/1-015-800-1569-Sept2010.gif
http://www.princetoninstruments.com/Uploads/Princeton/Images/Grating%20curves/1-120-750-MR136-Sept2010.gif
http://www.highfinesse.com/Brochure/LowRes/08_WSU_1_low.pdf
http://www.highfinesse.com/Brochure/LowRes/08_WSU_1_low.pdf
http://www.excelitas.com/Downloads/DTS_SPCM-AQRH.pdf
http://www.excelitas.com/Downloads/DTS_SPCM-AQRH.pdf
http://sine.ni.com/nips/cds/view/p/lang/de/nid/207406
http://sine.ni.com/nips/cds/view/p/lang/de/nid/207406
http://www.fastcomtec.com/products/ultra-fast-photon-counters/mcs6a.html
http://www.fastcomtec.com/products/ultra-fast-photon-counters/mcs6a.html
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Figure 3.2: HPHT-diamond sample: The investigated 〈111〉 surface had an extensive
surface structure remaining from growth. (a) Optical microscope picture showing the
diamond with its dimension in y direction about 1 mm and a visible surface pattern.
(b) This pattern was also visible in a stitched-together confocal scan of the surface.
Here every square represented a 200 × 200 µm region while red are low counts and
blue represents high counts. (c) Scan of the 16× 16 µm region of interest (ROI) with
our SiV− sites marked and numbered.
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clean {111} surface and implanted with silicon atoms in a square pattern
at energies of 3 MeV with a very low ion dose. No SiV− sites were found
on this surface matching the implanted pattern, even after annealing the
sample.

On the opposite as-grown {111} surface however, multiple single SiV−

centres, NV− centres as well as combinations of the two were found to have
grown naturally. This surface also contained a very recognisable surface
topology pattern remaining from the growth process making it possible to
find the same SiV− sites over and over again for a period of more than a
year. We found a convenient 20 × 20 µm region that was relatively easy to
identify containing seven interesting SiV− sites. These sites were in a region
of 1 µm to 4 µm below the surface and we numbered them in order to address
them in a persistent way throughout this whole thesis. This sample is shown
in Figure 3.2.

The second diamond sample (designated CVD-diamond) was a IIa-type
diamond substrate that had been overgrown in a microwave plasma-assisted
chemical-vapour-deposition (CVD) process, also supplied by our Japanese
collaborators and described by Teraji et al. [67]. The CVD layer was grown
on the (100) side of IIa-type HPHT diamond grown by Sumitomo Electric
Industries Limited to achieve a low strain and had a thickness of about
60 µm. The methane in the growth process was isotopically purified to con-
tain 99.999 % 12C and care was taken, for the nitrogen content to be below
10 ppb. In a normal growth process, the incorporation of residual silicon
forming SiV− defects is low, so no SiV− centres can be found.

In this diamond however, a silicon carbide 6H-SiC single-crystal plate
was placed next to the diamond sample on a molybdenum holder. The
growth plasma was able to etch a small portion of the SiC plate, introducing
silicon into the plasma. SiV− centres were produced in an about 20 µm thick
layer as the silicon was incorporated during CVD growth. Since the SiC was
produced from natural silicon, a natural abundance of silicon isotopes could
be found in the grown SiV− sites. As can be seen in Figure 3.3, the resulting
diamond piece contained a resolvable distribution of SiV− sites in a region
between 3 µm and 10 µm below the (100) surface. For a different study,
the diamond has also been milled with a gallium focussed ion beam (FIB)
to create solid immersion lenses (SIL) on the surface, which are visible in
Figure 3.3 but did not influence the SiV− sites outside the SILs 1.

3.2 Polarisation results for the optical transitions

The polarisation of SiV− sites in the HPHT-diamond sample was investig-
ated through a {111} surface. These measurements were performed with
the diamond at room temperature under ambient conditions with a green

1SILs were produced by Luca Marseglia and Christine Kranz.
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Figure 3.3: CVD-diamond sample: CVD overgrown sample with its (100) surface.
(a) Optical microscope picture of a region of the sample mounted with indium. In
the middle right corner an array of SILs was visible. (b) xy-scan of a typical region
in a depth of about 5 µm showed multiple clear sites. (c) The xz-scan showed that
the density of sites was highly dependent of the depth inside (up) the diamond. The
bright (blue) line at z = 0 was the signal from the diamond surface.



18 Chapter 3. Electronic structure and its implications

(a) (b)
〈111〉

〈111〉

〈111〉
〈111〉0

2

4

2

4
3

1

Figure 3.4: PL intensity as a function of detection polarisation for the (111) surface.
(a) The SiV− sites formed distinct sets, within which all sites had similarly polarised
emission. One set had no polarization variation (C = 3 %), while two other sets had a
contrast of C = 60 % and were separated by 120◦. (b) These sets were arranged in a
manner corresponding to the projection of the 〈111〉 crystal vectors. The position of
an expected fourth set that should share the contrast of C = 60 % was marked, and
the absence of any SiV− in this orientation was attributed to crystal growth effects.
The displayed results have previously been published in [1].

532 nm laser (Laser Quantum, gem 532, CW) coupled to the fibre for excit-
ation. To achieve this, we rotated the HWP, as described in section 3.1, and
by that technique detected the PL polarisation while taking care to only de-
tect the ZPL with the help of optical filters (750/50BP, band pass). A total
of 817 SiV− centres were investigated, which formed clusters and distinct
sets of the ZPL polarisation could be identified, as shown in Figure 3.4(a).

To discuss the polarisation dependence quantitatively, we define the po-
larisation contrast

C =
Imax − Imin

Imax + Imin
(3.2)

given as a percentage, which is used as default measure in solid state systems
[60, 68]. One set of sites showed no clear polarisation contrast (numbered
as set 1) with a measured value of C = 3 %. Two other sets were found to
have a contrast of about C = 60 % (numbered as sets 2 and 3). Their main
axis of polarisation was separated by 120◦.

These three sets corresponded to the 〈111〉 crystal directions of the dia-
mond when viewed through a {111} surface, as shown in Figure 3.4(b). The
〈111〉 directions were determined from the crystal’s facets and confirmed by
measuring the polarisation of NV− centres close-by. For those the alignment
of the polarisation to the crystal axis and the symmetry axis of the centre
was known [69].

None of the 40 investigated SiV− and NV− sites measured in this dia-
mond were found to be aligned with set number 4, which would be 120◦

shifted from both sets 2 and 3. The crystal direction of this set was the
growth direction of the crystal. In the literature there are numerous reports
on preferential site orientation of NV− centres for defect sites that are in-
corporated during the diamond growth [70, 71, 72, 73, 57, 74]. This effect

http://www.laserquantum.com/de/products/detail.cfm?id=14
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Figure 3.5: PL intensity as a function of detection polarisation for the (100) surface.
(a) The SiV− sites formed two distinct sets with contrast of about C = 50 %, sep-
arated by 90◦. (b) These sets were also arranged in a manner corresponding to the
projection of the 〈111〉 crystal vectors. The difference in contrast between the perpen-
dicular sets was attributed to the viewing axis being slightly misaligned from 〈100〉, as
was the case in the illustrated unit cube. The displayed results have previously been
published in [1].

stemmed partly from the fact that the extent of colour centre incorporation
is different for different surface orientations. Especially for defects contain-
ing multiple species - like vacancies, nitrogen or silicon - the incorporation
preferentially occurred in a certain direction leading to a non-uniform dis-
tribution of colour centres between the equivalent orientations. In our case,
the absence of polarisation orientation number 4 was attributed to similar
growth effects. Since we were investigating single clearly resolvable SiV−

sites, this did not impact the strength of the subsequent conclusions as they
were independent of the growth direction, and therefore we did not invest-
igate growth effects further. In conclusion, the strong correlation of the
polarisation pattern for our SiV− sites with the 〈111〉 crystal axes was a
convincing evidence for the SiV− sites also to be aligned with these crystal
axes.

The same measurements were repeated on the CVD-diamond which
provided a view through a {100} surface. As displayed in Figure 3.5(a)
the polarisation for different sites fell into two sets (numbered 1 and 2 vs.
3 and 4) that were about 90◦ shifted with respect to each other. Since the
shift was a multiple of 90◦, it was not possible to distinguish set 1 from set
2 in this surface (3 and 4, respectively).

The polarisation contrast for all of the sites in this diamond and viewing
direction was about C = 50 %. As seen from a comparison of Figure 3.5(a)
with the crystal directions in Figure 3.5(b), the SiV− again appeared aligned
with the 〈111〉 diamond axes. Therefore the results from a {100} surface
were consistent with a {111} surface but no additional details could be
extracted due to the symmetries in this alignment. Hence, the rest of this
chapter concentrates on the HPHT-diamond.

At room temperature, the ZPL was a few nm broad and therefore con-
tained all transitions in an unresolved manner. To resolve all four possible
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Figure 3.6: Polarisation of ZPL fine structure. (a) Below 8 K the ZPL was resolved
into four components. The peaks were named with increasing wavelength A–D. The
width of these peaks was limited by the spectrometer resolution. (b) The polarisation
of each ZPL component. The two inner lines were polarised in the XZ direction, and
had almost complete contrast (C(B) = 97 % and C(C) = 92 %). The two outer lines
were oppositely polarised (Y), and had contrasts C(A) = 85 % and C(D) = 72 %. The
displayed results have previously been published in [1].

transitions predicted by the theoretical derivation in section 2.2 and seen in
literature [52, 60], we cooled the HPHT-diamond to cryogenic temperatures.
The coldfinger was cooled by liquid helium and reaches 4.2 K, but the dia-
mond sample was exposed to the heat flow from the objective and connected
to the coldfinger through indium and aluminium, reducing the effective heat
flow. Therefore the sample temperature was increased, but the investigated
sites in the diamond still had a temperature of below 8 K. This has been
verified by applying an external heat sensor to the diamond position and
measuring the equilibrium temperature at moderate cooling rates.

At this temperature, we were able to resolve all four fine-structure lines
of the SiV− centre, as can be seen in Figure 3.6(a). The shown spectrum was
an average of several different spectra measured at different polarisations,
to omit the polarisation dependence of each peak and make it comparable
to other literature. The width of each peak was determined from Gaussian
fits to the spectrum to be 16 GHz which represents the spectrometer limit.

We named the peaks in the spectrum with increasing wavelength (de-
creasing energy) A–D. The ground state splitting between A and B (C and
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Figure 3.7: Alignment of dipoles in a radiation field. (a) A dipole radiates primarily
into the plane orthogonal to its axis. The toroidal surface illustrated the relative
intensity as a function of elevation angle out of this plane, and importantly showed
that no radiation propagates along the dipole axis. In every direction of propagation(−→
k
)

, the radiation
(−→
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)

was polarised parallel to the dipole axis. (b) Projection of

the local X [112], Y [110], and Z [111] dipoles for a 〈111〉 viewing direction. The X axis
was lying in a symmetry plane, and so each of the three oblique SiV− orientations may
have Y chosen so that it was perpendicular to the viewing direction. The projection
of X was parallel to that of Z. The displayed results have previously been published in
[1].

D, respectively) was 0.08 nm (46.7 GHz, 0.20 meV) while the exited state
splitting between A and C (B and D, respectively) was found to be 0.47 nm
(258.1 GHz, 1.05 meV). This was in good agreement with the earlier meas-
urements in the literature on a low strain diamond [52]. If anything, our
excited state splitting was smaller than those reported, indicating that our
HPHT-diamond was an extremely low strain sample. With the ability to
reliably resolve each fine-structure peak in the spectrum, we investigated
each single transition for its polarisation properties.

Generally, polarisation measurements probe the dipole moments that
contribute to a given transition. Any emitter can be fully characterised
by considering a set of three orthogonal dipoles spanning a complete three
dimensional basis. For a defect site aligned with the 〈111〉 crystal axis the
conventional site referenced axes are: Z [111], X [112], and Y [110]. We
considered our basis dipoles along these axes. While a dipole produces light
that is polarised along its axis, this light is primarily radiated in a plane
perpendicular to its axis. This concept is illustrated in Figure 3.7(a) where
the electric field vector ~E representing the polarisation is along the dipole
axis, while it propagates (~k) perpendicular to that field vector.

When viewing SiV− centres through a {111} surface, sites from set num-
ber 1 had their Z axis parallel to the surface normal. Therefore, such a Z
dipole did not radiate any intensity in this direction and the measured fluor-
escence could only arise from the X and Y dipoles. As was presented in Fig-
ure 3.4, there was no polarisation contrast from just these two dipoles and
consequently the X and Y dipole had to have the same magnitude. Hence,
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we named the dipole moment along these directions d⊥ since they could not
be distinguished. The dipole moment along the site’s Z axis, on the other
hand, could be separated and we called it d‖.

The other three possible SiV− orientations had their Z axis inclined at
a 19.5◦ angle to the surface. In these three oblique orientations there was
always a choice of X and Y that made Y perpendicular to the surface. The
corresponding X then needed to still be perpendicular to Y which made it
appear parallel to Z as shown in Figure 3.7(b).

By choosing the normal vector of the surface to be (111) we could easily
determine the angle between this normal and an arbitrary vector by calcu-
lating the normalised scalar product and taking the arc-cosine of that. For
our choice of basis vectors this gave

ΘX = arccos (S ·X) = arccos

(
1√
3

111 · 1√
6

112

)
= arccos

(
2
√

2

3

)
= 19.5◦ ,

ΘY = arccos (S ·Y) = arccos

(
1√
3

111 · 1√
2

110

)
= arccos (0) = 0◦ ,

ΘZ = arccos (S · Z) = arccos

(
1√
3

111 · 1√
3

111

)
= arccos

(
1

3

)
= 70.5◦ .

(3.3)

The viewing factors, representing the relative intensities from these dipoles,
were defined as the sine of the calculated angles. Hence, the oblique orient-
ations had the dipole viewing factors

X : Y : Z = sin 19.5◦ : sin 0◦ : sin 70.5◦ = 0.33 : 1.00 : 0.94 (3.4)

Since Y was chosen perpendicular to the surface, and hence to the view-
ing direction, the observed intensity from this Y dipole moment was 100 %.
The Z axis, on the other hand, had only 94 % of its strength visible while
33 % of the X dipole also contributed to the signal in the same viewing dir-
ection. Therefore, the expected polarisation contrast for a transition only
involving d⊥ (d‖ = 0) was

Cd⊥ =
1− 0.33

1 + 0.33
= 50 % (3.5)

with a maximum in Y direction. If we now looked at the other extreme of
d⊥ = 0, we would expect a contrast of Cd‖ = 100 % along the XZ direction
while the absolute intensity was reduced to 94 %.

In Figure 3.6(b), the polarisation contrast was determined for each of the
fine-structure line of a SiV− centre, when viewed through a {111} surface.
The inner two transitions (peak B and C) were found to be polarised in the
same direction with a contrast of C ≥ 92 %. By comparing the alignment
with the crystal directions, we were able to identify these to be polarised
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along XZ. The outer transitions (peak A and D) were polarised perpendic-
ular to the inner ones, indicating them to be along Y. The contrast was
C = 72 % for peak A and C = 85 % for peak D.

Since the inner two lines had nearly their full contrast and were aligned
along the 〈111〉 crystal direction, they necessarily must have arisen almost
completely from the axial dipole moment d‖. The outer lines however had
a contrast of over 50 %, while they were aligned perpendicular to d‖, thus
in the d⊥ direction. This indicated a dipole moment perpendicular to the
axial alignment and hence in the inversion plane of the SiV− centre.

For any dipole alignment with a symmetry matching the diamond crys-
tal, the unperturbed X and Y dipole moments have the same strength,
leading to the maximum contrast value Cd⊥ = 50 %. Thus a source for the
increased contrast needed to be found. A hint was provided by the polarisa-
tion contrast of nearby NV− centres which showed a contrast of C = 70 %,
while from the pure perpendicular dipole moment d⊥, a C = 50 % was ex-
pected for the E ↔ A optical transition. This increase was of the same
order as for the SiV− centre. The origin of this observation was that the
high NA microscope objective collected light from a large angle to the sur-
face and not only from angles parallel to the surface normal. Therefore,
there was a known selectivity effect in the transmission of the polarisation
with a component parallel to the surface, leading to an apparent increase in
the strength of the Y dipole, since this was completely parallel to the sur-
face. Hence, the apparent X and Y dipoles did not have the same strength
any more and an increased contrast of Cd⊥ = 70 % was expected for only
d⊥. This matched well to the measured value for peak A, suggesting this
transition to arise purely from d⊥.

Peak D had a higher contrast still. However, reconsidering the height
of this peak in Figure 3.6(a) we found it to have by far the lowest absolute
intensity. Thus the polarisation contrast on this peak was more challenging
to measure and a big error was expected in the measurement. Therefore
we attributed the excess increase of contrast for peak D to an increased
measurement error and conclude that it also solely arose from d⊥.

In addition, by comparing the strength of peaks A and B (D and C,
respectively), it was also possible to compare the relative strength of d⊥
and d‖. One had to take care to consider the strength at the maximum of
polarisation, which means a 90◦ shift for comparing each of the two pairs.
Also the Z dipole needed to be corrected, since its intensity is reduced by
the surface geometry to 94 %. It was concluded that d‖ is at least four times
stronger than d⊥.

With the knowledge of the ground and excited state splitting and the
dipoles involved in the individual transitions, we were able to draw the level
scheme for a single SiV− centre in a diamond free of external strain and
magnetic fields. The transition polarisation suggested the splitting in the
2E states to arise from spin-orbit coupling with an orbital momentum of
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Figure 3.8: Electronic level structure. (a) For the SiV− there were three energy
levels of importance: The ground 2Eg state and two excited states of 2Eu and A1,g

symmetry. The transitions between them and the ground state had a wavelength
of 737 nm and 605 nm, respectively. The E doublets were split apart by spin-orbit
coupling leading to purely perpendicular (d⊥) and purely parallel (d‖) dipole trans-
itions. (b) The polarisation selection rules of the alternate origins of the optical ZPL
fine-structure that were inconsistent with experiment: strain, the Jahn-Teller effect
and inversion doubling. Strain lowered the symmetry of the centre and split both
the orbitally degenerate ground and excited 2E electronic levels into individual orbital
levels denoted Ex and Ey. The Jahn-Teller effect coupled the 2E electronic levels
with E vibrational modes to yield lowest 2E and 2A vibronic levels [75]. Note that
the relative intensities of the fine structure lines depended on the Jahn-Teller energy.
In inversion doubling at a D3d site, the 2Eg and 2Eu electronic levels were coupled
with an Au vibrational mode to yield odd 2Eu and even 2Eg vibronic levels [76]. The
displayed results have previously been published in [1].

L = 1 coupled to a single hole of spin S = 1/2 [62]. The resulting level
structure is displayed in Figure 3.8(a)

Three other explanations for the splitting of the 2E states have been
brought forward. Strain could have split the levels apart in both of our
samples. Also a static Jahn-Teller effect would be able to modify the E
symmetry of the states and split them apart as suggested by Goss et al. [53].
The third option was initially suggested by Clark et al. [52], who proposed
an inversion doubling of the sites at D3d symmetry for the splitting. From
all these suggestions, polarisation rules for the transitions could be derived
[75, 76], as shown in Figure 2.2(b).

It was apparent from the data that only the selection rules for spin-orbit
coupling matched our observation. Additionally, the splitting due to strain
could be ruled out, since we measured extremely homogeneous splittings
over several sites, as presented in chapter 4. Also the different splittings
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Figure 3.9: Polarisation dependence of PLE. (a) The PLE polarisation dependence
for a 532 nm laser incident on the (111) surface. These have been normalised to the
polarisation along Y and the PLE contrast CPLE = 66± 4 % was in the opposite sense
to that in PL. (b) The absorption contrast over a range of laser wavelengths. The
error bars indicated the statistical variation of polarisation contrast measured over
seven SiV− sites. The high contrast of the ZPL diminished quickly for off-resonant
excitation. The contrast changed to the “opposite” direction around 600 nm, but the
broad OPO line had smeared out this transition. The dotted line was a visual guide
only. The displayed results have previously been published in [1].

reported in literature were in close accordance with each other. Therefore
we concluded the SiV− centre to have an optically active 2E ground and
excited state with a spin-orbit splitting in each of 46.7 GHz and 258.1 GHz,
respectively.

So far we have only investigated the polarisation dependence of the emit-
ted PL. Although the SiV− centre has only a weak PSB that extended for
about 100 nm from the 737 nm ZPL in emission, the centre was efficiently
excited by a 532 nm laser, which was more than twice as far away. To invest-
igate this surprising result, we examined the PLE polarisation dependence.
For this we moved the polarisation optics in our setup from the detection
path to the excitation beam in front of the Beam Sampler (see section 3.1).
The following measurements were again performed at room temperature.

As for the PL measurements, sites all fell into sets of equal polarisation
patterns with the set number 4 missing in our HPHT-diamond as shown in
Figure 3.9(a). Interestingly, the maximum of polarisation intensity was now
not along the crystal axis but perpendicular to it (compare Figure 3.9(a)
with Figure 3.4(a)). On the other hand, the contrast seemed to be similar,
with set number 1 having no contrast, while for sets number 2 and 3 we
measured a contrast of C = 70 %. Together with the same arguments for
increased contrast as in the PL measurements and the absolute alignment to
the crystal axis, we could conclude that the PLE only contained a perpen-
dicular dipole moment d⊥. This was peculiar and indicated that a different
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transition is responsible for the PLE at 532 nm than for the PL at 737 nm.
For a site with D3d symmetry, such a purely d⊥ transition corresponds

to a transition between an A and an E level [57]. As we have shown at
the end of the last chapter in section 2.2, there was indeed an additional
excited state of A1,g symmetry situated above the excited 2Eu state. Since
the transition A1,g ↔ 2Eg from this excited to the ground state was of the
same even parity (g), to first order it was forbidden because photons carry
odd parity. However, if a phonon was involved in the transition, the parity
selection rule could be met again and the transition became possible. Hence,
we expected no ZPL for this transition but a huge PSB due to the shape
mismatch between A and E modes.

In order to estimate the energetic position of this new level compared
to the ground state, we performed PLE measurements at various different
excitation wavelength between 532 nm and 737 nm. For the low wavelength
range from 532 nm to 640 nm we used a Titanium:Sapphire pumped op-
tical parametric oscillator while for the range from 696 nm to 725 nm a Ti-
tanium:Sapphire laser was used directly. Both laser sources were pulsed with
about 50 fs short pulses and a repetition frequency of 80 MHz. This resulted
in a broad laser source with a line width of about 10 nm, leading to a high
uncertainty in wavelength. On top of that, the excitation efficiency of SiV−

centres below 600 nm was very low, so that the polarisation contrast was
prone to extensive measurement errors.

Nevertheless, Figure 3.9(b) shows a clear change from a mainly Z polar-
ised transition to a transition dipole in the XY plane. Around a wavelength
of 600 nm, our interpretation is that the PLE changed from an A1,g ↔ 2Eg

to an 2Eu ↔ 2Eg transition. This value agreed well with an absorption band
for SiV− ensembles reported by Iakoubovskii et al. [50] starting at 2.05 eV
(605 nm). In their paper, they found this band to be very broad and in shape
to roughly match the direct photon absorption in diamond above 5.47 eV.
Therefore they attributed their detected band to the excitation of the SiV−

centre directly to the diamond conduction band.
This was in contrast to earlier calculations by Goss et al. [53], who

predicted the SiV− to lie deep inside the diamond band gap with a much
higher energy transition to the conduction band. Additionally, a transition
to the de-localised diamond band gap would have no polarisation depend-
ence at all. Thus from our strong polarisation results at wavelengths below
600 nm, we conclude that this band corresponds to absorption into the A1,g

excited state. This situated the A1,g level 605 nm above the 2Eg ground
state. The resulting level could be seen in Figure 3.8(a). Notice that the
A1,g ↔ 2Eg transition arising from the different symmetries and detected
by Iakoubovskii et al. [50] has a strong sideband. It arises from phonons
induced by the shift of waveforms in the transition and this extended PSB
allows for reasonably efficient off-resonant excitation of the SiV− centre at
532 nm.
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All the results reported in this chapter were entirely consistent with the
D3d symmetry of the SiV− centre, but unfortunately not an unambiguous
proof. However, they definitively resolved contention around the alignment
of the transition dipoles. Brown and Rand [58] also used polarisation meas-
urements to conclude a 〈110〉 alignment from ensemble measurements in bulk
CVD diamond films. As a first caveat, they studied ensembles of centres but
did not consider any preferential incorporation of colour centres, which we
have seen to be quite important. Additionally, they used a 488 nm laser for
excitation, which we have shown to access the A1,g ↔ 2Eg transition, also
obscuring their results. Therefore, their findings do not necessarily disagree
with our measurements but the interpretations at that time were incorrect.

More recently, Neu et al. [60] performed a similar study on single SiV−

sites and reached the same conclusion of 〈110〉 alignment. They worked
with nanodiamonds preferentially grown on iridium to view the SiV− sites
through a {100} surface. As we have seen earlier in this chapter, measure-
ments on this surface are ambiguous, especially since the crystal orientation
in nanodiamonds could be hard to determine. They saw a high polarisation
contrast which might have been due to their focussing optics. The contrast
was potentially amplified by the near field effects of the nanodiamond and
lead to the interpretation as a single dipole after an unknown method of
background subtraction. Considering this, their measurement results were
consistent with our interpretation which was supported by the correction of
the same group to our claimed 〈111〉 alignment of the SiV− main dipole in
a later publication [61].

A tentative 〈100〉 alignment of the dipole was concluded from early stud-
ies on the Zeeman splitting in the SiV− centre by Sternschulte et al. [59].
Later, more thorough Zeeman studies have been reported on a single site
level. These more current reports are compatible with our findings and
conclude a 〈111〉 alignment by themselves [61].

Since the publication of the 〈111〉 alignment of the main transition dipole
by two independent groups on a single site level, over a year has passed.
Although SiV− was studied extensively, no contradicting results had been
found. Therefore, we could assume the SiV− centre to have two excited
states one of A1,g and one of 2Eg symmetry. The first could only be seen in
excitation and the transition contained only a perpendicular dipole moment.
The latter could be seen in excitation and emission and had a strong ZPL
that contained perpendicular dipole moments as well as a parallel dipole
moment with the latter being at least four times stronger.
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Chapter 4

Uniform sites and
two-photon interference

The first experiments presented in this chapter were performed by Lachlan
Rogers and Kay Jahnke at the Institute for Quantum Optics at Ulm Uni-
versity under the supervision of Fedor Jelezko. The later part concerning
the Hong-Ou-Mandel interference experiment was done in the Department
of Physics at Harvard University by Alp Sipahigil and Kay Jahnke together
under the supervision of Mikhail Lukin. Alexander Zibrov helped with the
set up of the experiment there and built the laser we used. The data were
analysed and their implications discussed by Lachlan Rogers, Alp Sipahigil
and Kay Jahnke and formulated for the thesis by Kay Jahnke. The dia-
mond samples were supplied to Junichi Isoya and Tokuyuki Teraji. Fruitful
discussions with Michael Goldman, Alexander Kubanek, Marcus Doherty,
Christoph Müller and Liam McGuinness helped the advancement of the ex-
periments. The results presented in this chapter were previously published
in [2] and [3].
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Figure 4.1: PL spectrum with PSB in emission and fine-structure. At room tem-
perature (297 K) the emission spectrum showed a strong ZPL with a Debye-Waller
factor of about 70 %. At cryogenic temperature the spectral features became nar-
rower but the Debye-Waller factor stayed constant. The inset shows a zoom into the
ZPL revealing the four line fine-structure. The intensity ratio between the two excited
state branches (A, B vs. C, D) depended on temperature. The displayed results have
previously been published in [2] and [4].

The previous chapter dealt with the fundamental but incoherent proper-
ties of the SiV− centre. Thus far, the transition dipoles have been identified
but we have not investigated the optical transition itself. The reason for the
superiority of SiV− over NV− was its favourable strong ZPL, that makes
it useful in many fields. Therefore, we first investigated the spectrum of a
single SiV− centre in our HPHT-diamond for its spectral properties before
we switched to the CVD-diamond sample to highlight the narrow optical
distribution signifying a good qubit system.

4.1 Optical transition line width

At room temperature, the spectrum showed a strong ZPL with about 70 %
of the detected fluorescence in this spectral feature, as shown in Figure 4.1.
The width of this line was in the range of 5 nm at room temperatures,
already making SiV− a good candidate for fluorescent bio-markers. In nan-
odiamonds, even narrower lines had been reported by Neu et al. [77], owing
to quenching effects in the near field from the nanodiamond surface. A
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temperature dependent study on the line width and its implications will be
presented in chapter 6. The rest of the spectral features at room temperat-
ure showed a weak PSB that extended by about 100 nm to roughly 840 nm,
which we will concentrate on in chapter 5.

By cooling the diamond to cryogenic temperatures and reinvestigating
the spectrum, we noticed a few differences in Figure 4.1. It became apparent
that the ZPL decreased in width and increased in height drastically, which
is not fully displayed in the figure. Interestingly, comparing the areas under
the spectrum, the fraction of the fluorescence in the ZPL (Debey-Waller
factor) only changed slightly from 70 % at room temperature to 68 % at
low temperature. Hence, the same portion of photons was involved in a
phonon-free transition, but this transition was much narrower.

As seen in section 3.2, when zooming into the ZPL at cryogenic tem-
peratures, the four fine-structure features became visible as shown in the
inset of Figure 4.1. The width of these was limited by the resolution of the
spectrometer to 16 GHz. The peaks were named with increasing wavelength
A–D. As the intensity ratio between the two excited state branches (A, B
vs. C, D) depended on the mixing in the excited state, it was dependent on
temperature as already reported by Clark et al. [52] and Collins et al. [47].
There was a fast phonon process responsible for the mixing (see chapter 6)
leading to a Boltzmann distribution for the occupation probability in the
excited state. Hence, peaks A and B had much lower intensities compared
to peaks C and D at 5 K, but they recovered intensity when the sample was
heated up to 50 K.

To overcome the resolution limit of the spectrometer, we switched the
standard green excitation laser (see section 3.1) for a narrow band Ti-
tanium:Sapphire laser (Sirah Matisse TS, MOS-1, 700 nm to 780 nm). The
line width of this laser was limited to 50 kHz being actively locked to an ex-
ternal reference cavity. It could be continuously scanned over a free spectral
range (FSR) of 50 GHz with a speed of up to 1 GHz/s. The cavity could be
adjusted to cover the whole range from 700 nm to 780 nm in order to cover
the complete range around the SiV− centre’s ZPL.

Since we were now exciting resonantly, it was necessary to change the
filter in the detection path, since otherwise the laser would bleed through
and flood the APD. Therefore, although we excited resonantly, we used a
780/60 band pass filter to detect PSB fluorescence in the wavelength range
from 750 nm to 810 nm. In these experiments, the polarisation was also
not of critical relevance and so we removed the polarisation optics from the
setup. For acquiring the PLE spectra, we found the site with green laser
excitation and then switched to the red laser to scan it over the interesting
wavelength range for the investigated transition. While scanning the laser we
monitored its wavelength with a wavemeter (High Finesse WS Ultimate 30)
that had an absolute resolution of 30 MHz, giving the effective resolution in
frequency. At the same time we acquired the count rates of photons detected

http://www.sirah.com/wp-content/uploads/pdfs/Matisse-2-TS.pdf
http://www.highfinesse.com/Brochure/LowRes/08_WSU_1_low.pdf
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Figure 4.2: PLE spectrum of a single site showing narrow peaks. The excitation
scan with minimal excitation power revealed optical line widths close to the transform
limit. Transitions A and B from the upper excited state branch showed a line width
of 352 MHz and 409 MHz, respectively, being widened by mixing in the excited state.
For the transitions C and D from the lower excited state however, we found a nearly
transform-limited line width of 136 MHz and 119 MHz, respectively. The displayed
results have previously been published in [2].

from a site’s PSB and integrated both signals over several minutes.

The resulting excitation scan is shown in Figure 4.2 for all peaks of
a single site (number 2) in the HPHT-diamond. The low density of SiV−

centres in this sample made it possible to identify the same site over and over
again. Therefore, we could be sure we were measuring all four peaks from
the same site. In Figure 4.2, great care was taken to resolve the peaks as
narrowly as possible to recover the fundamental properties of the transitions.
First of all, by increasing the flow rate on the helium line of the helium flow-
cryostat, the cooling power was increased at the expense of more helium
throughput, reaching a temperature of 5 K at the diamond. With this most
of the temperature dependent phonon processes leading to additional line
broadening could be frozen out.

As described before, we were only detecting photons from the PSB. This
is a very inefficient method and therefore we reduced the background photon
counts by employing low-dark-count APDs and doubling all the filters in
the setup to increase the signal-to-noise-ratio (SNR). On top of that, any
fundamental line width would be broadened if the related transition were
pumped at a high power comparable to or stronger than the saturation
of this transition. This effect, called power broadening, arose when the
pump laser started to drive Rabi-oscillations between the ground and the
probed excited state, leading to a dressing of the excited state and thereby
broadening the transition. So we used an extremely low excitation power
of below 20 nW in front of the objective to avoid the power broadening and
measure the presented excitation scans. We were limited to the minimum
of this power, since we still needed to be able to acquire photon counts to
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resolve the fluorescence peak.

The line widths and all the following properties determined from PLE
spectra, were estimated by fitting a Lorentzian line shape to the measured
data. The fitted line width of this Lorentzian was then quoted as line width.
By applying this technique, the line position could be determined with higher
precision than given by the line width, which becomes important later. Com-
paring the fits to the data in Figure 4.2, we saw that they agree quite well
and this indicates we were able to get rid of most of the technical challenges
restricting the resolution, which would result in a Gaussian line shape.

The pair of peaks (A, B) at shorter wavelength show a full-width at half-
maximum (FWHM) of 352 and 409 MHz. This was multiple times the line
widths of the longer wavelength pair with 136 MHz for peak C and 119 MHz
for peak D. The extra line width of peaks A and B was a fundamental
property and the spectrum in the inset of Figure 4.1 gave a hint to its
origin. With increasing temperature, the high energy lines gained relative
intensity, indicating that thermal relaxation occurred in the SiV− centre’s
excited state, split by spin-orbit coupling. This splitting in the excited state
was ∆ = λu

so ∼ 12 K, which was large compared to the temperature.

The downward relaxation rate γ− added to the total rate of decay to the
ground state and reduced the effective lifetime of the upper excited state
branch. Consequently, peaks A and B were broadened and lost relative
intensity in the spectrum. The upward exchange rate is given by

γ+ = γ− exp

(
− ∆

kBT

)
(4.1)

and is depending on the Boltzmann factor (kB), making it small but still
measurable at T = 5 K. Thus, even peaks C and D were broadened and the
amount of broadening could be estimated by comparing the line widths and
exchange rates at the experiment’s temperature. For the lower excited state
this still caused a broadening of 12 MHz which accounts for 10 % of the line
width in peak D.

The expected line width (Γ) of any state is given by the lifetime (τ) of
that state as

Γ =
1

2πτ
. (4.2)

To judge if our measured line width was the fundamental limit, we now
needed to measure the optical lifetime of the excited state. This lifetime
might have been dependent on the temperature and on the sample, hence
we performed the measurement on the same site at 5 K.

The lifetime was measured by using a pulsed laser with pulse lengths
much shorter than the lifetime of SiV− and detecting the photon arrival
time after the laser pulse. With a fast counting card, a histogram of the
arrival times was created that represents the g1(t) first-order correlation
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Figure 4.3: Lifetime measurement at cryogenic temperatures. A histogram of the
photon arrival times after a femptosecond excitation pulse showed an exponential
decay. This decay gave insight into the optical lifetime and the lifetime could be
determined to be τ5K = 1.72 ± 0.04 ns. The displayed results have previously been
published in [2].

function. By fitting an exponential function to the histogram, the lifetime
could be extracted as the decay constant.

For the experiment we exchanged the excitation laser for our OPO (see
section 3.1), which was configured to produce green, femtosecond-long pulses
at 532 nm with a repetition frequency of 80 MHz. Since our standard APD
had a low time resolution we exchanged it with a fast APD (PicoQuant,
τ -SPAD-FAST) giving higher dark counts but having a timing-jitter of only
200 ps. The time resolved counting was performed with a fast time-tagger
measurement card (PicoQuant, TimeHarp 200) having a time resolution of
up to 29 ps.

Results from typical lifetime measurements in the HPHT-diamond are
shown in Figure 4.3. Averaging over multiple sites gave a lifetime for SiV−

centres at 5 K of τ = 1.72± 0.04 ns. This corresponds to a transform-limited
line width of Γ = 94 MHz for SiV− centres. Thus our most narrow recor-
ded line width of 119 MHz for transition D was only 27 % away from the
transform limit.

The additional rate out of the lower branch discussed above accounts for
about half of this extra line width for peaks C and D. The rest was attributed
to residual power broadening effects, which we were not able to suppress
completely. Summarising, we were able to measure nearly transform-limited
optical line widths for single SiV− centres in bulk diamond. With this, we
were already outperforming the NV− centre by an order of magnitude, since
for NV− centres - even in bulk diamond - spectral diffusion typically leads
to line broadening an order of magnitude larger than the transform-limited
line width [78, 79].
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4.2 Spectral stability

So far the high quality of the optical transition had been shown, but also
the temporal stability of the emission over time was of interest. First of all,
it was already known that SiV− centres in bulk diamonds neither blinked
nor bleached on any time scales. We had never seen any short time fluores-
cence variation for our SiV− sites that were several µm below the surface.
Additionally, we had measured the same SiV− centres for over a year and
therefore could verify that the sites are stable over this time scale even with
the diamond being cooled and warmed multiple times. Even cleaning the
diamond in a boiling tri-acid mix (1:1:1, Hydrochloric, Perchloric and Nitric
Acid) multiple times showed no effect on the SiV− centres.

To determine the temporal behaviour of the spectral properties at higher
resolution, we measured the PLE spectrum of a single site over the course
of seven hours. The results are presented in Figure 4.4(a), and showed no
significant variation over the time of the measurements. In this experiment
the errorbars represent the 95 % confidence interval on the fit of a Lorentzian
shape to the spectrum. The variation in peak position was found to be less
than ±4 MHz over seven hours. One has to consider that in this time the
sample temperature, the laser and the wavemeter, and the external field
environment had to be stable as well.

Another important benchmark for quantum optics experiments is the ef-
fective count rate of photons one can get from a colour centre. To estimate
the possible count rates, we used an oil-objective (Olympus PlanAPO, 60x,
1.35 NA) on a flat diamond surface to measure the saturation curve for in-
creasing excitation power. In order to have a comparison to the known NV−

centre we made a similar saturation measurement for a NV− site close to
the SiV− sites and displayed both in Figure 4.4(b). We found that the SiV−

had a saturation count rate of about ISat = 200 kc/s which was comparable
to that of a NV− centre under the same conditions (ISat = 252 kc/s). It
is important to remark however, that to reach the saturation counts with
532 nm excitation, about 20 times the power was needed for SiV− compared
to NV− centres, due to the less efficient off-resonant excitation. The sat-
uration result was reached with a high-NA objective, hence for a lower NA
objective in vacuum this effect would be even more pronounced, leading
to extremely high excitation powers being needed to saturate SiV− centres
off-resonantly.

The fact that the SiV− saturation count rates were comparable with
the NV− centre’s is remarkable, since the optical lifetime of SiV− centres
(1.72 ns) is an order of magnitude shorter than the lifetime of NV− centres
(12 ns) [69]. One would therefore expect ten times the saturation count
rates for SiV− centres if the same quantum yield could be assumed. Due
to shelving levels or charge state switching, it is challenging to estimate the
quantum yield directly from the saturation count rates. However we assume
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Figure 4.4: Spectral stability and saturation. (a) The peak position from transition
C was measured for the same site over a period of seven hours. The optical transition
showed no significant variation beyond the resolution of the peak position (< 4 MHz).
(b) To compare the saturation count rates of SiV− and NV− centres the saturation
curves were taken for two proximal sites on a flat surface. The saturation count rates
were ISat = 200 kc/s for SiV− and ISat = 252 kc/s for NV−. Notice that 20 times
higher excitation power at 532 nm was needed to reach saturation. The displayed
results have previously been published in [2].
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the SiV− centre to have an at least ten times lower quantum yield than
NV− centre, making it the yield 10 % at maximum. For most quantum
optics experiments however, only the number of photons coherently emitted
in the right spectral transition is of primary interest, and in this aspect the
SiV− centre performs well.

At 5 K, 71 % of the ZPL fluorescence was found to be emitted into peak
C, making it by far the strongest. Together with the Debey-Waller factor of
about 70 % for fluorescence in the ZPL, this provides a possible configuration
where 50 % of the total photons were emitted into a transform-limited peak
C. From chapter 3 we know this peak to arise from a single dipole. With our
saturation count rates we could therefore expect collectable count rates of
up to a hundred thousand counts per second for indistinguishable photons
from one site.

4.3 Inhomogeneous distribution

All the measurements so far have been done on a single site and the SiV−

defect has shown superior properties on this level. For quantum optics
experiments however, multiple emitters are desired to achieve for example
entanglement of qubits. To additionally get the technology to a point where
the qubits and the entanglement scheme are scalable, it is important to
reliably find multiple emitters having good optical properties, with a spectral
difference of less than the transform-limited line width.

To characterise the inhomogeneous distribution, we selected a region
with a reasonable site density in our CVD-diamond. In this region, we
investigated all 20 clearly resolvable SiV− centres in an arbitrary scan area
of 7 × 7 µm, as shown in Figure 4.5(a). The confocal scan was once taken
aligned with one polarisation and then the same area was scanned with the
PLE polarisation rotated by 90◦. As presented in section 3.2, by looking
through a {100} surface onto sites aligned along the 〈111〉 direction, we
saw two sets of orientations that could be distinguished by polarisation.
By colour-coding the polarisation in red and blue, the different orientations
became visible. 20 well resolved sites have then been selected and numbered.

As discussed earlier, the PLE peak position was estimated for each line
from Lorentzian fits and in Figure 4.5(b) the distribution of these positions
is plotted. Notice that the colours in sub-figures (a) and (b) corresponded
to each other, leading to a clustering of all the sites from one orientation
into one narrow group. Within each of the groups, the sites were closely
spaced while the distinct orientations were separated by about 7 GHz, and
there were no sites detected in between the sets.

To gain a better understanding of the relevant peak variation - namely
when choosing an arbitrary site, how far is the next spectrally overlapping
site - we ordered the sites by peak position and plotted a histogram of
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Figure 4.5: Inhomogeneous spectral distribution in an arbitrary area. (a) An arbitrary
area was scanned with two orthogonal polarisations and the relative intensity was
colour-coded to show the orientation for each SiV− site. 20 clearly resolvable sites
were numbered. (b) For all 20 sites, the absolute peak position for transition C and the
ground state splitting were determined by Lorentzian fits to the excitation scans. The
splittings clustered around 57.5 GHz with a distribution width of about 2 GHz.The
absolute peak position clustered in two groups according to the sites orientations.
The distribution width was about 1 GHz and a splitting of around 7 GHz between the
clusters was observed. (c) Comparing the shift between closest matching peaks and
binning them into transform-limited line widths (94 MHz). Over half, meaning 11,
pairs of the 20 sites showed a shift smaller than one transform limit. Splitting the
first bin in 10 sub-bins even revealed pairs with a difference of less then 30 % of the
transform limit. The displayed results have previously been published in [2].
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shifts between consecutive sites in Figure 4.5(c). The histogram was binned
in expected transform-limited line widths (94 MHz) and the first bin was
then displayed in 10 sub-bins. From the 20 investigated sites, 11 pairs fell
within one transform-limited line width of each other, consequently making
probability for finding a matching pair of sites in a 7 × 7 µm region more
than 50 %. In this region the closest match in position was a shift of 6 MHz
which is below the confidence interval of the fit on peak position. Thus
for this selected pair the spectral overlap would correspond to at least 91 %
making them nearly indistinguishable spectrally. This amazing overlap was
achieved without any external tuning or special treatment of the SiV− sites
making this approach inherently scalable and robust even when searching
for more than two overlapping sites.

In general, strain and electric fields could perturb the electronic states
to result in additional peak shifts and increased splittings. Electric fields
might be produced by nearby charged impurities, while local stress could be
induced by dislocations in the lattice. Both of them vary across small spacial
scales and are known to introduce perturbation for example in NV− centres
[80]. In our measurements we saw that the peak position corresponded
closely to the site orientation. Hence the shift suggested that a more global
strain over the whole 7 × 7 µm region had a more dominant influence than
local electric fields or stress.

To explain the extreme spectral homogeneity, never before observed for
colour centres in diamond, two origins have to be considered. For the
first cause, we needed to reconsider the energy level scheme of SiV− centre
presented in Figure 3.8(a). A large spin-orbit interaction of 46.7 GHz and
258.1 GHz was identified to be responsible for the splitting in the ground and
excited state, respectively. These splittings help to make the SiV− centre
unresponsive to transverse strain. The strain is only a small perturbation
on the splitting, at least until the strain becomes large enough to dominate
the spin-orbit splitting. This explanation is supported by the fact that when
we ignored the absolute line position and only considered the ground state
splitting between peaks C and D, the variation was much less than the shift
in peak position (see Figure 4.5(b)). Such a small splitting variation in the
order of 2 GHz was not correlated noticeably to the site orientation, implying
the peak shifts to originate from axial and not from transverse strain.

The second shielding effect occurs due to the inversion symmetry arising
from the D3d point symmetry of the SiV− defect centre. This geometry
causes the orbital states involved in the optical transition to have no electric
dipole moment in an approximation to first-order. Therefore, any electric
field fluctuation could not efficiently shift the state energies and the sensit-
ivity to fields was reduced. Thus the inversion symmetry protects the colour
centre from charge dynamics, preventing spectral diffusion and narrowing
the inhomogeneous distribution of transition frequencies. Our observations
showed however, that the axial shielding by the inversion symmetry had a
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lower effect than the transverse shielding by the larger spin-orbit coupling.
Nevertheless, even in the presence of measurable strain in the investigated
sample region, we were still able to find nearly identical emitters.

4.4 Hong-Ou-Mandel Experiment

According to the results so far, the next step was to interfere two photons
from two distinct emitters, and by that method take an important step in
entangling these two sites with each other. The fidelity of the entanglement
could then be estimated by measuring the contrast of interference when
two photons were interfered. This experiment is called a Hong-Ou-Mandel
(HOM) experiment after Hong et al. [81], who performed it first on photons
generated from parametric down-conversion by analysing the time correla-
tions. A HOM experiment had earlier been performed for NV− centres in
diamond by Sipahigil et al. [82] and by Bernien et al. [83]. We show a
similar measurement for SiV− centres in the following paragraphs, using a
much simpler experimental scheme as described by Sipahigil et al. [3].

In our experiment, we detected fluorescence from two distinct SiV− sites
in our CVD-diamond which could be addressed independently. The aim was
to perform the measurements with only one single sample in one cryostat.
This required a different kind of confocal microscope with scanning mirrors.
The experiments could not be done with our standard setup, but were per-
formed in cooperation with the Lukin group in the Department of Physics
at Harvard University (Cambridge, MA, USA) at their facilities. Here we
built two confocal interlaced microscopes on the same optical table that fo-
cus independently from each other through a static microscope objective.
The modified confocal microscope is shown in Figure 4.6(a).

As before, the diamond sat in a vacuum on the coldfinger of a helium
continuous-flow cryostat cooling the CVD-diamond sample to about 5 K.
The objective in this case however, was fixed and only a rough adjust-
ment of the position in z-direction along the beam axis was possible with
a micrometre screw. Small adjustments in a range of 15 µm were possible
with an open-loop piezo actuator after the micrometre screw (Thorlabs,
AE0505D18F Piezoelectric Actuator). To achieve scanning, the beam was
tilted with a mirror mounted on a galvo scanner (Thorlabs, GVSM002 2D
Galvo System) that allowed to precisely adjust the horizontal and vertical
angle of the beam. With this above, the beam would be scanned over the
back aperture of the microscope objective. Thus, we used two lenses in a
4f configuration (f − 2f − f) between the glavo scanning mirror and the
objective [84]. With this technique the excitation beam was kept parallel,
but now always hit the middle of the objective’s back aperture while its
incoming angle could be scanned. In that way, the focal spot was scanned
over a small region in the focal plane of the microscope objective.

https://www.thorlabs.de/thorproduct.cfm?partnumber=AE0505D18F
https://www.thorlabs.de/thorproduct.cfm?partnumber=AE0505D18F
https://www.thorlabs.de/thorproduct.cfm?partnumber=GVSM002
https://www.thorlabs.de/thorproduct.cfm?partnumber=GVSM002
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Figure 4.6: Confocal microscope setup used for the HOM experiments. (a) Two
confocal microscopes focussed through the same static objective on different spots
in the diamond. The image was taken by scanning the beam with glavo mirrors and
refocussing it in a f − 2f − f configuration on the back aperture of the microscope
objective. (b) The beam from the ZPLs was send to the inputs of an interferometer
to create and measure interference. Polarisers were used to either make the photons
distinguishable (perpendicular) or indistinguishable (parallel) while the etalons spec-
trally selected peak C. (c) Comparison of an unfiltered and filtered spectrum after
the etalon showed a good selectivity for peak C. The displayed results have previously
been published in [3].
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A few additional tricks were used to achieve higher count rates and better
control over the detection. As a first step, we used the laser directly on the
same table as the confocal microscope to avoid losing intensity by fibre
coupling. To adjust the power distribution between the two confocal setups,
we introduced a polarising beam splitter (PBS) to select the excitation power
in the two channels by controlling the polarisation with a half wave plate
(HWP) directly behind the laser. The Beam Sampler in earlier setups was
then exchanged for a dichroic mirror (Semrock LPD01-532RU-25) to reflect
all of the green light, instead of only 4 % in case of the Beam Sampler, and
let all the returning red light pass through. Instead of a simple long pass
filter after that, we used a dichroic 760 nm long pass (LP) filter (Chroma
T760lpxr) that allowed us to detect the ZPL independent of the PSB for
each of the two channels. The PBS ports were equipped with high-jitter,
low-dark-count APDs (Perkin Elmer SPCM-AQR-16) while the ZPL ports
used low-jitter APDs (PicoQuant, τ -SPAD).

To achieve a higher flexibility in detection and a single spacial mode,
we did not use any pinhole but focussed the collimated fluorescence beam
directly onto the core of a single mode fibre essentially using the fibre as our
pinhole. The mode core was about 5 µm in size so that a good selectivity
for the focal spot in z-direction was reached. By placing mirror M12 in Fig-
ure 4.6(a) between the two lenses A and B I, the beams from both channels
could be recombined while keeping their respective intensities. With an in-
dependent control of Galvo I and Galvo II, different sample regions could be
scanned at the same depth in the diamond. Galvo I was scanning the right
part of the sample, while Galvo II was imaging the left side, with a 10 µm
transition zone in-between.

To interfere the photons from the two distinct SiV− centres, the light
from the respective ZPLs was guided to a separate interferometer setup,
shown in Figure 4.6(b). Here the light was collimated and the beams from
the two input channels were interfered by aligning them onto the same pos-
ition on a non-polarising beam splitter cube (NPBS). To adjust the distin-
guishability of the photons from the two inputs a linear polariser was placed
after each input which allowed for the selection of parallel or perpendicu-
lar relative polarisation. Since we only wanted to interfere photons from
transition C, we employed solid etalons after the NPBS to select only the
feature of interest. These etalons were temperature stabilised and could be
adjusted to a certain wavelength with a line width of 1 GHz and a FSR of
about 20 GHz. Since the coating of the etalons was optimised for 780 nm
light, the transmission probability was only 60 % for maximum transmis-
sion at 737 nm, which still was sufficient. The selectivity could be seen in
Figure 4.6(c), where with a high fidelity we selected only transition C.

The initial alignment of the confocal channels was done by sending a
737 nm laser back through the detection channels to overlap them with the
green excitation laser. After this, the confocal signal from APDs connected

http://www.semrock.com/FilterDetails.aspx?id=LPD01-532RU-25
https://www.chroma.com/products/parts/t760lpxr
https://www.chroma.com/products/parts/t760lpxr
http://sites.fas.harvard.edu/~phys191r/Bench_Notes/D4/SPCMAQR.pdf
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to the ZPL and PSB ports was optimised until single sites became visible
and clearly resolvable. This was repeated iteratively for all the four detection
ports. The interferometer was optimised by sending the 737 nm laser light,
optimised for the etalons, in through both inputs and then optimising the
beating signal contrast in both of the output arms up to a contrast of at least
98 %. To take the fine structure spectra and measure the filter quality of
the etalons in Figure 4.6(c), a spectrometer (Horiba iHR550 with a Synapse
CCD) was connected via a multimode fibre to each of the output channels
of the interferometer.

For this HOM photon interference experiment, the narrow inhomogen-
eous distribution in our CVD-diamond lead to a challenge. The correlation
experiment was highly sensitive to any background counts that did not con-
tribute to the interference signal. Therefore the background, especially from
other nearby sites emitting photons of the same frequency, needed to be re-
duced. To characterise the background, we took repeated scans of a 150 µm2

region while tuning the excitation laser frequency through the resonance
and calculating the mean count rates. The inhomogeneous distribution had
a width of 364.5± 33.0 MHz as displayed in Figure 4.7(a).

The effect of this narrow inhomogeneous distribution can be seen nicely
in Figure 4.7(b). While it was easy to find sites, that are excited at the
peak of the inhomogeneous distribution with ν0 = 406.7001 THz, there were
so many sites that it was hard to select a single site with low background.
In order to isolate single SiV− centres from the ensemble and minimize the
background from other emitters [85], we tuned the laser to the edge of the
inhomogeneous distribution at ν1 = ν0 + 1.5 GHz = 406.7016 THz (lower
scan of Figure 4.7(b)). While for this laser frequency only very few - one in
this case - emitters were visible and it was harder to find matching pairs,
the SNR was superb. Therefore, we stayed at this frequency and searched
a larger sample region to find a matching pair.

The pair of sites chosen for the actual interference experiment are presen-
ted in Figure 4.8(a) and (b). These confocal scans were taken with the
fluorescence already filtered through the etalons while the centres were ex-
cited off-resonantly, matching the conditions of the interference experiment.
Therefore, the optical line width was limited by the etalons to 1 GHz while
before (Figure 4.7) it had been limited to the SiV− centre’s line width of
about 100 MHz. This was the reason for the higher apparent SiV− density
in the environment of our pair. However the background was still sufficiently
low to clearly resolve SiVI and SiVII as sites of interest.

SiVI was imaged by Galvo I in Figure 4.8(a) while SiVII was scanned by
Galvo II in Figure 4.8(b). The spatial dimensions of the scan range were
calibrated with a known lattice. Thus, the spatial separation can be read
off the scales to be (10.9, 8.8) in (x, y) direction or 14.0 µm in total. In
Figure 4.8(c) we performed an excitation scan on both sites to determine
their line widths to be 135.4 MHz and 135.6 MHz with a spectral separation

http://www.horiba.com/fileadmin/uploads/Scientific/Documents/Mono/iHR.pdf
http://www.horiba.com/us/en/scientific/products/optical-spectroscopy/detectors/scientific-cameras-for-spectroscopy/ccds/details/synapse-ccd-detector-216/
http://www.horiba.com/us/en/scientific/products/optical-spectroscopy/detectors/scientific-cameras-for-spectroscopy/ccds/details/synapse-ccd-detector-216/
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Figure 4.7: Inhomogeneous distribution for the HOM experiments. (a) The inhomo-
geneous distribution in the sample region was measured by plotting the mean photon
count rate in a 150 µm2 scan region for different frequencies of the excitation laser.
A Gaussian fit to the distribution revealed a width of 364.5± 33.0 MHz. (b) A scan
at the peak of the distribution (top, ν0 = 406.7001 THz) showed a high similar site
density but also a high amount of background counts. Scanning at the edge of the
distribution (bottom, ν1 = ν0 + 1.5 GHz = 406.7016 THz) revealed clearly resolvable
sites with low density but also low background. The displayed results have previously
been published in [3].
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Figure 4.8: The pair used for the HOM experiments. (a) and (b) Confocal scans
of SiVI with Galvo I and SiVII with Galvo II, respectively. The scaling and relative
position was calibrated with a known pattern, and therefore the absolute distance
between the sites is 14 µm. Since the scan was performed with the etalons having only
a line width of 1 GHz, also close-by sites were visible, contributing to the background.
(c) An excitation scan revealed a line width of 135.4 MHz and 135.6 MHz with a
separation of 52.1 MHz. The displayed results have previously been published in [3].
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Figure 4.9: HOM experiment interference signal. The pink data points and blue fit
curve showed the g2(τ) for indistinguishable photons, while the green data points and
brown fit curve represented the distinguishable photons at perpendicular polarisations.
The error bars were estimated from the shot noise limit and the only free fit parameter
showed a background of 12 %. The fit revealed g2‖(0) = 0.26 ± 0.05 for identically

polarised indistinguishable photons and g2⊥(0) = 0.66 ± 0.08 for distinguishable per-
pendicularly polarised photons. The displayed results have previously been published
in [3].

of 52.1 MHz. This corresponds to an overlap of about half a transform-
limited line width. Comparing the area below both spectra with the area
that was only from one emitter, a majority of the detected photons were
spectrally indistinguishable.

For the interference experiment, we used a green 532 nm CW laser for
excitation. The SiV− site positions were measured and corrected for spatial
drift by monitoring the PSB counts on each channel, while the relative
separation of the pair stayed constant. Fluorescence detected by the ZPL
ports was interfered and detected after the etalons, tuned to the transition,
with fibre-coupled APDs in the output arms of the interferometer. The
excitation power in each channel was adjusted with the HWP in such a
way, that after the interferometer we got about 6 kc/s from each etalon per
APD and SiV− centre. The APDs (PicoQuant, τ -SPAD) had a measured
timing jitter of 150 ps and the photon correlation signal was detected by a
multichannel event timer (HydraHarp 400), which gave a timing resolution
of 4 ps for the histogram.

The interference signal was accumulated over a period of four hours to
get the indistinguishable signal displayed in Figure 4.9 as pink data points.
As a control measurement, we then rotated the polarisation in one of the
interferometer inputs by 90◦ to make the two emitters distinguishable. The
results are shown in Figure 4.9 as green data points. The intensity cor-
relation function g2(τ) gave a measure of contrast for zero delay between
photon arrival times at τ = 0. For identically polarised indistinguishable

http://www.picoquant.com/products/category/tcspc-and-time-tagging-modules/hydraharp-400-multichannel-picosecond-event-timer-tcspc-module
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photons we found g2
‖(0) = 0.26 ± 0.05 while for distinguishable perpendic-

ularly polarised photons we measured g2
⊥(0) = 0.66 ± 0.08. These results

clearly demonstrated two-photon interference corresponding to a measured
HOM visibility of

η =
g2
⊥(0)

g2
‖(0) + g2

⊥(0)
= 0.72± 0.05. (4.3)

The ideal time dynamics of the second-order intensity correlation func-
tion g2(τ) can generally be described as

g2(τ) =
1

2
g

(2)
1 (τ) +

1

2

(
1− χ |g(1)

1 (τ)|2 cos(∆τ)
)
, (4.4)

where g
(1)
1 and g

(2)
1 were the field (first-order) and intensity (second-order)

autocorrelation functions for a single emitter. ∆ was the detuning between
the two emitters, χ = 1(0) for indistinguishable(distinguishable) photons
[86, 82]. For the first order we use

|g(1)
1 (τ)|2 = (1− cB) exp

(
−|τ |
τc

)
. (4.5)

τc = 1.18 ns was the coherence time of the transition calculated from the
line widths of about 135 MHz from the PLE spectra. The second order was
given by

g
(2)
1 (τ) = 1− (1− cB) exp

(
−|τ |
τ0

)
, (4.6)

where τ0 = 1.73 ns was the excited state lifetime.
A consequence of this model is that even emitters with fluorescence far

from the transform limit should show an interference dip whose width would
depend on the actual line width. In this case the timing resolution would
need to be infinitely high, which is not realistic and in reality leads to a
reduced contrast. For our measurements, the timing resolution was limited
by the APD jitter which could be described by a Gaussian function of 150 ps
width. To get the expected behaviour and the fits in Figure 4.9, this Gaus-
sian was convoluted with the correlation function g2(τ) displayed for both
measured cases.

The raw measurement data was normalised to make g2(τ) = 1 for large
τ > 50 ns. This ensured that we avoided any normalisation errors due to
previously reported bunching effects [77, 87] and only used the steady state
coincidence level. The only free parameter in the fits was the normalised
background count rate cB = 12 % that yielded the same value for both
measurements. This estimate for the background was reasonable and might
stem from close by emitters or even dark counts of the APDs.

Since the data was measured over a period of four hours, we could con-
clude that at least over this time scale a pair of SiV− emitters was stable
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relative to each other on the level of optical coherence. Implicitly this means
that also a single SiV− site in bulk was completely stable and showed no
spectral diffusion or any other time dependent variation. Additionally it
needs to be remarked, that these experiments were performed within only
a few hours which is an order of magnitude shorter then similar measure-
ments involving NV− centres [82] insight solid immersion lenses. Similar
improvements in photon collection efficiency are expected to also increase
the coincidence rates by another two orders of magnitude for SiV− centres.
This makes the SiV− centre tantalisingly well suited for these kind of ex-
periments.

In this chapter, we have demonstrated superior optical properties of SiV−

centres in bulk diamond. These make the centre suitable to use as a single
photon source [88] and opened the prospect to perform further quantum
optics experiments based on this unprecedented solid state emitter. With
our demonstration of HOM interference we have already taken the first steps
to entangle distant emitters and make the system scalable.



Chapter 5

Isotopic shift of spectral
features

The experiments in this chapter were conceived by Lachlan Rogers and Kay
Jahnke under the supervision of Fedor Jelezko. They were performed with
the major contribution of Andreas Dietrich and the help of Jan Binder. The
theoretical description and analysis of the data was performed by Andreas Di-
etrich, Lachlan Rogers and Kay Jahnke and formulated for the thesis by Kay
Jahnke. The diamond samples were supplied by Junichi Isoya and Tokuyuki
Teraji. Fruitful discussions with Marcus Doherty helped the advancement
of the experiments. The results presented in this chapter were previously
published in [4].
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Nuclear spins in solid state systems are known to have superior coherence
times compared to the electronic spin of an optically active colour centre,
making them an ideal tool for quantum information processing applications
[89]. The nuclear spin could, in some instances, be used to extend coherence
times of the electron spin by the use of entanglement or quantum error
correction schemes [90]. For the well studied NV− centre, this nuclear spin
access, provided by optical control of the colour centre, has for example
been demonstrated for nuclear spins of 13C in the diamond lattice [91].
Although this possibility might be valuable for the SiV− centre as well, the
more interesting analogy was the manipulation of nuclear spins in 15N atoms
forming the defect site in NV− [92]. In SiV− centres, the 29Si spin should
provide the same options, making the isotopic investigation a tantalising
and worthwhile effort.

The silicon atom occurs in three stable isotopes, namely 28Si, 29Si and
30Si [93]. SiV− centres can form from any of these isotopes and therefore
would have different properties depending on the isotope. A study of the
isotopic features was of importance for several reasons. Firstly, the most
common silicon isotope 28Si does not have a nuclear spin, and neither does
the rarer isotope 30Si. The 29Si isotope however has a nuclear spin of I =
1/2 and occurs with 4.68 % in natural abundance. This makes 29Si a very
interesting candidate to extend the quality and potential of a SiV− qubit.

5.1 Phonon sideband in photoluminescence

Another interesting possibility was the ability to identify the silicon isotope
involved in a single SiV− centre. With this tool we could change the mass
in the SiV− site by changing the isotope and thereby gain insight into the
phonon processes which allowed us to identify local phonon modes. Any
phonon peaks in the spectrum might have been local modes, leading to
further steps in the understanding of the centre’s fundamental properties.
The study of the isotopes gave us one tool to find and identify such local
modes.

Before we could study the influence of isotopic shift we first had to in-
vestigate and understand the phonon sideband (PSB). Since it was very hard
to scan the PSB in excitation with lasers for single sites, we concentrated on
the emission data taken with the confocal microscope and spectrometer de-
scribed in section 3.1. Also in section 3.2, we have seen that all features in the
spectrum became narrower and easier to identify at cryogenic temperatures
while the fundamental properties did not change considerably. Therefore we
focussed on the low temperature results to draw our conclusions.

We mounted our HPHT-diamond sample in the cryostat and cooled it
to 5 K to look at the oblique sites (numbers 1,2,4 and 5). When we had
found a site, we placed the polarisation optics in the detection path again.
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Figure 5.1: Polarisation dependence of the PSB. In the upper part, the sideband
intensity was recorded for perpendicular detection polarisations at constant green ex-
citation power on the same site. The magenta curve showed the polarisation parallel
to the z-dipole of the ZPL while the green showed the perpendicular component. Us-
ing Equation 3.2, the polarisation contrast C could be calculated, indicating a parallel
d‖ or perpendicular d⊥ transition dipole. The contrast was displayed in the lower part,
getting increasingly noisy for higher energy shifts, where the absolute signal decayed.
The displayed results have previously been published in [1].

A spectrum was taken with the 150 g/mm grating to acquire the whole PSB
extending about 100 nm. PL spectra were recorded for detection polarisa-
tions parallel and perpendicular to the ZPL to determine the polarisation
contrast C as defined earlier. The results were displayed in Figure 5.1.

There were multiple sharp peaks, a few broad ones and an underlying
phonon background. From the upper part of Figure 5.1, we identified sharp
phonon peaks at around 64 meV and 128 meV. Narrow PSB features like
this suggest that the broad coupling to the phonons of the diamond lattice
is weak and that they might therefore be local modes. The phonon peaks
at 41 meV and 150 meV however had widths of a few tens of meV, pointing
to a strong contribution of lattice phonons.

For each point of the spectrum, the contrast C was calculated. The error
in this calculation increased as the absolute signal decreased, and therefore
the data from the very weak outlying edge of the PBS was unable to provide
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much insight. For the clearly identifiable peaks, we could determine their
respective contrast C and from that knowledge we assigned the involved
dipole transition. The 64 meV peak was found to be polarised in the same
direction and with nearly the same contrast as the ZPL and therefore also
this sideband transition contained a purely parallel dipole d‖. To have got-
ten such a transition from a purely electronic transition of the same dipole
orientation, a phonon of A symmetry had to be involved, since only an
A-mode did not change the dipole orientation.

In contrast, the 41 meV peak showed a nearly full contrast in the d⊥
direction, making this transition oppositely polarised to the ZPL. To reach
such a property, a phonon of E symmetry had to be involved. This was
also consistent with the greater width of this phonon peak, since E phonon
modes couple to the crystal lattice more effectively, leading to a smeared
out transition. The other two peaks at 128 meV and 150 meV showed a d‖
dipole alignment, and despite the lower peak intensity and contrast it was
concluded that these involve phonons of A symmetry.

Although the results suggested local modes in the PBS spectrum, they
did not allow an unambiguous assignment. A more conclusive demonstration
of a local phonon peak would be a shift of said peak when the mass of the
involved particle, in our case the isotope of the silicon atom forming the
SiV− site, was changed. To perform these measurements, we required a tool
to identify the isotope involved in the SiV−.

5.2 Isotopic shift of the zero phonon line

Such a tool was indicated in earlier findings by Clark et al. [52] on fluor-
escence spectroscopy studies for SiV− ensemble measurements. Here they
found twelve lines for SiV− centres and identified them with the four line
structure of SiV− centre, which was repeated three times. They identified
the isotopes by comparing the peak intensities to the natural abundance
of silicon. In their measurements however, all results were reported on en-
sembles and no indication was given to identify the isotope involved in a
single SiV− site.

In pursuit of this attempt, we first looked at the exact position of the ZPL
in our CVD-diamond which we knew from chapter 4 to contain SiV− centres
with a narrow inhomogeneous distribution. To speed measurements up,
spectra were recorded with the 1200 g/mm grating to gain a high resolution.
This gave us a nominal resolution of about 16 GHz, but by using Gaussian
fits to the fine-structure lines, the absolute position could be determined
with higher precision. The resolution is an order of magnitude higher then
the isotopic shifts identified by Clark et al., thus allowing us to reliably
resolve the shift [52]. In Figure 5.2(a), we binned all the positions of 817
investigated sites in bins of 2 GHz showing the distribution of all four fine-
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structure lines.

Each of the investigated sites fell into one of three clusters, which were
separated by about 87 GHz. The width of each cluster itself was only 8 GHz
for sites from the whole sample, making the separation between clusters
an order of magnitude larger than the width. Also, when one of the four
fine-structure ZPL peaks was contained in one of the coloured clusters, all
the other three peaks fell into the same group. It was therefore possible to
unambiguously determine any measured SiV− site in our CVD-diamond to
be one of three different kinds and this was possible on the single site level
from the ZPL position alone.

In Figure 5.2(b), the occurrence of each of the clusters was determ-
ined. The measured occurrence for the 817 single sites investigated matched
closely and within the error bars to the natural abundance of the stable sil-
icon isotopes, which was (92.22, 4.69, 3.09)% for the isotopes (28Si, 29Si, 30Si),
respectively. From this we concluded that the change of the silicon isotope
indeed had an influence on the SiV− centre composed of this isotope with
a shift to higher wavelength or lower energy. The isotopic shift of the ZPL
determined by this measurement series was 87 GHz (0.16 nm or 0.35 meV)
for 29Si and 166 GHz (0.30 nm or 0.66 meV) for 30Si. Thus for the first time,
we were able to measure the isotope involved in a certain single SiV− site
unambiguously on a single site level. The shifts measured here were com-
parable to results by Clark et al. on a completely independent sample [52].
Hence, the “digital” isotopic shift was really a fundamental property of SiV−

centre and sample independent.

In other single site work done by Neu et al. [94] and in early bulk studies
by Collins et al. [47], the isotopic shift was not reported. A reason for this
was that early bulk studies were performed only at higher temperatures,
where the isotopic features were not visible. Another reason came from
the fact that if implanted SiV− centres were used, these had a very large
inhomogeneous distribution due to strong local perturbations from the im-
plantation process. This made an identification of isotopic shift impossible,
since it was hidden in the larger random shift. The same was true for early
single site measurements, which were performed on single SiV− centres in
nanodiamonds. Here surface effects and large local strain screened the iso-
topic shift, making it impossible to detect it. For bulk diamonds with an
inhomogeneous distribution having a width of less then 50 GHz, our presen-
ted technique should be generally applicable to identify the isotope.

5.3 Local phonon modes

The ability to identify the silicon isotope in a SiV− site made it possible to
also investigate the rest of the spectrum for any significant shifts. Since the
signal in the PSB was much less than in the ZPL, all the measured sites
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Figure 5.2: Clustering of ZPL positions revealed isotopic shift. (a) The peak position
for each of the four fine-structure lines of the ZPL was plotted as an histogram of 817
individual sites with bins of 2 GHz. All sites fell into one of the three clusters with 754
sites in the first, 39 in the second and 24 sites in the third cluster, coded in colour.
There were no occurrences between the clusters and the splitting between clusters was
about 87 GHz with a width of about 8 GHz for each cluster. (b) The abundance was
plotted on a bar in percent for the measurement where the errors indicate sampling
errors. It matched closely to the natural silicon isotope abundance shown below [93].
The displayed results have previously been published in [4].
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Figure 5.3: Isotopic shift in the ZPL and PSB peaks. (a) All four fine-structure
ZPL peaks shifted synchronously to higher wavelength (lower energy) with increasing
mass of the silicon isotope. The shift was indicated with green lines. (b) The 64 meV
peak also moved with increasing isotope mass, but in this case systematically to lower
wavelength (higher energies). The fluorescence intensity in the middle panel was five
times the value of the right axis. (c) The 128 meV peak showed no systematic shift
and in particular did not match the expected behaviour of a harmonic indicated by
the dashed green line. All error bars were taken from the standard deviation of the
averaged spectra. The displayed results have previously been published in [4].

were clustered into their isotope group and their respective spectrum was
averaged to reach a higher SNR. In Figure 5.3 we present the comparison of
prominent spectral features for the different isotopes.

For the ZPL displayed in Figure 5.3(a) a clear, although small, system-
atic shift of all fine-structure lines could be observed. A model for this shift
will be discussed later, while at this point we only concentrated on the fact
that all the four peaks shifted the same amount and all to higher wavelength
(lower energy) with increasing isotope mass.

As seen in Figure 5.1, the first PSB peak at about 41 meV had a quite
high width of a few tens of meV making it hard to identify any isotopic shift
in the order of less than one meV. With our measurement we could not
detect any isotopic shift of this feature. Also with its polarisation charac-
teristic and increased width, this peak was unlikely to originate form a local
mode. Therefore we tentatively concluded the 41 meV PSB peak to be from
a non-local phonon mode with contributions of the crystal lattice.

The next clear spectral feature in the PSB was the 64 meV peak for
which the isotopic shift was displayed in Figure 5.3(b). As indicated by
the green line, this peak shifted systematically. To estimate the shift of
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the energy of the phonon involved in this sideband transition, the distance
from the ZPL must be estimated for every isotope. The phonon energies
were found to be E28 = 63.76± 0.06 meV, E29 = 62.74± 0.06 meV and
E30 = 61.55± 0.06 meV for the isotopes 28Si, 29Si and 30Si respectively.

The ratios of the phonon energies were

E28

E29
= 1.0163± 0.0014 ≈ 1.0177 =

√
m29

m28
(5.1)

and
E28

E30
= 1.0359± 0.0011 ≈ 1.0357 =

√
m30

m28
. (5.2)

The left hand column shows the measured values while the right gives ratios
of the square roots of masses in the isotopes.

The properties of a local phonon may be described by a simple harmonic
oscillator model on top of the electronic transition. A harmonic oscillator
has its frequency and hence its energy given by the eigenvalues of an un-
dampened oscillator, which are

E ∝ ω =

√
k

m
, (5.3)

where m is the oscillator mass, while k describes the spring constant de-
termined by the local energy landscape [95]. To compare our measured
energies to the model containing an unknown spring constant k, we needed
to calculate the ratios of energies. There was a close agreement within the
error bars of the measurement and we conclude that the simple harmonic
oscillator model accounts for this PSB peak. This close dependence on the
silicon mass is strong evidence that the 64 meV PSB peak originates from a
purely local phonon mode.

The 128 meV PSB feature was also of interest, since it might have been
a first-order harmonic repeat of the 64 meV PSB peak. If this were the case,
it should also have shown an isotopic shift, which could be calculated from
the shift of the 64 meV PSB peak. The measured spectral position of the
128 meV PSB feature is shown in Figure 5.3(c), where the green dashed line
indicates the expected shift. Although some variation was observed between
the isotopes, it was not systematic and in particular did not match the
behaviour of a harmonic repeat. Therefore, we conclude that the 128 meV
PSB peak is not a harmonic of the 64 meV phonon and also that the mode
could not be solely local since its isotopic shift is not systematic.

From studies of the photon autocorrelation statistics in the ZPL, nu-
merous electronic storage states with wavelengths greater than the ZPL
have been proposed [87]. These help to account for the measured photon
bunching at various excitation powers, appearing as a correlation between
photon arrival times. Another electronic state has been reported by direct
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photon correlation at 822.7 nm that only appeared in highly strained dia-
monds [96]. Since our samples were low strain bulk diamond we did not see
the later transition in any of them. All these states were electronic states
and hence did not show an isotopic shift that was solely determined by a
harmonic oscillator. We conclude therefore, that our 64 meV peak was not
an electronic state, since it purely showed a local oscillator’s behaviour.

This local mode was also consistent with the D3d symmetry of the SiV−

centre. In this symmetry, the silicon atom is assumed to be in the middle
between two vacant lattice sites having the symmetry axis along the 〈111〉
crystal direction. The main dipole of the ZPL transition is polarised along
this axis (z-dipole axis) and we established the 64 meV peak to have the
same polarisation. This suggested an oscillation of the silicon atom along
the 〈111〉 symmetry axis, making it an local oscillator. Since the silicon
atom was only weakly bound in this direction, it would have minimised the
contribution of the crystal lattice explaining the observed properties.

5.4 Origin of the isotopic shift in the optical trans-
ition

This same local mode also gave some insight into the reason for the isotopic
shift of the ZPL, which is a purely electronic transition and hence intuitively
should not shift with the isotope’s mass. A similar situation was observed
by Iakoubovskii and Davis in 2004 [97] to occur in the 1.4 eV optical centre
in diamond, and a theoretical model was proposed. A similar approach
was chosen by Lawson et al. in 1992 [98] when studying the H2 centre in
diamond.

The key idea is that, although no phonons are involved in the transition
of the ZPL, a purely electronic transition occurs from a phonon-occupied
level in the electronic excited state to the ground state of the same phonon
occupation. Hence, no phonon is gained or lost but if the curvature of the
phononic potential differs in ground and excited state, the energies of the
matching occupation levels differ in energy relative to the electronic state.
This energy difference would contribute to the energy of the ZPL. Since in
this case phonon levels - including local modes - are involved in the ZPL,
the isotope’s mass could have an influence on the ZPL, accounting for the
observed shift.

Mathematically, the ZPL energy hν can be expressed by two parts of
the form

hν = hνel +
N∑
i

(
ni +

1

2

)
h̄
(
ω′i − ωi

)
(5.4)

following Lawson et al. [98]. Here, hνel is the purely electronic transition
energy. The sum represents the energy difference between the excited (ω′)
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and ground (ω) states of the ith phonon mode at the same occupation level
n. This energy is summed over all possible N phonon modes that couple to
electronic states. Since the phonon occupation follows a Boltzmann distri-
bution, at zero temperature only the n = 0 levels would be occupied, while
at higher temperatures energy levels with increasing n occur, providing a
broadening of the ZPL [97].

Knowing one purely local mode of the silicon, the sum over phonons can
be separated into a pure silicon part and one involving the carbon atoms.
So Equation 5.4 became

hν = hνel +

M∑
Si

i

(
ni +

1

2

)
h̄
(
ω′i − ωi

)
+

N−M∑
C

i

(
ni +

1

2

)
h̄
(
ω′i − ωi

)
. (5.5)

The Si subscripted sum covers the M local silicon modes, while the subscript
C sums over the N −M carbon phonons.

A change in the silicon isotope’s mass leads to a change in the phonon
energy of the local mode according to ω ∝ 1/

√
m. Since all the other parts in

the ZPL energy were constant with respect to the isotope, we can calculate
the energy difference between the isotopes 28Si and 29Si as

∆E28,29 = h̄
(

1−
√
m28/m29

)
·

(
M∑

28Si
i

(
ni +

1

2

)
h̄
(
ω′i − ωi

))
(5.6)

and similarly for ∆E28,30. In Equation 5.6 the sum was expressed in phonons
of the 28Si isotope only, making ωi and ω′i phonon energies of the 28Si ground
and excited state respectively.

The ratio between these energy differences is

∆E28,29

∆E28,30
=

1−
√
m28/m29

1−
√
m28/m30

≈ 0.5135 (5.7)

Since silicon has three stable isotopes and we measured the ZPL energy shift
for all of them, this model may be compared to our experiments presented in
Figure 5.3. The theoretically expected ratio was in close agreement with the
empirically determined value of 0.52 ± 0.07. This close agreement between
model and experiment suggests some validity of the presented theory, and
in particular confirms the assumption of the existence of purely local modes
supported only by the silicon atom.

This understanding of the higher energy local phonon modes in the SiV−

centre might give additional insight into some properties so far unexplained.
In particular, our model did not predict the direction and absolute amount
of the shift, which was dependent on the exact shape of the phononic poten-
tial. The measured shift however, was to lower energies when increasing the
isotopic mass and we found a ZPL shift of 87 GHz and 166 GHz for 29Si and
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30Si, respectively. These properties, together with precise measurements of
the ZPL dependence on all the other external factors such as strain, temper-
ature and others, could then be used in the future as input for a complete
model of the SiV− centre’s transition. It might even be possible to calculate
the complete phononic potential.
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Chapter 6

Electron-phonon processes

The experiments in this chapter were conceived by Lachlan Rogers, Alp
Sipahigil and Kay Jahnke under the supervision of Fedor Jelezko. They
were performed with the major contribution of Jan Binder and the help of
Mathias Metsch. The theoretical description and analysis of the data was
performed by Alp Sipahigil, Marcus Doherty and Kay Jahnke and formu-
lated for the thesis by Kay Jahnke. The diamond samples were supplied by
Junichi Isoya and Tokuyuki Teraji. Fruitful discussions with Mikhail Lukin,
Alexander Kubanek and Philip Hemmer helped the advancement of the ex-
periments. The results presented in this chapter were previously published
in [5].
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In the last chapter we concentrated on the PSB, giving insight into high
energy phonons of more than 2 meV (> 500 GHz). Here we investigate the
effect of the lower energy phonons, and for convenience we adopt gigahertz
(GHz) as a primary unit for energy. Since phonons are oscillations in the
crystal, with increasing temperature, higher phonon modes are excited and
phonon transition rates are also temperature dependent. Therefore, this
temperature dependence of the SiV− centre’s properties made it possible to
determine the dominating processes. We measured how the following prop-
erties changed with temperature and then developed a microscopic model
that consistently described all the observations: optical transition line width,
transition wavelength, spin-orbit splitting, and optical excited state lifetime.

6.1 Temperature dependent properties

For the excited 2Eu state, we have already discussed a temperature depend-
ent effect in section 4.1. The branching ratio between the two levels in the
excited state doublet was determined by a Boltzmann distribution of the
occupation between the levels. This became apparent as a strong difference
in the intensities of spectral peaks A and B compared to peaks C and D
at low temperature. With increasing temperatures this difference equalised,
making it possible to use the excited state branching as a sensor for temper-
ature. The population transfer inside the doublet was induced by phonons.
This lead to a major increase in the decay rate for transitions A and B,
measurable as an increased line width on these peaks to about three time
the transform limit. To get more insight into the phonon processes apart
from that, we therefore concentrated on transitions C and D again.

6.1.1 Excited state lifetime

Another property giving insight into the excited state and the transition to
the ground state was the optical decay lifetime (τ0). In previous experiments,
various excited state lifetimes in the range from about 1 ns to 4 ns had been
reported at different temperatures and for numerous materials, but so far
no systematic study was performed [51, 77, 94, 99, 100, 2]. The decay from
the excited state could either happen via a radiative path (γr) or due to
non-radiative decay paths (γnr), leading to the absolute decay rate γt(T ) =
1/τ0(T ) = γr + γnr(T ). The radiative part is not temperature dependent,
while the non-radiative part might involve phonon processes and therefore
have a temperature dependence. Although we were only able to measure
the photons from the radiative decay, this provided information about the
process, including both rates.

To measure the fluorescence lifetime, we used our standard confocal mi-
croscope with the flow cryostat as described in subsection 3.1.1. Instead of
the green laser, an optical parametric oscillator (OPO) was used to create
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Figure 6.1: Temperature dependence of fluorescence lifetime. Each point was meas-
ured for 10 sites and the error bars were calculated from the standard deviation. The
lifetime increased from 1.11 ns at room temperature to saturate to 1.55 ns at liquid
helium temperatures. We fitted the behaviour with the Mott-Seitz model and got a
good agreement. The displayed results have previously been published in [5].

a pulsed laser source. The pulses had a length of about 50 fs with a re-
petition frequency of 80 MHz, tuned to a centre wavelength of 532 nm for
off-resonant excitation to the A1,g state. Since the decay from the excited
A1,g to the excited 2Eu state is a pure phonon process, not involving any
fluorescence, it was fast compared to the optical lifetime. Thus, this had
no significant influence on the measurement of the fluorescence lifetime. To
get maximum timing resolution, the photons were detected with a low-jitter
PicoQuant APD and a high-resolution TimeHarp 200 counting card gen-
erating a histogram of photon arrival times measured from the excitation
pulse (see subsection 3.1.1 and section 4.1). The histogram was fitted with a
single exponential function to extract the lifetime and the measurement was
repeated for ten different SiV− sites in our CVD-diamond sample in the tem-
perature range from 5 K to 350 K. The resulting temperature dependence
of the fluorescence lifetime γt(T ) = 1/τ0(T ) is shown in Figure 6.1.

Although the change was relatively small, the lifetime definitely got
longer as the SiV− centre’s temperature decreased. At room temperat-
ure the lifetime was τ0(300 K) = 1.11 ns and increased to τ0(5 K) = 1.55 ns
with decreasing temperature, where it saturated for temperatures below
50 K. These results suggest a finite non-radiative decay rate γnr at room
temperature, which is at least partially quenched as temperature decreases.
Nevertheless, saturation below 50 K does not necessarily imply this compon-
ent to have vanished at close to the absolute zero. In fact, the saturation
count rates of SiV− centres being quite similar to the ones of NV− centres,
while at the same time having a lifetime of an order of magnitude lower,
indicated that there was a considerable non-radiative contribution even at
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low temperature.
To describe and model the observed behaviour, we employed the Mott-

Seitz model, which assumed a multi-phonon decay to a state highly excited
above the 2Eg ground state [101]. In this model the temperature dependence
for the non-radiative relaxation could be described as

τ0 = τ0(T = 0 K) ·
(

1 + αe
− ∆E

kBT

)−1

. (6.1)

A fit as displayed in Figure 6.1 gave an activation (phonon) energy of ∆E =
55± 2 meV and the constant α = 3.3 ± 0.3 . From our data we could not
distinguish if this decay was either to a highly excited phonon mode of the
electronic ground state or if there was another electronic state involved.
Whilst there existed some ab initio [64] and experimental [96] evidence for
such an electronic level below the 2Eu excited state, this evidence conflicted
with the simple molecular model predicting no such level. We had never seen
the additional level, which was predicted to only appear in highly strained
environments, such as nanodiamonds. Therefore, it was most likely that
the decay was to a highly excited phonon mode. To resolve this question
unambiguously, future studies involving spectroscopy of the 2Eg ↔ 2Eu

absorption sideband would be necessary.

6.1.2 Optical transition line width

The second property giving insight into the electron-phonon process of the
excited state was the temperature dependence of the optical line width.
In NV− centres, this was for example used to identify a temperature de-
pendence to the fifth power to then conclude a Raman scattering process
as dominant phonon transition [102]. Here we investigated the optical line
width over the whole range from 5 K to 350 K. Since the four peak fine-
structure at some point merged, we focussed on transition C over the whole
range and used the merged widths for all higher temperatures. This also
had the advantage that we used the narrowest transition and ignored the
additional broadening from the excited state branching.

In the low temperature range (< 50 K), the transitions were scanned with
PLE at the lowest possible power so that we avoided saturation effects. In
front of the microscope objective, the power was in the range of about 10 nW
of resonant excitation leading to only a few 100 c/s at sideband detection,
and the laser frequency was acquired with a High Finesse wavemeter (see
subsection 3.1.1). At high temperatures (at and above 50 K) we used PL
measurement to determine the line width of single sites. The spectrometer
with the 1200 g/mm grating was used giving a resolution limit of 16 GHz
which was far below the actual line width at these temperatures. A green
532 nm laser giving up to 60 mW in front of the objective excited the SiV−

sites.
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Figure 6.2: Temperature dependence of ZPL line width. The line width of transition C
in the spectrum of SiV− centre was measured up to 70 K for multiple sites. At higher
temperatures, the fine-structure peaks merged and the line width of these merged
peaks was stated. In the overview, we saw that for high temperatures (> 70 K), the
cubic fit (green line) matches the measured data well, while the linear fit (magenta
line) diverged. The inset shows the low temperature end where for low temperatures
(< 20 K) the linear fit matches the data and the cubic fit deviates. At the low
temperature end, the line width saturated the fundamental transform-limited line
width. The displayed results have previously been published in [5].

Both the PL and the PLE spectra were fitted with a Lorentzian func-
tion for each resolvable peak and the FWHM width was extracted from the
fit parameters. The shape of the function fitted the measured data well,
confirming that we were measuring a fundamental property of the SiV−

centre and were not limited by the instrument limit or power broadening,
which would give a Gaussian peak shape. The absolute position of the
spectrometer was calibrated with the wavemeter to give sensible results. At
each temperature point, several SiV− centres were investigated in our CVD-
diamond sample and we preselected the sites to only measure 28Si in a small
20× 20 µm region. Error bars were determined from the standard deviation
of the investigated sites and the temperature dependence of the line width
is displayed in Figure 6.2.

In chapter 4 we showed that the SiV− centre does not exhibit spectral
diffusion. Hence the line width (Γ(T )) was dominated by homogeneous
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broadening mechanism only, in general resulting in

Γ(T ) = γr + γnr(T ) + γu
+(T ) + γd(T ) (6.2)

for transitions C and D from the lower excited state branch. As seen be-
fore, the radiative decay rate (γr) was constant with temperature, while
the non-radiative decay rate (γnr(T ) ∼ γnr) only varies slightly. Thus the
temperature dependence of the line width was mostly dominated by depol-
arisation (γu

+(T )) due to mixing in the excited state or due to dephasing
(γd(T )).

From the data in Figure 6.2 we could clearly identify two different tem-
perature regimes. At low temperatures in the regime from 5 K to 50 K,
we find a linear dependence on temperature as shown in the inset. The
linear fit in magenta gave us Γ(T ) = (−1.05 + 24.26 · [T/K]) MHz, satur-
ating at about 5 K to the transform-limited line width, given by the ra-
diative lifetime. At temperatures above about 70 K a cubic fit of Γ(T ) =(
103 + 0.12 · [T/K]3

)
MHz closely matched the data. For temperatures in-

between these two regimes we found a slow turn over from one to the other
dependence.

With these two clearly distinguishable behaviours, we could already con-
clude, that one of them arose from dephasing and the other from depolarisa-
tion to a different state. In the following section we identified which of them
dominates at which temperature. Earlier studies on the temperature de-
pendence of the line width of SiV− centres in nanodiamonds [94], where the
local environment was highly disturbed by charges and strain, also repor-
ted the cubic dependence. The huge inhomogeneous distribution combined
with a low spectral resolution would have obscured the linear temperature
dependence at low temperature.

6.1.3 Ground state orbital relaxation

The measurements in this chapter so far concentrated on the properties in-
side the 2Eu excited state. There was also a similar phonon process occurring
inside the 2Eg ground state doublet. To investigate this we had to switch
from continuous light measurements to a pulsed scheme. Transitions C and
D form a so-called “lambda (Λ)-scheme” between the two orbitally split
ground states. Thereby, these two transitions connect the ground states via
a common excited state.

Pumping transition D, the decay from the excited state would - with
some probability - bring the system to the upper ground state, which was
only resonant with transition C and would therefore stay dark. Any relaxa-
tion process between the ground states would bring the system back to the
lower ground state, generating a signal when pumping transition D. We used
a short pulse on transition D to pump the SiV− centre to the upper ground
state and then waited in the dark for the system to relax back, as displayed
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in Figure 6.3(a). The degree to which the system relaxed back was measured
by another pulse on transition D, where we were now only interested in the
amount of fluorescence in the beginning of the pulse, when the system was
not yet pumped. We could measure the relaxation process by varying the
wait time (τ) and measuring the leading edge height (h) compared to the
height after an infinite wait time, giving the steady-state population (a). For
the temperatures at which we were operating, the ground state spin-orbit
splitting was small compared to the thermal energy, and therefore we could
assume the steady state population to be a ∼ 50 %. Since the relaxation was
a random decay process, it could be fitted by a single exponential function,
yielding the characteristic orbital decay time (T Orbit

1 ) in the ground state,
as has been done in Figure 6.3(b). This measurement was repeated for dif-
ferent temperatures to resolve the temperature dependence of the relaxation
precess.

To address the transitions independently, the resonant Titanium:Sap-
phire laser was used as excitation source on transition D. In order to generate
short laser pulses, the laser was sent through an electro-optical amplitude
modulator (EOM: EOSpace, AZ-0K5-05-PFA-PFA-637, optimum 637 nm,
5 GHz bandwidth, Z-cut Amplitude modulator), having a measured extinc-
tion rate of up to 20 dB. With a bias voltage, the EOM was stabilised at
its minimum transmission point using a lock-in amplifier (Ithaco Dynatrac
393). In this scheme, short voltage pulses could be used to precisely switch
on the laser, giving rise and fall times of about 1 ns. The pulse sequences for
the relaxation time (T Orbit

1 ) measurement containing 80 ns long pulses were
created by a custom programmed freely-programmable-gate-array (FPGA)
having a resolution of 2 ns. To have low dark counts we used an Excelitas-
APD giving 70 dark counts per second. The signal was acquired with a
time-tagged data acquisition card (FAST ComTec MCS6A-2T2) giving a
time resolution of up to 200 ps.

As shown in Figure 6.4(a), the ground state relaxation time (T Orbit
1 ) was

acquired for temperatures from 4.5 K to 22 K. Similar to the low temperat-
ure behaviour of the line width, we found a linear dependence for relaxation
rate (1/T Orbit

1 ) with the temperature. The longest relaxation time we meas-
ured at 5 K to be T Orbit

1 (5 K) = 39± 1 ns.

The larger measurement uncertainty at higher temperature was due to
decreasing signal contrast. The degree of orbital population (h(0)/2a), given
by the leading edge height for zero delay (h(0 ns)) divided by twice the steady
state population (a), decreased with increasing temperature as shown in Fig-
ure 6.4(b). This occurred since the population was given by a competing
process between optical pumping and thermal relaxation, and with increas-
ing temperature the latter increased but the former stayed constant. This
meant that for high temperatures, the SiV− centres could not be polarised,
making it impossible to measure any relaxation time beyond 22 K.

https://wiki.kip.uni-heidelberg.de/KIPwiki/images/b/b8/ITHACO_393.pdf
https://wiki.kip.uni-heidelberg.de/KIPwiki/images/b/b8/ITHACO_393.pdf
http://www.fastcomtec.com/products/ultra-fast-multiscalers/mcs6a.html


68 Chapter 6. Electron-phonon processes

(a)

(b)
t

0

50

100
τ

a

P
ho

to
lu

m
in

es
ce

nc
e

(a
rb

.
u.

)

h

0 20 40 60 80 100 120
20

40

60

80

100

h5K(τ) ∼ exp(−τ/38.61 ns)

Dark time τ (ns)

Pe
ak

he
ig

ht
h

(a
rb

.
u.

)

Figure 6.3: Pulse scheme for measuring the orbital relaxation. (a) After infinite
dark time, the signal generated from the initial laser pulse had a leading-edge peak
(a) representing the steady state population. The signal decayed away in a single
exponential function. After a wait time τ , the signal recovered to now show a reduced
leading-edge height of h(τ). (b) The recovery of the leading-edge height was measured
for up to 120 ns using 80 ns long laser pulses. A single exponential fit to the recovery
revealed the relaxation time TOrbit

1 for a certain temperature. The displayed results
have previously been published in [5].
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Figure 6.4: Temperature dependence of the orbital relaxation. (a) The orbital
decay rate expressed as 1/TOrbit

1 showed a linear dependence on temperature for
temperatures below 25 K. Error bars were estimated from varying the integra-
tion window lengths in the determination of the peak height h(τ). The exact fit
(1/T1 = 0.0099 · n(∆, T − 2.26 K)) to the behaviour revealed a temperature offset
between the sensor at the cold finger and the SiV− centre of 2.26 K. (b) The or-
bital population could be measured by the value h(0 ns)/2a and it was determined
by a competition of the laser pumping and the relaxation process. The signal was
seen to decay at increasing temperatures, which increased the error on the measured
relaxation time in (a). Ideally, the population should saturate at h(0 ns)/2a = 0 for
perfect pumping at low relaxation for 0 K while it saturated to an equally populated
steady state level h(0 ns)/2a = 0.5 at high temperatures. The displayed results have
previously been published in [5].
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6.1.4 Optical transition energies

A combined property of the ground and excited states is the energy of the
direct optical transition manifesting in the temperature dependence of the
transition wavelength. As for the line width, the line position was meas-
ured for several SiV− sites in our CVD-diamond sample for all four peaks,
where they were resolvable. Again, we calibrated the high temperature PL
taken with the spectrometer to those of the wavemeter we used for the low
temperature PLE spectra below 50 K. As was seen from the line width data
in Figure 6.2, the four peaks merged into two at about 80 K and into only
one at about 130 K. For simplicity we show the temperature dependent
wavelength of transition C only in Figure 6.5(a).

Fitting the wavelength data with a free exponent we got ∆λ = 19.2 ·
[T/K]2.78±0.05, in a close agreement with a cubic dependence on temperat-
ure displayed in magenta. For comparison we also display fits of the form
∆λ ∼ T β for β = {2, 4}, which gave much less confidence. This power-
law behaviour suggested that the line shift arises due to electron-phonon
interaction. However, energy shifts also typically occur due to the hydro-
static pressure that results from the thermal expansion of the diamond itself
[103, 104]. The shift of the transition energy due to thermal expansion has
the following form:

δEexp.(T ) = A · P (T ) . (6.3)

Here A is the constant of hydrostatic pressure shift of the transition energy,
and

P (T ) = −B
∫ T

0
e(x) dx (6.4)

is the temperature dependent negative pressure of thermal expansion, where
B the diamond bulk modulus and e(T ) is the bulk thermal expansion coeffi-
cient. Numerical values of B and e(T ) are known from literature [105], but
the pressure shift A of SiV− centres has never been measured. We used A
as a free fit parameter, but this functional form did not match well to the
observed behaviour, as shown in Figure 6.5(a).

At the low temperature end of the measurements, where the four fine-
structure peaks were resolved, we could also determine the temperature
dependence of the spin-orbit splitting. For the ground state splitting, this
was possible up to 70 K, while for the larger excited state splitting we could
estimate it up to 120 K, as shown in Figure 6.5(b) and (c). In both cases
the splitting decreased with increasing temperature and we could fit both
data sets with a quadratic dependence displayed in magenta. For the ground
state splitting however, the relative error bars were so big that the behaviour
would also have been consistent with a constant spin-orbit splitting.

As for the absolute line position, the temperature reduction of the spin-
orbit splittings could also result from thermal expansion [104]. Best fits
of this form, with the SiV− centre’s pressure shift (A) as free parameter,
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Figure 6.5: Temperature dependence of transition wavelength and spin-orbit split-
ting. (a) The optical transition wavelength was measured for multiple sites at different
temperatures to reveal an increase with a good fit (magenta line) for a cubic temper-
ature dependence. Fits to a quadratic (T 2, dashed orange), a quadric (T 4, dashed
purple) and a dependence arising purely from thermal expansion of the diamond lat-
tice (dashed green) did not match the data. (b) The excited state spin-orbit splitting
decreased and could satisfyingly be fitted with a quadratic (magenta line) temperature
dependence. A pure thermal expansion of the diamond lattice (dashed green) did not
fit the data. (c) The ground state spin-orbit splitting decreased and could satisfyingly
be fitted with a quadratic (magenta line) temperature dependence. A pure thermal
expansion of the diamond lattice (dashed green) and a constant value did not seem
plausible but would also fit the data, since the relative error bars were huge compared
to the absolute value. The displayed results have previously been published in [5].
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Figure 6.6: Electronic levels and transition rates for the spin up (|↑〉) projection.
The SiV− centre in the excited 2Eu state could decay to the 2Eg ground state either
non-radiatively (γnr) or by emitting photons (γr). In the latter case we found a
four peak fine-structure with the transition A–D revealing the spin-orbit splittings of
λuso ∼ 258 GHz in the excited and λgso ∼ 47 GHz in the ground state. Inside each
doublet state, phonon transitions of rates γ+ and γ− could occur. Additionally, a
dephasing rate γd could lead to decoherence without involving a state change. The
displayed results have previously been published in [5].

are shown as dashed green lines. These did not match well to the data, at
least for the excited state, and hence another mechanism must have been
responsible for the observed shift. The low significance of the ground state
splitting results did not pose a major problem, since all its properties were
similar to the excited state and we could apply conclusions made there
directly to the ground state as well.

6.2 Microscopic model of the electron-phonon in-
teraction

Before presenting the details of a microscopic model explaining the phonon
processes and the electron-phonon interaction, it is helpful to reconsider the
energy level diagram presented in Figure 3.8(a). In Figure 6.6 this scheme
is presented again, with the inclusion of all the transition rates between the
levels. Here we only consider the states that had a spin up |↑〉 to simplify the
notation and because the spin down state |↓〉 was energetically degenerate
in the absence of any external field or strain.

Assuming such a field-free SiV− centre, that was also in the absence of an
off-axis strain field, then the spin-orbit interaction (∼ λg,u

so SzLz) determines
the eigenstates with well defined orbital and spin angular momentum, that
could be considered separately [61]. Any phonon transitions between these
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eigenstates couples only to the orbital degree of freedom, and thus should be
spin conserving. The possible optical transitions resulting in the well know
four peak fine-structure are marked with straight arrows.

Within the ground or excited state, the SiV− centre was described
as an effective two-level system consisting of the two orbital states with
|Lz = ±1〉 = |eg,u

± 〉 for the spin up projection. Thereby phonons induced a
vibronic coupling that occurred with the rates γg

± for the ground and γu
±

for the excited state. A phonon could either be created with the rate γ+ or
annihilated with the rate γ−. Hence, the phonon rates in the system were
γg,u
± [106, 107]. Additionally there could be a pure phononic dephasing rate
γd, which would not change the orbital level.

6.2.1 Orbital relaxation rates

For our model, we studied the effects of these rates arising from electron-
phonon processes on the observed SiV− centre’s properties. This effect
is also called dynamic or linear Jahn-Teller effect and has been observed
and extensively studied for the excited states of the NV− centre where a
similar orbital degeneracy was present [102, 108]. In the SiV− centre, the
allowed processes are a consequence of the linear interaction between the
E-symmetric electronic states and the E-symmetric acoustic phonon modes
[107, 109, 110]. The interactions with A-symmetric modes may safely be
neglected, since they do not couple the states within the ground and excited
state doublet.

In general the zero-field Hamiltonian of the effective orbital two-level
system in a given spin up (|↑〉) state could be described in the form

Ĥ0 =
1

2
h̄∆σz . (6.5)

Here σz represented the usual Pauli operator for the orbital eigenstates |e+〉
and |e−〉, while h̄∆ was the relevant magnitude of the spin-orbit splitting
in the ground or excited state. For the opposite spin projection (|↓〉) this
Hamiltonian would be similar with just a negative sign.

In order to describe the interaction between the E orbital states of basis
{|e+〉 , |e−〉} and the E phonon modes, it was most convenient to linearly
transform the phonons to be circularly polarised. With this transformation
the phonon Hamiltonian could easily be written as

ĤE =
∑
p,k

h̄ ωk a
†
p,kap,k , (6.6)

where a†p,k and ap,k are the creation and annihilating operators of the circular
polarised phonons of polarisation p = {+,−} with a wavevector k, and ωk
is the frequency of a certain phonon mode with this wavevector. The linear
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(a)
|e−〉

|e+〉
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γd
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Figure 6.7: Possible phonon processes in the doublets of E symmetry. (a) In general
the doublet in the SiV− centre’s ground or excited state had a splitting ∆ between the
orbital states |e−〉 and |e+〉 with the direct exchange rates γ+ and γ− or the dephasing
rate γd. Three processes were possible to second order: (b) A direct single-phonon
process as exchange between two levels (first-order). (c) An inelastic Raman-type
two-phonon process could first bring the system to a virtual excited state and then to
the other orbital state of the two-level system. (d) The system could be excited in an
elastic Raman-type two-phonon process to an virtual level and then decay back to it
original state (AC Stark shift). The displayed results have previously been published
in [5].

electron-phonon interaction could now be seen as a perturbation potential

V̂E =
∑
k

h̄ χk[σ+(a−,k + a†−,k) + σ−(a+,k + a†+,k)] , (6.7)

where χk is the interaction frequency for a single phonon, while σ+ and σ−
are the raising and lowering operator for orbital states, respectively.

For a first-order electron-phonon transition there was only one process
that involves a single phonon, namely the level change by the creation or
annihilation of a single phonon (see Figure 6.7(b)). In our case for the
SiV− centre, we can treat V̂E as a time-dependent perturbation involving
the absorption or emission of a single E phonon whose frequency is resonant
with the spin-orbit splitting ∆ ∼ λg,u

so . The corresponding transition rates
become

γ+ = 2π
∑
k

n−,k|χk|2δ(∆− ωk)

γ− = 2π
∑
k

(n+,k + 1)|χk|2δ(∆− ωk) , (6.8)

where np,k were the usual occupations of the phonon modes with polarisation
p and wavevector k.

For acoustic modes in bulk diamond, there is an approximation for the
interaction density χk and the mode density ρ(ω) that makes the subsequent
steps easier [102, 111]. We can define the average |χk(ω)|2 ≈ χω and ρ(ω) =
ρω2, if the average is taken over all modes of frequency ωk = ω with the
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proportionality constants χ and ρ. Keeping these simplifications in mind, if
we performed the thermal average over the initial states and summed over
all the final states, this leads to

γ+ = 2πχρ∆3n(∆, T )

γ− = 2πχρ∆3[n(∆, T ) + 1] . (6.9)

As the phonon number n(∆, T ) is described by the Boltzmann distribu-
tion, we can explicitly state it as

n(∆, T ) =
1

exp
(
h̄∆
kBT

)
− 1

. (6.10)

Hence for temperatures T > h̄∆/kb we approximate the single-phonon re-
laxation rate by

γ+ ≈ γ− ≈
2π

h̄
χρ∆2kBT . (6.11)

This rate approximation has two obvious consequences. At first we see
that for T > h̄∆/kB ∼ 2.4 K the phonon exchange rate depends linearly
on the temperature. That exactly matches the observed behaviour of the
line width as a probe of the excited state as well as for the relaxation time
T Orbit

1 , probing the ground state below 20 K. Therefore, we conclude that
for liquid-helium temperatures, the phonon processes of the SiV− centre
are dominated by a first-order electron-phonon process involving a single
phonon at the energy of the spin-orbit splitting.

Additionally, from Equation 6.11 we see that the relaxation rate scales
quadratically with the spin-orbit splitting ∆ ∼ λg,u

so . When extracting the
phonon lifetime (∼ 0.5 ns) from the transform-limited line width of trans-
itions A and B (∼ 400 MHz), we find that it was by two orders of magnitude
smaller than the orbital relaxation time T Orbit

1 at the same temperature.
This was about the same ratio as the square of the ratios of the spin-orbit
splittings in ground and excited state, giving another strong indication for
the validity of our model.

We could also use the explicit expression for the rates (Equation 6.9) to
fit the relaxation data. The fit was then 1/T1 = 0.0099 · n(∆, T − 2.26 K),
where n(∆, T ) is taken to be as in Equation 6.10. The fit should only
have had one free parameter to account for the proportionality constants
in front of the occupation. However, we needed to introduce a second
parameter as temperature offset to make the fit converge. This offset of
∆T = 2.26± 0.71 K represented the difference between the temperature
measured on the cold finger and the actual temperature on the SiV− site.
Thus this fit to the relaxation rate and phonon occupation at known spin-
orbit splitting could be used as an absolute measure of temperature to calib-
rate the other sensors. Therefore, assuming our simple model to be correct,
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we have to conclude that all the stated temperatures were probably too low
by ∆T = 2.26 K.

The first-order process discussed so far, was the process with the low-
est energy, but with higher energies also higher order processes would be
activated and eventually begin to dominate the temperature dependent be-
haviour. We had already seen a signature of this for the line width at
temperatures above 70 K, where we observed a cubic dependence on tem-
perature. Therefore, for a consistent model we had to consider the higher
order processes as well, starting with the second-order processes. For this
region, the temperature was much higher than the energy of the spin-orbit
splitting (T � h̄∆/kB) and two phonons were involved in the process, one
absorbed and one emitted.

From the electron-phonon interaction potential in Equation 6.7 we saw
that the final state of any two-phonon process must be the same as the initial
state. This fact arose from the strong spin-orbit interaction present in both
the ground and excited state of E symmetry. In NV− centres however, the
spin-orbit interaction in the excited state was much weaker and hence the
inelastic Raman-type scattering process (see Figure 6.7(c)) dominated there
[102]. With this inelastic scattering being suppressed by the huge spin-orbit
splitting in SiV− centres, the elastic Raman-type scattering process (see
Figure 6.7(d)) dominated the the interaction instead.

For the lower state of the doublet in spin up projection |e−〉 |↑〉, the
elastic scattering rate was

γd− = 2πh̄2
∑
k,q

n−,k (n+,q + 1)|χk|2|χq|2∣∣∣∣ 1

∆− ωk
+

1

∆ + ωk

∣∣∣∣2 δ(∆− ωk + ωq) . (6.12)

Here the sum was performed over the phonons of wavevector k being created
and the phonons of wavevector q being annihilated. Performing the thermal
average over the initial states and the sum over all final states, while using
the same approximations as in the first-order process, leads to

γd− = 2πh̄2

∫ Ω

0
n(∆ + ω, T )(n(ω, T ) + 1)|χk(∆ + ω)|2 |χq(ω)|2∣∣∣∣ 1

−ω
+

1

∆ + ω

∣∣∣∣2 ρ(∆ + ω)ρ(ω)dω , (6.13)

where Ω was the Debye cut-off frequency for phonons in diamond. By assum-
ing acoustic modes and that the temperatures were such that only modes
with frequencies Ω � ω � ∆ contributed significantly to the integral, we
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get

γd− ≈ γd+ ≈ 2πh̄2∆2χ2ρ2

∫ ∞
0

n(ω, T )(n(ω, T ) + 1)ω2dω

=
2π3

3h̄
∆2χ2ρ2k3

BT
3 , (6.14)

approximating to the lowest order in ∆.

This cubic dependence on temperature is in agreement with the observed
line width at high temperatures. Thus we identify the two-photon dephasing
process as dominant at high temperatures. In the derivation, we had to
assume a large spin-orbit splitting to suppress the inelastic Raman process
that would lead to a scaling as ∼ T 5. If we now applied strain to the SiV−

centre larger than the spin-orbit splitting, this assumption would not hold
any more and we would recover a T 5 behaviour for the high temperature
line width.

The observed T 3 scaling with temperature only differed marginally from
earlier measurements in nanodiamonds, although they did not consider a
cubic dependence and therefore erroneously concluded a combination of a
quadratic (T 2) and quartic (T 4) power [94]. The described dephasing process
could also be seen as an AC Stark shift of the energy levels in the doublet.
In this picture, the two-level system would experience a small energy shift
with every phonon that was exchanged. The dephasing rate also showed a
quadratic dependence on the spin-orbit splitting, which should result in the
same effect as for the single-phonon process. In conclusion, our microscopic
model agreed very well with our measured data and was able to explain the
behaviour of all the properties relating directly to rates.

6.2.2 Transition energy shifts

We also measured the shift of the transition wavelength and the spin-orbit
splitting with temperature. These do not directly relate to transition rates.
Therefore, it is necessary to re-formulate our microscopic model slightly.
The cubic temperature dependence of the line position and the quadratic
dependence for the spin-orbit coupling were measured mostly at temperature
above 20 K, which was the high temperature end of our model. Hence, the
second-order dephasing process should dominate these two properties.

As mentioned before, interpreting the electron-phonon interactions as an
AC Stark shift, implies the energies of the orbital states are perturbed at
second-order. This shift δE− and δE+, for the orbital state |e−〉 and |e+〉
respectively, can be written down in a simple form, if we formulated it using
linear phonons in the p = {x, y} polarisation basis. Then each polarisation
contributes to the energy shift independently and for phonon modes with
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wavevector k and occupation np,k we have

δE−(p, k) = h̄2χ2
k

(
np,k
ω −∆

−
np,k + 1

ω + ∆

)
δE+(p, k) = h̄2χ2

k

(
np,k
ω + ∆

−
np,k + 1

ω −∆

)
. (6.15)

If we now assumed only acoustic modes and that the temperature was
in a way that only modes with frequencies Ω � ω � ∆ contributed sig-
nificantly to the integral we could use the same approximations as for the
rates. The thermal average over all vibrational levels of the orbital energy
shift becomes

δE− = h̄2χρ

(
−1

3
Ω3 +

∆

2
Ω2 +

π2k2
B

3h̄2 T 2

)
δE+ = − h̄2χρ

(
1

3
Ω3 +

∆

2
Ω2 +

π2k2
B

3h̄2 T 2

)
. (6.16)

The temperature shift of the spin-orbit splitting is given by the difference
of these individual shifts for the two orbital levels, leading to

δ∆ = δE+ − δE− = −h̄2χρ∆

(
Ω2 +

2π2k2
B

3h̄2 T 2

)
. (6.17)

This quadratic dependence for the spin-orbit splitting on the temperat-
ure is completely consistent with the data we measured. Thus, this result
was another strong indication for the validity of our model and our un-
derstanding of the electron-phonon processes. Also, the temperature shift
depended linearly on the spin-orbit splitting ∆. Hence, one would expect the
excited state to show a stronger temperature dependence than the ground
state, as observed.

Calculating the sum of the energy shifts for the individual orbital levels
gives

δE+ + δE−
2

= −h̄2χρΩ3/3 , (6.18)

which was temperature independent, and in particular did not match the
observed T 3 behaviour. This discrepancy between the predicted behaviour
and the our observation stems from a well known problem in the treat-
ment of the linear Jahn-Teller interaction [112]. The problem arises from
our implicit choice of rectangular mode coordinates for the zero-order vi-
brational wave-functions of the perturbative analysis. Since the rectangular
coordinates do not match the cylindrical symmetry of the linear Jahn-Teller
vibrational potential, the rectangular vibrational wave-functions are a poor
choice of zero-order basis [113]. Therefore, much higher perturbative ex-
pansions would be required to correctly predict a shift in the optical line
position.
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A better choice would be, to chose polar coordinates and a correspond-
ing basis set of wave-functions. Here we could then define a basis of modes
of frequency ω with energies Eν = νh̄ω, where ν = 1, 2, . . . is the principal
vibrational quantum number and l = −ν + 1,−ν + 2, . . . , ν − 1 is the vibra-
tional angular momentum quantum number of the wave-functions ψν,l [113].
Using the formalism of the linear Jahn-Teller effect in the polar vibrational
basis [113], we obtain the second-order shifts of the vibrational energies as
for the spin-orbit splitting. Performing the thermal average of the shifts in
the orbital energies over all acoustic phonon levels, the corrected expression
for the temperature shift of the optical line position was

δE+ + δE−
2

= − 2h̄χρ

∫ Ω

0

2eh̄ω/kBT
(
e2h̄ω/kBT + 3

)(
eh̄ω/kBT − 1

) (
eh̄ω/kBT + 1

)2ω2dω

∝ T 3 . (6.19)

The integral in Equation 6.19 does not have a simple analytical solution.
It was solved numerically and the cubic dependence on the temperature was
a fit to that numerical solution. This corrected behaviour exactly matched
the measured results for the shift of the transition wavelength and thereby
our microscopic model perfectly explained all the results we had measured
so far. Therefore, we concluded that a thorough understanding of all the
electron-phonon processes due to the linear Jahn-Teller interaction within
the ground and excited states of the SiV− centre was gained. With that, all
the observed temperature variations of the optical line width, position and
fine-structure splitting could be explained and predicted.
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Chapter 7

All-optical access to spin

The experiments in this chapter were conceived by Lachlan Rogers, Math-
ias Metsch and Kay Jahnke under the supervision of Fedor Jelezko. They
were performed with the contribution of Jan Binder and Alp Sipahigil. The
theoretical description and analysis of the data was performed by Lachlan
Rogers, Mathias Metsch and Kay Jahnke and formulated for the thesis by
Kay Jahnke. The diamond samples were supplied by Junichi Isoya and Tok-
uyuki Teraji. Fruitful discussions with Mikhail Lukin, Alexander Kubanek
and Philip Hemmer helped the advancement of the experiments. The results
presented in this chapter were previously published in [5] and [6].

81
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Right after the publication of the results from the Hong-Ou-Mandel ex-
periments with SiV− centres [3], a viewpoint was written on the article
by Andrew Greentree [114]. As a leading researcher in the field of funda-
mental quantum physics, he immediately identified that the next obvious
step for SiV− centres would be to gain access to a spin in the system. Such
a spin would form a qubit, and multiple qubits might be entangled using
the quantum interference effect discussed in chapter 4. The possibility of
purely optical spin control was raised, utilising the SiV− centre’s Λ-schemes
with the help of tools from atomic physics. Prominent among those was
electromagnetically induced transparency (EIT), in which two lasers tuned
to a Λ-transition generate an off-resonant superposition state in the ground
or excited states, so that the incident light is transmitted [115]. In our ex-
periments we had investigated the colour centre’s fluorescence, thus it was
very challenging to measure a transmission signal from a single site. How-
ever, the related effect of the coherent population trapping (CPT) uses the
same principle, but reveals the coherent superposition state as a missing
fluorescence at resonance, apparent as a dark state [116, 115, 117]. This was
now fully accessible with our PLE techniques and we could try to identify
adequate Λ-schemes in the SiV− centre’s electronic structure to probe the
system for this effect.

7.1 Orbital state control

The first obvious Λ-scheme present in the energy level scheme of the SiV−

centre involves connecting the two states of the orbitally split ground state
doublet with the same excited state. To get a cleaner signal and narrower
lines it made sense to concentrate on the Λ-scheme utilising the lower excited
state, since only that had line widths given by the optical transform limit. In
our experiments, we pumped the system resonantly on transition C between
the lower ground and excited states. For this we used the dye-laser (Sirah
Matisse 2 DS) with a Pyridine 1 (Sirah Pyridine 1 in EPH solution) dye
adjusted to work at 737 nm. Here, the laser was locked to its own external
cavity, giving a line width of down to 250 kHz. By scanning the laser over
the transition C, we could find the exact resonance just as we had done in
chapter 4.

While constantly driving transition C, we used the Titanium:Sapphire
laser as a second laser source coupled into the same fibre and therefore co-
linear with the excitation path of the confocal setup (see subsection 3.1.1).
Scanning this second laser through the resonance of transition D gave the res-
ults shown in Figure 7.1. The overall shape of the peak was roughly Lorent-
zian, with a width of a few hundred MHz. This increased width stemmed
from power-broadening of transition D, since we were driving the transition
resonantly, with excitation powers well above saturation. Apart from this

http://www.sirah.com/laser/cw-ring-lasers/matisse-ds
http://www.sirah.com/laser/cw-ring-lasers/matisse-ds
http://www.sirah.com/dyes-accessories/laser-dyes-532-nm/pyridine-1
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Figure 7.1: CPT on the orbital Λ-scheme. A pump laser was tuned to transition C
of a SiV− centre in zero magnetic field, producing a background fluorescence level of
about 3. The second laser was then scanned through transition D of the same site
and a resonance fluorescence peak of a few hundred MHz width was observed. We
also found a two-photon resonance dip of about 20 MHz width signifying CPT. A full
contrast was found, but the feature was shifted slightly because the pump laser was
also slightly displaced from the centre resonance of transition C. The displayed results
have previously been published in [6].

classical effect, there was also a narrow feature at about 407.2067 THz which
represented the CPT feature we wanted to investigate.

While the width of the fluorescent peak was in the order of a few hundred
MHz, the CPT dip was only about 20 MHz wide. With such a narrow
feature, the lifetime of the involved state would need to be in the order
of a few tens of ns. Since the electronic excited states had a lifetime of
about 1.6 ns or less, the state causing the dip cannot have been an excited
state, but needed to be a coherent superposition in this case of the two
involved ground states. As described under the name of coherent population
trapping (CPT) in literature, the effective three-level system, consisting of
two non-degenerate ground states and one excited state, was driven into a
superposition of the ground states by the two-photon resonance [116, 115,
118]. So the fundamental limit to the line width of the CPT dip was given
by the coherence time T ∗2 of the ground state superposition [117].

As was shown by Fleischhauer et al. [118] for the analogous case of EIT,
the measured line width depends on numerous parameters. It is fundament-
ally limited by the coherence time of the involved superposition state, but it
might also be broadened for example by a high laser driving power, just as
in the case of power broadening, due to saturation in electronic levels. Also,
leakage to additional channels might influence the line width and shape, but
in our case the only other level present is the upper excited state branch
which is far detuned and therefore can be neglected. Another cause of ap-
parent broadening was the jitter of the two used lasers with respect to each
other. The position of the CPT dip depends crucially on the relative detun-
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ing of the two lasers. Hence, any jitter in this detuning smeared out the dip
and lead to a wider measured line width.

In the experiments we used two independent lasers, which were locked to
a reference cavity each, but which had jitter with respect to each other. By
interfering both lasers on a fast photo diode and analysing the beating fre-
quency, we characterised the jitter of the lasers. Two frequency components
were identifiable. On a time-scale of seconds, on which we performed our
PLE scanning measurements, the laser detuning jumped in a range of about
20 MHz. Even on shorter time-scales, neglecting these jumps the jitter had
a width of about 1 MHz. In Figure 7.1 the measured CPT width was in the
order of 20 MHz, even with reduced incident laser power to minimize power
broadening. This width would correspond to a lifetime of about 8 ns but
this was not fundamental to the SiV− system.

Hence, the measured CPT line width matched the detuning jitter exactly
and was not limited by the coherence time, but by a systematic shortfall of
our experimental technique. Nevertheless, we could extract a range for the
orbital coherence time from 8 ns to 39 ns which was limited by the orbital
relaxation time T Orbit

1 as established in chapter 6. Notice that the CPT dip
was not centred to the middle of the fluorescence peak, which arose from
a slight shift of the pump laser. Since the position of the CPT dip only
depended on the relative detuning of the two lasers, it could be shifted by
adjusting the pump laser frequency.

7.2 Spin state control

The orbital states however, were not of the most interest, as spin is known
to be a rather more valuable qubit in other solid state systems, since it is less
coupled to the environment. For this, we first needed to be able to identify
and address a spin system in the SiV− centre, before showing the ability to
initialise and read-out this spin. Only then we could measure its coherence
time and use it in any meaningful way.

We applied a magnetic field of about 4.5 kG along the symmetry axis of
a SiV− centre to resolve the spin splitting. To achieve a good alignment,
we used our HPHT-diamond sample which had a {111} surface and found
a SiV− centre (designated site 3) with its symmetry axis pointing out of
the surface. We mounted the diamond on the centre of a permanent disk
magnet, which aligned the magnetic field within a few degrees of the centre’s
axis. In this configuration we looked head-on upon the site and, as could
be seen from the polarisation results in section 3.2, the strong z-dipole was
suppressed in that direction. Hence in this special case, the two inner peaks
of the fine-structure appeared weaker (see Figure 7.2) and we focussed on
transition D for the remainder of this chapter.

In section 2.2 the electronic structure of the SiV− centre was described
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Figure 7.2: PLE spectrum in magnetic field showing spin splitting. Since the SiV−

site was observed along its main symmetry axis, which was aligned with a 4.5 kG
external magnetic field, the outer peaks of the four fold fine-structure appear stronger
then the inner ones (see section 3.2). A single PLE laser scan (green) revealed peak D
to split in two peaks, while from the spin splitting four transitions would be possible
(lower part). The spin-split transitions were named D1–D4, in order of decreasing
energy. Only when tuning a second pump laser to peak D3 the features D1 and D4
became visible (blue). The blue dip at D1 corresponded to the fluorescence from the
pumped transition D3 being driven away. A reverse spectrum (yellow) could be found
when pumping peak D2. Consequently the inner two spin transitions D2 and D3 were
spin-conserving, while the outer ones D1 and D4 were spin-flipping. From the peak
distances in frequency space we could determine the splittings and the full energy level
scheme, including the spin states as shown in the lower part. The displayed results
have previously been published in [6].
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as a single hole, which has an electronic spin of S = 1/2. This spin formed a
doublet that was degenerate without external fields and even when strain or
electric fields were applied axially, since the latter do not couple to spin. We
needed to apply a magnetic field to split the doublet apart and resolve the
spin, in contrast to systems like the NV− centre, which exhibit zero-field
spin splittings [69]. Only then each, of the four fine-structure transitions
split into multiple peaks as could be seen in Figure 7.2. We numbered the
spin sub-transitions in order of increasing wavelength or decreasing energy
as D1–D4.

When scanning a laser through transition D, we found only two peaks
showing up in the PLE spectrum (green trace), while in principle there
should be four sub-transitions possible. Comparing the PLE spectrum to
the level scheme below, we noticed the two apparent peaks in a single-laser
scan stemmed from the spin-conserving transitions D2 and D3. The distance
between these two peaks then gave the difference between the spin splittings
in the ground and excited state, and it was in the order of about 2 GHz at
an axial field of about 4.5 kG. By reducing the excitation power on each
peak, we were able to reduce the power broadening and nearly recovered
the transform-limited line width given by the excited state lifetime.

Now we made use of our second laser in the experiment again. We tuned
the dye-laser first to transition D3 and then used the Titanium:Sapphire
laser for scanning the whole region around transition D (blue trace in Fig-
ure 7.2). On top of the count rates coming from pumping transition D3,
several additional features appeared. First, we recovered the other spin-
conserving transition D2, with a broader line width, since the system was
driven at higher intensities from the two lasers. An additional peak appeared
at lower energies and could be identified as the spin-flipping transition D4.
And finally, there was a dip visible for higher energies, which we assigned to
the other spin-flipping transition D1. A mirrored spectrum was gained by
pumping transition D2, while scanning over the whole transition D, as can
be seen in the yellow trace of Figure 7.2. In this case, the properties of the
spectral features were reversed (peaks for D3 and D1, dip for D4).

We already knew that each of the ground and excited states was split
by a strong spin-orbit interaction and now each of these degenerate states
split additionally, due to different spin projections in the external field. In
this basis, we could assign unambiguous state labels. Any of the states
had an orbital component, which was either |+〉 or |−〉 additional to a spin
component of |↑〉 or |↓〉. To distinguish ground and excited state and include
the E symmetry in the label, we used for example the label |eg

+〉 |↑〉 for the
level |+〉 |↑〉 in the ground state. From independent Zeemann measurements,
we could determine the lowest two states in the level diagram of Figure 7.2
where the orbital component pointed in the same direction as the spin [119,
120]. The rest of the level scheme could then be constructed from that, as
illustrated in Figure 7.2.
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Figure 7.3: Spin splitting for transition C. Similar to transition D, the PLE spectrum
of transition C showed only two peaks in a single-laser scan (green) when the magnetic
field of 4.5 kG was aligned with the symmetry axis of the SiV− centre. A two-laser
scan with the pump laser on transition C3 (C2) revealed the spin-flipping features
displayed in blue (yellow). For transition C, the splittings were changed from transition
D, especially on C2 and C3, which showed only a small difference between the ground
and excited state spin splitting. The displayed results have previously been published
in [6].

From the peak positions and their spin character we could finally determ-
ine the spin-splittings in the ground and excited state for an axial magnetic
field of about 4.5 kG. We only recovered the splitting of the lower excited
state (7.35 GHz), since the broadened transitions from the upper excited
state inhibited a clear resolution of the individual transitions at this mag-
netic field strength (see section 4.1). The upper splitting in the ground
state was 5.46 GHz, while for the lower splitting we needed to investigate
transition C. As seen in Figure 7.3, it was observed to show essentially the
same behaviour as transition D, although the transition was much weaker
in this alignment. The lower ground state splitting was found to correspond
to 7.10 GHz. It was much harder to resolve peaks C2 and C3 separately,
due to the smaller difference between spin splittings in ground and excited
state (Figure 7.3). This is the other explanation for our ongoing focus on
transition D in this chapter.

With the spin states identified in the system, we turned to the initial-
isation and read-out of this quantity. The necessity of two lasers to resolve
all possible transitions already pointed to an efficient initialisation of the
spin. Since the spin-conserving transitions were bright with a single laser,
this was the signature of a long-cycling transition. This meant that, even
under excitation, the spin stayed in one given spin state for a long time,
leading to a measurable fluorescence and making it detectable. Hence, these
long-cycling transitions D2 (|eg

+〉 |↓〉 ↔ |eu
−〉 |↓〉) and D3 (|eg

−〉 |↑〉 ↔ |eu
+〉 |↑〉)

could be used to read-out the spin orientation, since they were well separ-
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ated in frequency space and only occurred between states of the same spin
projection.

The spin-flipping transition D4 (|eg
+〉 |↓〉 ↔ |eu

+〉 |↑〉), on the other hand,
flipped the spin, which then decayed preferentially along its spin-conserving
decay channel. Therefore, even after a few optical cycles the system changed
its spin state and with that became off-resonant to the fast-cycling spin-
flipping transition. Driving this transition, the system went dark and was
not visible in a single-laser scan. If we used a second laser to repump the spin
on the spin-conserving transition, the system was always excited and might
in some instances have decayed via its spin-flipping transition. Even if that
was very rarely the case, it was still enough to make a peak show up in the
two-laser scans. Even when a second laser for repumping was applied, much
higher excitation powers were needed to saturate the spin-flipping transition
than for the spin-conserving transitions.

The dip on the second spin-flipping transition D1 (|eg
−〉 |↑〉 ↔ |eu

−〉 |↓〉)
was caused by the system being driven away even from the pumped trans-
ition. For example, when pumping transition D3, we found a certain steady-
state count rate from the fluorescence on this channel (|eg

−〉 |↑〉 ↔ |eu
+〉 |↑〉).

When the second laser was resonant with D1 (|eg
−〉 |↑〉 ↔ |eu

−〉 |↓〉), the spin
was flipped to |↓〉 and the pumping transition D3 lost fluorescence, causing a
dip in the count rates. In principle, the contrast of the dip could be absolute
with only the background counts decreasing it, but there was a relaxation
between the spin states that brings the system back to |↑〉, reducing the dip
contrast.

To characterise this relaxation further, we employed the techniques al-
ready used to determine the the orbital relaxation time T Orbit

1 in subsec-

tion 6.1.3. As we expected comparatively long spin relaxation times T Spin
1 ,

the EOMs used before for creating laser pulses, did not suffice any more,
since their attenuation was too low, leading to a repumping of the spin during
the measurement. Thus, our pulses were now created with acousto-optical
modulators (AOM: Crystal Technology Inc., AOMO 3200-146) having a
rise/fall time of 60 ns but a strong attenuation of at least 60 dB. To initial-
ise the system into the spin state |↓〉, we applied a pulse on the fast-cycling
transition D1 that pumped all the residual spins away from |↑〉 to |↓〉. After
that, we could use a 5 ms long pulse on the long-cycling transition D2 to
probe the |↓〉 spin state. The pulse sequence can be seen in Figure 7.4(a).

The long-cycling read-out pulse D2 had a leading edge peak of height
h, which decayed away to a steady-state level, determined by competing
processes of relaxation and pumping from the read-out laser. By varying
the dark wait interval τ between the initialisation pulse D1 and the read-out
pulse D2, we could probe the relaxation process in the dark. After infinitely
long τ →∞, the leading edge peak height decayed away to the asymptotic
limit a representing an equal population in |↑〉 and |↓〉, or 50 % population in

http://www.eqphotonics.de/cms/cms/upload/datasheets/3200-146_Rev_0.pdf
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Figure 7.4: Spin relaxation in an aligned magnetic field. (a) To measure the spin
relaxation in a well aligned magnetic field, the spin was first initialised to |eg+〉 |↓〉 by a
driving pulse on transition D1. After a wait time τ in the dark the spin in |eg+〉 |↓〉 was
measured by a long-cycling pulse in transition D2 of 5 ms length. The height of the
leading edge peak in the read-out pulse h revealed the level of spin population, while
the height after infinite wait time a represented a thermal population of 50 %. (b) The
|eg+〉 |↓〉 spin population h(τ)/2a was measured for several waiting times and a fit to

a single exponential function revealed a spin relaxation time of T Spin
1 = 2.4± 0.2 ms.

Initialisation fidelity could be extracted as zero delay population to be h(0)/2a) =
78 %. Error bars were estimated from varying the integration window of the peaks’
heights. The displayed results have previously been published in [6].
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|eg
+〉 |↓〉. As displayed in Figure 7.4(b), the decay of the |eg

+〉 |↓〉 population
could be expressed as h(τ)/2a and fitted with a single exponential function.
This exponential fit revealed a spin relaxation time of T Spin

1 = 2.4± 0.2 ms
which represents a long fundamental limit for all coherent manipulation
performed on this spin qubit.

From the initial spin population of |eg
+〉 |↓〉 at zero delay τ = 0, we de-

termine the initialisation fidelity to be only h(τ = 0)/2a = 78 %. This find-
ing was limited by the competition between laser D1 pumping the system to
|↑〉 and the reverse process caused by the relaxation under excitation. Since
D1 was spin-flipping and therefore a very weak transition, we reached only
comparatively low pumping rates, which were unable to dominate the re-
laxation. A stronger laser would solve that problem, but power broaden the
transition too much, making the individual transition unresolvable. Thus
ultimately, the path to overcome the limited initialisation fidelity at aligned
magnetic field was, to achieve even higher magnetic fields, which allows for
higher laser powers.

However, there was another obvious way to change the system. So far
we had only worked with a SiV− site, situated in a well aligned magnetic
field. In this case, the spin projections in the ground and excited state were
the same, since there was no transverse field. By misaligning the external
magnetic field from the symmetry axis of the SiV− centre, which was also
the projection axis of the spin-orbit coupling, off-axis field components could
be reached. These fields acted on the spin-orbit coupling and since they
were different in the ground and excited state, also the spin projections
became different in ground and excited state, if a transverse magnetic field
component was present.

Examining an optical transition, we started with a well defined spin in
the ground state, in which we, for example, could assume the {|↑〉 , |↓〉} basis.
When the system was promoted to the excited state by a photon, the spin
was not changed, but it was projected in the different basis of the excited
state (e.g. {|↗〉 , |↘〉}). In this new system, the spin now precessed and
acquired a phase characteristic to {|↗〉 , |↘〉}, before it decayed back to the
ground state. Here it was projected back into the old {|↑〉 , |↓〉} basis, but the
original state had evolved, since it had acquired a different phase for |↑〉 and
|↓〉 in the excited state. By this process, each optical cycle acquired a slight
spin-flipping character, which increased as the transverse field increased with
the field’s misalignment.

In this way, the weak spin-flipping transitions (D1, D4) became more and
more allowed, to a point were they even started showing up in a single-laser
PLE scan. In our setup it was most convenient to fasten two permanent
magnets facing each other sideways on the coldfinger and mount the CVD-
diamond sample with its {100} surface on top. In this way we got a magnetic
field parallel to the diamond surface right above the interface of the two
magnets. Recalling the calculations performed in section 3.2, we could get



7.2. Spin state control 91

1 2 3
0

1

a
h

R
el

.
in

te
ns

ity

|eg
−〉|↑〉

|eg
+〉|↓〉

|eu
+〉|↑〉

|eu
−〉|↓〉

D1

t (µs)

D1 D1

τ

h

0 5 10 15 20 25 30
0

10

20

30

40

50

Dark interval τ (µs)

|e
g −
〉|↑

〉p
op

ul
at

io
n

h/
2a

(%
)

(a)

(b)

Figure 7.5: Spin relaxation in a 20 degree misaligned magnetic field. (a) A first
pulse on transition D1 measured the leading edge height of the thermal population
after infinite dark time. The same excitation also pumped the spin away from the
probed |eg−〉 |↑〉, causing the fluorescence level to decay in the pulse duration. After
a wait time τ in the dark, a second pulse resonant to transition D1 probed the spin
state again. (b) An exponential fit to the population recovery of the |eg−〉 |↑〉 state

measured by h(τ)/2a revealed a spin relaxation time of T Spin
1 = 3.4µs when the

angle between the 4.5 kG magnetic field and the sites symmetry axis was 20◦. Since
the spin-flipping transition D1 was weakly allowed, the initialisation fidelity increases
to 1− h(0)/2a = 95 %. The displayed results have previously been published in [6].

an alignment of about 20◦ between the SiV− centre’s symmetry axis and
the magnetic field. At this point, we performed similar measurements of
the spin relaxation process as we had done before, to determine the spin
relaxation time and initialisation fidelity.

Since in this pulsed configuration we were able to temporarily detect
fluorescence from the spin-flipping transition, it was possible to simplify the
detection scheme and use a single pulsed laser. The scheme is sketched in
Figure 7.5(a). After an infinitely - about 1 ms in the experiment - long
waiting time, the thermal population a of the state |eg

−〉 |↑〉 was measured
by the leading edge height in response to a laser pulse on the spin-flipping
transition D1. Since this transition flipped the spin and therefore pumped
the spin away, the fluorescence decayed under laser excitation. In the dark
waiting time of length τ the system relaxed back towards its thermal popu-
lation and we recovered an increased leading edge peak height for increasing
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wait intervals τ . The population of the state |eg
−〉 |↑〉 was again measured

by h(τ)/2a and could be fitted with a single exponential function for the
recovery. The fit not only revealed a shorter relaxation time T Spin

1 = 3.4 µs
for the 20◦ misaligned magnetic field, but it also showed an initialisation
fidelity of at least 95 % in the |eg

−〉 |↑〉 state.
Thus, as we would expect with the different spin projections in ground

and excited state, the transverse field component reduced the spin relaxa-
tion relaxation time by mixing the spin. Even for a 20◦ misalignment this
reduction was three orders of magnitude. We also ran similar experiments
with an angle of about 70◦ between the SiV− centre’s symmetry axis and the
magnetic field, which resulted in a spin relaxation time of T Spin

1 ≈ 60 ns, ap-
proaching the limit of the orbital relaxation time T Orbit

1 ≈ 40 ns. Apart from
this undesirable reduction of relaxation time, the spin mixing also made the
driving of spin-flipping transitions more effective. Hence the initialisation
became much more effective with the 95 % fidelity, determined from the the
fit being a lower limit, reflecting the noise in detection.

We have found and characterised the means for efficient initialisation and
read-out of the spin. The next step was to coherently manipulate it and for
this we came back to the all-optical tools used for coherent population trap-
ping (CPT). Instead of choosing a Λ-scheme including only ground states
split by spin-orbit interaction, we now looked for two ground states of differ-
ent spin. The states |eg

−〉 |↑〉 and |eg
+〉 |↓〉 offer an obvious choice and could

be connected to the |eu
−〉 |↓〉 excited state to form a Λ-scheme. To drive this

scheme, we placed a pump laser on transition D2 (|eg
−〉 |↑〉 ↔ |eu

−〉 |↓〉) and
then scanned the second laser through transition D1 (|eg

+〉 |↓〉 ↔ |eu
−〉 |↓〉).

As seen in Figure 7.6(a), the fluorescence peak showed a narrow dip pointing
to a clear signature of CPT involving spin states.

Although the CPT dip had full contrast, its width was wider than ex-
pected in the order of 100 MHz. This increased width stemmed from two
sources and was not fundamental. First, we needed to reduce the excitation
power to combat the power broadening. Figure 7.6(b) showed quite clearly
that the width of any CPT feature depended crucially on the sum of the
power of the two laser beams on transitions D1 and D2 and ideally should
be reduced to zero. Since measurements at zero power were not possible, we
measured the line width for several powers taken in front of the microscope
objective and could then extrapolate the zero-power line width.

The second reason for an increased measurement of the CPT line width
was systematically inherent to our experiment. As discussed before, we
used two lasers locked to independent reference cavities that jittered about
20 MHz with respect to each other, widening the dip. A way around that,
was to create both resonant driving frequencies (transitions D1 and D2)
from a single laser. For this we modified our confocal microscope slightly by
introducing an amplitude modulated EOM into the beam path at the point
and instead of the excitation polarisation optics (see subsection 3.1.1). The
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Figure 7.6: Electronic spin CPT. (a) A pump laser was placed on transition D2 of a
SiV− centre with its symmetry axis misaligned 70◦ to an external field, and a second
weak probe laser was scanned through transition D1. The fluorescence peak showed a
narrow spin-CPT feature of full contrast and a width of about 100 MHz broadened by
laser jitter and power broadening. (b) A study of the CPT line width with the incident
laser power in front of the objective unfolded a critical dependence on excitation power.
The fundamental line width could be recover at minimum power. (c) Using an EOM,
the laser jitter was inhibited and at lowest incident power we found a FWHM line
width of 4.5± 0.3 MHz pointing to a spin coherence time of T ∗2 = 35± 3 ns. The
displayed results have previously been published in [6].
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EOM (EOSpace, AZ-0K5-05-PFA-PFA-637 - 637 nm, 5 GHz bandwidth, Z-
cut Amplitude modulator) was fibre coupled and hence we coupled the light
into a fibre, sent it through the EOM, and then coupled it out again to over-
lap with the normal path of the setup. Overall, we reached a transmission
of about 30 % to 40 % through the EOM path.

A bias voltage was supplied to the EOM, to drive it in its linear regime
and it was stabilised at that point using a lock-in amplifier. Applying a
microwave signal on top of that, generated harmonic frequency combs from
the input source frequency. These sidebands appeared at first-order dis-
placed by the microwave frequency from the source in frequency space and
the second-order was displaced by twice the microwave frequency. Since the
higher orders were weak, they could be ignored, and we used the passing
source frequency as pump light while the first-order harmonic made the
probe beam. The microwave was supplied by a standard scan-able mi-
crowave source (Gigatronics 2520A 100 kHz–20 GHz), which was than ampli-
fied (Gigatronics GT-1000A 2–20 GHz) and sent to the EOM through coaxial
wires. Scanning the microwave source frequency also scanned the frequency
of the harmonic leading to a relative frequency uncertainty below a kHz.
With this technique and the lowest possible power setting, we reached a line
width of 4.5± 0.3 MHz, as shown in Figure 7.6(c). Calculating the coherence
time of the spin superposition state from this gives T ∗2 = 35± 3 ns.

Two things became apparent when reviewing the measurements more
closely. At first, the relative detuning we needed to reach with the EOM
was much smaller than the splittings discussed before at a magnetic field of
4.5 kG. The reason for the smaller splitting was that, although we were still
working with the same magnetic field of 4.5 kG, all the spin-CPT measure-
ments were taken on a site 70◦ misaligned to the magnetic field. Hence, the
axial field component responsible for the amount of splitting was reduced.
Apart from that, the transverse field components did not have any influence
on the CPT line width, but they made the detection much easier. The other
thing that we noticed, was that the spin coherence time T ∗2 = 35± 3 ns
matched very closely with the orbital relaxation time T Orbit

1 = 39± 1 ns.
Thus, we concluded that the spin coherence time was limited by the orbital
relaxation process. This property and its implications are discussed later in
this chapter.

Apart from the electronic spin in the system, which we had investigated
so far, there was another interesting spin in the SiV− centre. Nuclear spins
have shown much promise to create new applications, as has been shown
with NV− centres [89, 90, 91, 92]. In chapter 5 we saw, that the silicon
atom contained in the SiV− centre could have three stable isotopes, but
only the 29Si isotope had a nuclear spin. The signature of this nuclear
I = 1/2 spin in 29Si could potentially interact with the electron spin of the
defect centre, making it detectable. To investigate this, we mounted our
{100} CVD-diamond sample again on a pattern of four permanent magnets,

http://www.gigatronics.com/product/c/Model-2520B-2-GHz-to-20-GHz
http://www.gigatronics.com/product/c/Model-GT-1000B-C-Microwave-Power-Amplifier-100-MHz-to-20-GHz
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Figure 7.7: Split CPT dip due to nuclear spin. The nuclear I = 1/2 spin of a 29Si
isotope split apart the electronic spin levels of a SiV− centre in an external magnetic
field with an angle 20◦ to its symmetry axis. Since the optical transitions are most
likely not able to drive nuclear spin-flipping transitions, two different Λ-schemes with
a pump laser on transition D3 and a probe laser on transition D4 became allowed.
This lead to a double spin-CPT dip feature visible in the PLE scan, with a splitting
of 69 MHz corresponding to double the nuclear splitting. The displayed results have
previously been published in [6].

so that the magnetic field was at an angle of about 20◦ to the SiV− centre’s
symmetry axis. We used the spectral shift of the ZPL to reliably identify
a single SiV− centre containing 29Si. In this experiment we used transition
D3 (|eg

−〉 |↑〉 ↔ |eu
+〉 |↑〉) as pump laser while we scanned the probe over

transition D4 (|eg
+〉 |↓〉 ↔ |eu

+〉 |↑〉). As displayed in Figure 7.7, a split CPT
dip could be observed for the correct power settings.

The two-fold CPT dip was still an observed electronic spin superposition
state, but this electronic resonance splits into two, due to its interaction with
the nuclear spin. The nuclear spin basis we defined as {|n↑〉 , |n↓〉}. Since
the coupling to the electronic spin was a spin-spin interaction, this splits
the states opposite to the spin-orbit coupling. The resulting level scheme is
shown in the left part of Figure 7.7. In the level diagram, there are two elec-
tronic Λ-schemes that each preserve the nuclear spin. The energy difference
between these Λ-schemes amounted to twice the nuclear spin splitting and
was determined from the fit to the line shape to be 69 MHz in this magnetic
field configuration.

As was known from multiple studies of nuclear spins in diamond, these
nuclear spins could have coherence times even exceeding seconds [91, 92,
121]. This long coherence time was the reason why only nuclear spin-
conserving Λ-schemes were allowed for CPT in Figure 7.7, since the spin-
flipping nuclear transitions are highly forbidden. Although the literature
reported only nuclear spin manipulation of nitrogen in diamond and 13C
atoms with NV− centres, it is to be expected that the nuclear spin of 29Si
shows similar behaviour. In this case, the long lived nuclear spin might
be manipulated and read-out via the SiV− centre’s electronic spin and act
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Figure 7.8: Influence of phonons on the spin coherence. (a) Phonon transitions
γg+ and γg− were spin-conserving, allowing only transitions between states of common
spin orientation. Each orbital state was split by the spin splittings which differed
in magnitude. ∆1 and ∆2 describe the different spin splittings at a constant orbit.
(b) Phonon absorption rates γg+ could be reduced by decreasing the temperature to
T � ∆ = λgso, protecting the two lower spin levels from relaxation processes. (c)
By increasing the splitting ∆ in a large strain field, the phonon occupancy might be
decreased at liquid helium temperatures, suppressing the phonon absorption rates γg+
again. The displayed results have previously been published in [5].

as quantum memory. This memory application, together with the SiV−

centre’s optical manipulation techniques, has made the centre a promising
qubit for applications for quantum repeaters if the nuclear spin could be
controlled efficiently.

7.3 Limitations to spin coherence time

For any application it is always an advantage to prolong the coherence time,
and therefore we discuss how the electronic spin coherence time may be en-
gineered. As was seen in Figure 7.8(a) and derived from the electron-phonon
processes, discussed in chapter 6, there are phonon transitions between the
spin-orbit sub-levels in the ground state. In this chapter, we found an ex-
tremely long spin relaxation time T Spin

1 = 2.4 ms, much longer than the
orbital relaxation time T Orbit

1 = 39 ns. The latter determined the orbital
flip inside a state induced by phonons, and hence we could conclude that
the fast phonon process was highly spin-conserving, leading to the long spin
relaxation time, even while the orbit was exchanged constantly. Hence, we
could assign the rates γg

+ and γg
− to be purely spin-conserving as shown in

Figure 7.8(a).

However the spin splittings (7.10 GHz and 5.46 GHz in 4.5 kG axial mag-
netic field) were different. This meant that any superposition of spins, for ex-
ample 1√

2
|eg
−〉
(
ei∆1t |↓〉+ |↑〉

)
, would have a different phase evolution upon

an orbital flip, to 1√
2
|eg

+〉
(
ei∆2t |↑〉+ |↓〉

)
in our example. The rate of phase

evolution can be calculated as ∆1 = λg
so − 1/2(7.10 GHz + 5.46 GHz) ≈
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40 GHz and ∆1 = λg
so + 1/2(7.10 GHz + 5.46 GHz) ≈ 53 GHz. Hence, the

phase acquired after any random orbital flip was different then in the original
state, leading to dephasing of the spin, which was the cause for decoherence.
This is true even if the spin superposition is formed in the same orbital state,
as was suggested in the example. Thus any phonon induced quantum-jump
governed by the orbital relaxation process lead to the decoherence of any
spin qubit in the ground state and an analogous argument held true for the
excited state.

Even in the zero magnetic field case, where the spin splittings were zero
and therefore equal, there is an additional decoherence process. For a su-
perposition formed between the two lower states 1√

2

(
|eg

+〉 |↑〉+ |eg
−〉 |↓〉

)
, any

absorbed phonon carries information about the original state, encoded in its
polarisation. In this example, the phonon must be in a similar superpos-
ition as the spin state. Hence, the spin state becomes entangled with the
phonon, any measurement of which would also collapse the spin superpos-
ition, causing the loss of any coherence. A similar situation applies, if the
superposition was formed for example between the states 1√

2
|eg
−〉 (|↓〉+ |↑〉),

where the spin-orbit state is nominally separable from the spin. In this
case however, the absorption or emission of a phonon carries the informa-
tion about in which state the system was in originally, due to the selection
rules for the transition in the orbital doublet. Thus even if the phonon does
not couple directly to the spin, the two become entangled via the spin-orbit
coupling with its states in the {|e+〉 , |e−〉} basis.

Thereby, we expect the orbital relaxation process to limit the coherence
time of any electronic spin system in the SiV− centre. A direct experi-
mental confirmation of this reasoning was provided by the fact that the
coherence time T ∗2 = 35± 3 ns matched closely to the orbital relaxation
time T Orbit

1 = 39± 1 ns within their respective errors. This close agreement
was also confirmed by an independent study by Pingault et al., in which
they found a similar coherence time for electronic spins [120]. On the other
hand, since they only considered the lowest two spin states, they attributed
the source of the decoherence to magnetic field noise. Although this source
might have had a limited influence on the coherence, it would be by far dom-
inated by the electron-phonon process described here and we concentrated
our further efforts on that.

The orbital relaxation process at liquid helium temperatures was domin-
ated by a single-phonon process as shown in subsection 6.2.1. The relaxation
rate was approximated as

γg
± ∼ ρ(∆) · (2n(∆, T ) + 1∓ 1) . (7.1)

This rate is dominated by two components. It consists of the phonon density
of states ρ(∆), which in turn only depends on the spin-orbit splitting in the
ground state ∆ = λg

so ∼ 50 GHz. The second part is the phonon occupation
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n(∆, T ), dependent on the spin-orbit splitting but also on the temperat-
ure of the system. Interactions of SiV− centres with the phonon bath of
the diamond appear as a Markovian process, at least when considering the
time scales of the relaxation processes. Therefore, dynamical decoupling se-
quences, as they have been applied to NV− centres [122], could not be used
to refocus or suppress any noise and hence are not expected to be useful to
prolong the coherence time in SiV− centres. Accordingly, we focussed on
approaches that modify the two parts of the orbital relaxation rate γg

± to
increase the T Orbit

1 time and the spin coherence time T ∗2 with it.

The expression for the phonon occupation in Equation 6.10 depends
exponentially on the ratio between the spin-orbit splitting and the temper-
ature ∆/T . Hence, if we decreased this ratio, we would be able to decrease
the phonon occupation and thereby decrease the relaxation rate. Substan-
tial improvements could be achieved by cooling the sample to temperatures
much lower than the spin-orbit splitting (T � ∆ ∼ 2.4 K). As illustrated in
Figure 7.8(b) the thermal excitation would then not be able to promote the
system to the orbitally excited state. From the data measured in section 6.1,
we estimate that the orbital relaxation time scales as

T Orbit
1 ≈ 1/γg

+ = 101 (exp(2.4/[T/K])− 1) ns . (7.2)

For a temperature of 1 K, this would correspond to a relaxation time of
1 µs, which could be increased to 1 ms at 0.26 K. For such long time-scales
however, other mechanisms might become significant, causing an additional
reduction in coherence time.

A similar reduction in phonon occupancy could be reached, by increas-
ing the splitting of the two ground state branches, for example by strain. In
this case, even at liquid helium temperatures, the thermal excitation would
not be sufficient to excite the system to the now much higher upper ground
state, as illustrated in Figure 7.8(c). With an analogous analysis as for the
temperature decrease, we could find a relaxation time of 1 µs for a strain
shift of 0.9 THz and 1 ms for 1.6 THz shift. Increased strain also increases
the relaxation rate with a cubic dependence, but for very large strains in
the terahertz regime, the exponential decrease for the phonon occupation
may dominate. Such highly strained environments might be reached exper-
imentally in nanodiamonds or fabricated diamond nanostructures.

In any of the approaches that reduce the phonon occupancy, only the
two lower states were decoupled from the upper ones by prohibiting the ab-
sorption of phonons. The upper ground state branch however, could always
spontaneously emit a phonon and therefore the phonon decay rate γg

− could
not be efficiently reduced by this technique. The lower two ground state
spin states would however form a protected two-level system, and therefore
are expected to show a long coherence time forming a long-lived spin qubit,
which is optically accessible.
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As the second ingredient in the relaxation rate, we want to examine the
direct effect of the phonon density of states more closely. Here we could take
advantage of the fact that the linear interaction Hamiltonian (Equation 6.6)
used in section 6.2 closely resembles the Jaynes-Cummings and the Wigner-
Weisskopf model of spontaneous emission, used in conventional quantum
optics [123, 124]. The ideas developed from cavity QED to engineer relax-
ation rates could be applied to the phonon density of states, in order to
suppress orbital relaxation. The inhibited spontaneous emission of photons
in atomic or solid-state systems would be transported to the new regime of
phonons [125, 126, 127, 128]. For photons, cavities need to be constructed
out of a mirror matched to the wavelength of the photon. For phonons how-
ever, an analogous situation naturally arises at the highly broadband and
reflective diamond-vacuum interface.

To suppress phonons at the spin-orbit splitting of λg
so ∼ 50 GHz, a com-

plete phononic band gap must be engineered for frequencies ν < 50 GHz.
One way to realise this is to use SiV− centres in nanodiamonds with dia-
meters smaller than 120 nm, which have a natural boundary condition and
strong phonon confinement [129]. In such small nanodiamonds, the phonons
causing orbital relaxation can not be supported and the first-order electron-
phonon process would be frozen out. An alternative approach would involve
artificially fabricating phononic structures directly on diamond, that serve
the same purpose [130, 131]. In creating optimised optomechanical struc-
tures, not only the phonons could be inhibited but the optical transitions
could also be enhanced by modifying the density of photon states [132].

Any of these approaches would inhibit the phonon emission γg
− and the

absorption γg
+ rates, protecting the coherence in all four ground states. In

the Viewpoint by Guido Burkard, responding to the report of all-optical
access to spin in SiV− centres [6], he pointed out that for SiV− centres
to be useful in quantum repeater applications, their spin coherence times
needed to approach the millisecond regime [133]. With the spin relaxation
time already reaching several milliseconds and the possible improvements in
spin coherence time by phonon engineering, this goal might well be in reach.
Since nanodiamonds are the most simple natural phonon cavity, we focus
on SiV− centres in nanodiamonds and their properties in the next chapter,
with the aim to increase the orbital relaxation time T Orbit

1 and with it the
spin coherence time T ∗2 .
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Chapter 8

Silicon-vacancy centres in
nanodiamonds

The experiments in this chapter were conceived by Lachlan Rogers and Kay
Jahnke under the supervision of Fedor Jelezko. They were performed with
the help of Uwe Jantzen. The theoretical description and analysis of the data
was performed and formulated for the thesis by Kay Jahnke. The diamond
samples were supplied by Davydov et al. [134]. Fruitful discussions with
Alp Sipahigil, Alexander Kubanek, Andreas Dietrich, Clemens Schäfermeier
and Andrea Kurz helped the advancement of the experiments. The results
presented in this chapter were not previously published.
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In the past, there have been elaborate studies on SiV− centres in nan-
odiamonds [135, 136, 137]. In this literature however, the optical properties
measured with several different techniques varied considerably between SiV−

sites [94]. The local environment of the SiV− centre in such a nanodiamond
can be highly influenced by local strain, crystal distortions, other colour
centres or by surface effects, due to the small size of these diamonds. These
lead to shifts in optical transition frequencies and a distortion of the fine-
structure to a point, where even new electronic transitions were observed
[96]. For our techniques involving the SiV− centre’s spin, we needed to be
able to resolve optical transitions spin-selectively, resulting in the need for
good optical qualities, specifically narrow homogeneous line widths.

Conventionally, these nanodiamonds were grown by a chemical vapour
deposition (CVD) on non-diamond substrates. By growing them under cer-
tain conditions on an iridium substrate, it was even possible to grow several
nanodiamonds with a preferential growth direction [60]. The CVD growth
technique in all these studies was chosen, because it provided a good control
over the nanodiamonds’ dimensions and composition, providing a narrow
size distribution. However, the narrowest reported peak width in any of the
SiV− centre’s transitions was in the order of a few GHz [138, 94, 119]. To
resolve any spin-splitting under these conditions would require high mag-
netic fields and the states might become susceptible to noise in this strongly
distorted local environment.

8.1 Bulk-like optical properties

From the growth of NV− centres in diamond we knew the crystal distor-
tions to have been reduced in diamonds, grown by a high-pressure high-
temperature (HPHT) technique. Here, the diamonds were grown from a
graphite source using a metal melt as catalyst at the diamonds’ stable point
in the temperature-pressure phase diagram of carbon [139]. Thus, the dia-
monds grown in this way showed less deviations from an ideal crystal lattice
and the optical properties of the observed colour centres were improved in
quality. Collaborators from Russia were able to produce nanodiamonds us-
ing a related technique [134]. They replaced the metal solvents in the HPHT
process with hydrocarbon and flourocarbon compounds while altering their
concentrations. The resulting nanodiamonds had a huge size distribution
from a few nm up to several tenth of µm. Due to silicon introduced in the
growth process by silane compounds, SiV− centres were incorporated into
these nanodiamonds with a high efficiency.

After filtering them and an elaborate acid cleaning process, we acquired
a few grams of these nanodiamonds with a size distribution from a few nm to
several hundred nm [134]. The nanodiamonds were suspended in a solution
of deionised water and 1.5 % of polyvinyl alcohol (PVA). The latter was
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added to inhibit clumping of the nanodiamonds into clusters and made them
stick more reliably to a surface when drying the solution. To investigate the
nanodiamonds in the confocal microscope, a few µl of the solution were
spin-coated on the flat acid cleaned surface of a type-IIa diamond substrate.

The water dried up on the air, leaving the nanodiamonds immobilised on
the surface. Even with an optical microscope we could observe the nanodia-
mond density to vary considerably over the whole sample, due to a varying
evaporation speed of the water. Scanning the diamond surface, we found
several bright spots that showed bright fluorescence in the spectral region
of SiV− centres. Among them, we identified spots which had their physical
dimension limited by the diffraction limit showing count rates indicating
multiple SiV− sites, but we could not distinguish if the fluorescence was
coming from a very dense diamond or multiple independent nanodiamonds.

In order to investigate the optical properties of these bright nanodia-
monds, we mounted them with the substrate diamond on the cold finger
of our continuous flow helium cryostat and cooled them to liquid helium
temperatures. At about 5 K, we were still able to observe bright spots that
showed a single SiV− transition with a spectrometer-limited line width of
about 20 GHz, while showing count rates typical of several sites. Switching
to resonant PLE spectroscopy made it possible to resolve multiple peaks in
the spectrum as shown in Figure 8.1(a). We observed several peaks with
varying peak heights and an energy shift of a few GHz. Nevertheless, at con-
stant excitation power all the transitions had a line width of about 1 GHz
and were distributed around the expected position for transition D. This
suggests that there were at least some SiV− sites that experienced a low
local distortion from their respective environment.

To measure the fundamental line width of the optical transition we
zoomed in onto one of the peaks and reduced the excitation power to sup-
press power broadening. As shown in Figure 8.1(b) the narrowest peak was
found to have a line width of 237.63 MHz, while several other peaks were
found to have similar properties. The position of this peak was stable in all
the investigated sites and the line width was only about 2.5 times wider than
the transform limit, given by the optical lifetime in bulk. Hence, the nan-
odiamonds investigated here showed comparable optical properties to SiV−

centres in bulk diamonds, as described in the previous chapters. Even with
the large size distribution, these properties made the new HPHT-technique
for producing nanodiamonds very promising for all experiments using optical
manipulation.

There was still one disadvantage left from earlier studies on nanodia-
monds, which concerned the temporal stability of an optical transition in
nanodiamonds. If their size became comparable to or smaller than the op-
tical wavelength, the transitions became unstable and started blinking. A
trace of this blinking signal can be seen in Figure 8.2. This effect was ob-
served for all investigated nanodiamonds and it consistently occurred with
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Figure 8.1: PLE spectra of a nanodiamonds with a high SiV− centre density. A single
bright fluorescence spot of diffraction limited size showed a spectrometer limited line
width of about 20 GHz. (a) Acquiring a single-laser PLE scan around the region of
transition D showed several peaks of varying height. The SiV− fluorescence peaks
were shifted by a few GHz and showed a constant width of below 1 GHz at constant
laser power. (b) A zoom into the feature at 737.024 nm, while decreasing the laser
power to reduce power broadening, revealed a optical line width of 237.63 MHz.

resonant as well as with off-resonant excitation. Even when we resonantly
measured the blinking with the same excitation power on the same SiV−

site at the same temperature of 5 K, we observed a variation in the actual
shape of the blinking behaviour, when focussing on two different fluores-
cence peaks. The results are shown as a difference in the upper and lower
panel of Figure 8.2. Hence, the origin of the blinking might have a versatile
nature, not simply explained by charge state switching as for NV− centres in
nanodiamonds. However, whatever the mechanism was, it did not modify
the optical transition energy and so preserved the valuable quality of the
SiV− centre as a potential qubit.

8.2 Extended orbital relaxation time

In the previous chapter we saw that the spin coherence time T ∗2 was limited
by the orbital relaxation time T Orbit

1 . Hence, to see an improvement of
the spin qubit for SiV− centres in nanodiamonds over bulk diamond, it is
first important to show an increase in the orbital relaxation time. For that
measurement we used the same technique as in section 6.1, where we tuned
a resonant laser to transition D and modulated the laser with an EOM in
the excitation path. With a standard pulse sequence, having a maximum
dark time of τmax = 2 µs, we were not able to observe any leading edge
peak on any of the pulses. Only when we increased the maximum wait time
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Figure 8.2: Blinking fluorescence from nanodiamonds. Two peaks of the same site,
as presented in Figure 8.1, were pumped at the same power. They showed different
blinking characteristics in time. The peak at 737.035 nm was bright most of the time,
while the peak at 737.024 nm was dark most of the time, for the same conditions.
The blinking had a characteristic time-scale of below 1 s.
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Figure 8.3: Orbital relaxation time in nanodiamonds. A pump-probe sequence was
measured as shown before in Figure 6.3, with 800 ns long laser pulses and a maximum
dark wait time τ of 20 µs. The pulse after 20 µs showed a small leading edge peak
(dark red), while the pulse after 0.36 µs did not show any variation above the noise.
This was the signature of an extended orbital relaxation time TOrbit

1 of at least one
order of magnitude upon the bulk TOrbit

1 ∼ 40 ns at 5 K.

to τmax = 20 µs a small leading edge peak could be observed, as shown in
Figure 8.3.

To exclude random noise or coincidence, we also measured the pulse
response after shorter waiting times in the same pulse sequence. But up
to a dark time of 0.36 µs, no leading edge pulse was observed in the same
measurement sequence. That indicated an increase in the orbital relaxation
time, by at least an order of magnitude, although the signal was very weak.
There are several reasons that might have caused this weakness of the ini-
tialisation signal. The first of them was the EOM, which had a measured
extinction ratio of only 20 dB. In such a long pulse sequence of several tens
of µs, the cumulative leaking laser light would pump the system back to its
initial state, decreasing any measured signal. This explanation was consist-
ent with the observation that we could not find any leading edge peak, if we
increased the maximum dark time further to τmax = 200 µs.

The measurement was performed with a blinking fluorescence signal,
which might also have caused a reduction of the peak height. The blinking
behaviour itself however, we would not observe with our pulse sequence.
The reason was that, while our pulse sequence had a length scale of several
tenth of µs, the blinking happened on a time-scale of seconds as could be
seen in Figure 8.2. Hence, the blinking signal was averaged and did not
show up correlated to the pulses of the sequence. A potential third reason
might have been that we were probing multiple SiV− sites and not only a
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single one, which we could not be sure of for the lack of an autocorrelation
experiment. However, even in that case, our measurement suggests that at
least one of these SiV− sites had an increased orbital relaxation time.

We tentatively conclude that an extended orbital relaxation time T Orbit
1

was confirmed in nanodiamonds. This expected behaviour is consistent with
our model of a single-phonon process leading to the orbital relaxation, as
presented in chapter 6. To characterise the effect of a decreased relaxa-
tion rate in nanodiamond in more detail, many further experiments need to
be performed with a modified optical setup. For example by using AOMs
instead of EOMs to create the laser pulses, the extinction ratio could be
improved by several orders of magnitude, which should increase the signal
strength drastically. Additionally, a better understanding and procedure
in the sample preparation process might have allowed the reliable identi-
fication of nanodiamonds with single SiV− centres. Also a characterisa-
tion of the nanodiamond size is crucial. Independent of these experimental
challenges, a better understanding of the nanodiamond and its environ-
ment would help answer open questions concerning charge state stability
and switching. Other effects that should be investigated in the future in-
clude strong local strain fields, surface effects and Förster resonance energy
transfer in densely clustered nanodiamonds.



108 Chapter 8. Silicon-vacancy centres in nanodiamonds



Chapter 9

Conclusion and Outlook

The goal stated in the Introduction was, to evaluate and develop the SiV−

centre into a qubit system, useful for the quantum optics community. By
studying the properties of its optical transition, we were able to establish
the involved dipole moments and the electronic structure. We then showed
stable and highly uniform ZPL fluorescence, close to the transform limit
given by the optical lifetime. Interference of two distant SiV− centres in
a Hong-Ou-Mandel experiment proved this centre to have a high quality
single-photon interface, even with relatively low effort in the sample prepar-
ation.

To show the viability as qubit, access to the electronic spin S = 1/2
system of the SiV− centre was demonstrated with the help of coherent pop-
ulation trapping (CPT) and pulsed optical manipulation. Although the spin
relaxation time was quite promising and approached the time-scale of the
NV− centre’s relaxation time, the coherence time of the electronic spin was
limited to about 40 ns. In a study of temperature dependence, we estab-
lished the orbital relaxation in the ground state to be the source of this
decoherence, and we were able to develop a microscopic model accounting
for the phonon induced processes.

A possibility to prolong coherence was identified in the silicon nuclear
spin. For this approach we developed a reliable method to identify the silicon
isotope involved in the SiV− centre, allowing us to find the 29Si isotope
containing a nuclear spin I = 1/2. A signature of this nuclear spin was found
in CPT, which signifies possible access to this spin. From the understanding
of the phonon induced decoherence process, SiV− centres in nanodiamond
were recognised as a second approach to prolong the coherence time, in this
case of the electronic spin directly. First steps were taken to identify suitable
nanodiamonds and a signature of prolonged coherence time was discovered.
Although the experiments were so far inconclusive and elaborate research in
this field is still needed, the approach seems promising.

In summary, the SiV− centre has shown many of the properties needed
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for a high quality spin qubit. Although its spin is only addressable at cryo-
genic temperature, it easily outperforms the NV− centre as a single-photon
spin-interface. There are tangible proposals to overcome the limited coher-
ence time of the SiV− centre and prolong it to the millisecond regime, vital
for a qubit. The work reported in this thesis documents significant progress
for the SiV− centre towards becoming an excellent experimental realisation
of a qubit.

Nevertheless, considerable research effort will be needed in the future to
advance it into a leading technology and incorporate it into practical applic-
ations. The polarisation properties of Zeeman-split optical transitions are
so far unknown and might yield additional tools for manipulating the SiV−

centre’s spin. It might even be possible to use this polarisation sensitivity to
address the spin reliably in low external fields, which would make the align-
ment less crucial. So far, all manipulation and read-out schemes have been
purely optical. However, from NV− centres we know that microwave and
radio-frequency fields can be used to manipulate electronic and nuclear spin.
This gives a whole new set of valuable tools, allowing for more complicated
manipulation schemes, accessing techniques known well from nuclear spin
resonance.

The blinking of the nanodiamonds needs to be studied further, and a
control of the charge state might increase the stability of SiV− centres.
Ideally, they could retain the superior properties of SiV− sites in bulk dia-
mond, while at the same time gaining coherence times limited by the spin
relaxation time. These small diamonds could also be incorporated in cavit-
ies, where their properties may be tuned with the help of external fields to
make them even more flexible. So far we have only considered interactions
with the silicon nuclear spin, but diamond also contains 13C spins. These
have been exploited with NV− centres and might also yield promising res-
ults for SiV− centres. Apart from all these technological considerations, a
study of the absorption phonon sideband might give insight into the optical
transition dipole and non-radiative decay paths. A thorough study of these
processes will help advance the general understanding of colour centres in
diamond and might help engineer them towards our technological needs.
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S. Götzinger, and V. Sandoghdar. Quantum Interference of Tunably
Indistinguishable Photons from Remote Organic Molecules. Physical
Review Letters, 104(12):123605, March 2010.

[87] E. Neu, M. Agio, and C. Becher. Photophysics of single silicon vacancy
centers in diamond: implications for single photon emission. Optics
Express, 20(18):19956–19971, August 2012.
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