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Summary

Polarization resolved photoluminescence spectroscopy measurements are performed on
defect centers in diamond. The photoluminescence of the negatively charged as well
as the neutral nitrogen vacancy center shows remarkable linear polarization degrees of
about 20 % at room temperature. The anisotropic angular dependence of the linear
polarization characteristics mirrors the crystallographic symmetry of the defect center.
In contrast to the linear polarization, the circular polarization properties of the defect
centers are rather weak due to the small orbital g-factors of the defect center electrons.
The latter were measured via the Zeeman splitting of the defect center’s zero-phonon
lines, which also allows to define the symmetry and energetic ordering of the defect
center energy levels.

A Fano resonance in the energy of the nitrogen vacancy center zero-phonon lines is
observed via photoluminescence-excitation spectroscopy. This resonance is accompanied
by a charge transfer between the two charge states of the nitrogen vacancy center which
leads to an increase in the photoluminescence intensity of up to a factor of 30. It is
shown that this recharging process is more important in diamonds with low nitrogen
vacancy center concentration, while in diamonds with high concentration the recharging
occurs via nitrogen impurities, which act as electron donors.

In addition, optical detection of magnetic resonances via application of microwaves
with powers in the range of only a few nanowatts demonstrates the high sensitivity
of the negatively charged nitrogen vacancy center to microwave radiation. Moreover,
microwave amplification at nitrogen impurities might viably have been observed in the
diamond crystal, which could make the diamond a possible candidate for a solid state
maser that operates at room temperature.






Motivation

The investigation of impurities in diamond started in the early forties of the 20*"

century. It was found that irradiation of diamond with high energetic photons,
radioactive radiation, or particle beams, such as deuteron ions accelerated by a
cyclotron, induces distinct color changes.[l] Techniques for synthetic diamond
fabrication?! developed in the fifties, facilitated the characterization of impurities in
diamond by optical absorptionl® % and later also by electronic paramagnetic
resonance.l®l However, the identification of the observed absorption bands with the
corresponding defect centers took several years. Omne of these centers was the
negatively charged nitrogen vacancy center,®l which turned out to be suitable for
observing electron spin resonancel”l and optically detected magnetic resonance. The
latter was firstly reported by Eric van Oort et. al.l® 9 in the late eighties and lead the
path to a wide range of applications.

Although other defects in diamond show magnetic resonances as well !l it was the
negatively charged nitrogen vacancy center which revealed itself to be the most
promising spin system. Due to the coupling of the nitrogen vacancy centers’ electronic
spin to the nuclear spins of the N and '3C atoms'! 2 surrounding the vacancy,
remarkable coherence times, exceeding one second at room temperature, can be
achieved via decoupling of the nuclear spin from the environment.['3] These long
coherence times!'#l as well as the temperature robustness make the negatively charged
nitrogen vacancy center highly suitable for quantum information applications.

The ground state of the defect center can be simplified as a two-level quantum-
mechanical system, and therefore it can serve as a qubit.*®! For instance, quantum
registers!'fl as well as entanglement!!” were already realized a few years ago. Since
then methods of sample engineering have advanced. Ultrapure diamonds with single
nitrogen vacancy centers!!8] as well as accurately designed arrays of defect centers!!]
can be grown allowing high-fidelity control of the qubit.!t3: 20l

Moreover, the negatively charged nitrogen vacancy center in diamond is, due to its
remarkable magneto-optical properties, a highly precise sensor for electric?! and
magnetic fieldsl??l as well as for crystal strain,/?3l which offers a wide field of
applications. For instance, simultaneous optical and magnetic imaging of living
magnetotactic bacteria were performed with submicrometer resolution.?*! Embedded
in single nanometer-sized diamonds, nitrogen vacancy center based sensors provide
new possibilities for quantum based imaging in life science as well.[25: 26, 27]

Despite the fact, that the extensive research on the negatively charged nitrogen
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vacancy center has persisted for almost a decade, its electronic structure has yet to be
studied to be fully understood. Especially the neutral charge state of the nitrogen
vacancy center is less investigated and neglected in most studies, although it is known
that there is a charge state switching between neutral and negatively charged defect
centers.[?8] This charge state switching is particularly pronounced in high purity
diamonds, which are used for most quantum information or sensing applications.
Moreover, the optical properties of other quite common impurities, like substitutional
nitrogen or single vacancy centers are rarely considered.

In this work optical characterization of the different charge states of the nitrogen
vacancy center as well as the neutral single vacancy center in diamond are presented.
By means of polarization measurements of the optical transitions, the energetic
ordering, and the symmetry of the energy level structure of these defect centers is
investigated and compared to current theoretical models and experimental
observations. In Chapter 1 the physical properties of the host material diamond as
well as a selection of the numerous defect centers are presented. Special focus is drawn
to the electron structure of the negatively charged nitrogen vacancy center, which will
be evolved via group theoretical methods. Moreover, the energy level structures and
the optical transitions of the other investigated defect centers are discussed. A
detailed exposition of the experimental methods of polarization sensitive
photoluminescence and of photoluminescence excitation spectroscopy as well as of
high frequency optically detected magnetic resonance is given in Chapter 2. In
addition to that, the studied diamond crystal samples are briefly characterized by
optical methods as well as X-ray diffraction.

In Chapter 3 the circular polarization properties of the examined defect centers are
discussed. In this regard, the polarization characteristics of the defect center zero
phonon lines are compared to theoretical expectations which arise from the energy
states’ symmetries. Subjected to high magnetic fields, effective orbital g-factors can be
estimated by analyzing the Zeeman shift of the defect center photoluminescence.
Subsequently, the linear polarization properties of the defect center photoluminescence
are investigated in Chapter 4. The main focus lies on the influence of the crystal and
defect center symmetry on the linear polarization of the emitted photoluminescence.
In this regard, the polarization of the diamond Raman line will also be evaluated.
Furthermore, the dependence of the linear polarization characteristics on excitation
power, energy and temperature as well as magnetic field strength are thoroughly
analyzed.

In Chapter 5 the observation of a Fano resonance behavior of the zero phonon
line energy of the nitrogen vacancy centers via spectrally resolved photoluminescence
excitation is demonstrated. The dependences of this resonance on excitation power,
temperature, and magnetic field strength are presented. Additionally, the influence of
nitrogen vacancy center recharging on the intensity of the zero phonon lines is revealed.
In Chapter 6 the optical response of the negatively charged nitrogen vacancy to ultra low
power microwave excitation is shown. In this context, the principle of optically detected
magnetic resonance is discussed. Special focus is drawn to the magnetic resonance
shift due to angular deviation of the magnetic field vector with respect to the crystal
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symmetry axes. Chapter 7 forms a short outlook on state mixing at low magnetic
fields, which provides further insight into the level structure of the negatively charged
nitrogen vacancy centers. The suitability of defect centers in diamond as a medium for
microwave amplification by stimulated emission of radiation is discussed in Chapter 8.
In this context two experiments to detect microwave emission from a diamond crystal
are presented.






Chapter 1

Theoretical background

This chapter provides detailed information on the theoretical background of the
optical properties of defect centers in diamond. Firstly, the host material diamond is
presented. In this context, the manufacturing of artificial diamonds is covered as well
as the controlled creation of defect centers. The main focus lies on the negatively
charged nitrogen vacancy center (NV ™), but also the neutral nitrogen vacancy center
(NV?) as well as the neutral single vacancy (V°) center are discussed. The electronic
structure of the NV~ center is developed in detail, using molecule orbital theory via a
group theoretical approach, whereas the electronic structure of the NVY and the V°
are presented only briefly. A closer look is taken at the optical transitions between the
energetic levels of the defect centers. In this context, the zero-phonon lines (ZPLs) are
of highest interest, since they are the most prominent features in the spectra of the
defect centers which were studied.

1.1 The diamond crystal

Before introducing the various defect centers, which have been intensely researched in
the recent decades, the focus will be directed at the host material diamond. It is one
of the most famous gemstones due to its charming appearance, as well as the hardest
naturally occurring material. In addition to that, it is the mineral with the highest
thermal conductivity. Hence, diamond has several applications in modern technologies.
As a cutting tool material diamond is used in drill bits or milling cutters, as well as in
magnetic cartridge needles of high quality phonographs.

Diamond is a distinct crystalline modification of carbon. The four valence electrons
of the sp3-hybridized carbon atoms (C-atoms) covalently bond with the neighboring
electrons, forming a face centered cubic (fcc) lattice with basis {(1,1,1) and (%,3,1)}.129
This lattice structure is also called the diamond structure. The covalent bonds are
the reason for the diamond crystal’s high stiffness. Due to the completely saturated
valance electrons, the band gap energy is about 5.48 eV, making diamond an insulator
which is transparent for visible light. This makes the material unsuitable for optical
spectroscopy, since optical excitation in the visible range is in general too low in energy
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to excite transitions between the valance (VB) and conduction band (CB).

However, impurities in the diamond lattice can lead to a coloring, and thus make
the crystal excitable by visible light. Therefore, diamond is an interesting material for
optical spectroscopy. Dependent on the nature of the impurity, the diamond can adopt
various colors. Nitrogen leads to a yellow coloring, while boron impurities give a blue
and lattice defects, like the single vacancy, a green or brown color.[3% 31 Such defects
appear in natural as well as artificial diamond crystals.

In nature, diamonds are formed under high temperature and pressure, several
hundred kilometers deep in the lithospheric mantle of the earth, when diamond is the
stable configuration of carbon according to its phase diagram. Such natural growth,
however, takes billions of years.[3?l In order to artificially create diamonds, the growth
conditions must be simulated. This method is called high pressure high temperature
synthesis (HPHT) and involves heavy presses which can apply a pressure of 5-10* bar
at a temperature of 1500°C.[% 331 An alternative is chemical vapor deposition (CVD),
a homoepitaxial technique in which the crystal is grown on a diamond seed layer in a
plasma growth chamber at a pressure of about 30 mbar and at a temperature of
800°C.[34 35 Under these conditions the preferred configuration of carbon is graphite,
whereas diamond is just metastable. However, the plasma which mainly contains
hydrogen or deuterium atoms with a minor amount of methane etches the graphite
away and dangling bonds are created at the surface of the diamond seed crystal. The
C-atoms of the methane can bind to these dangling bonds, allowing the diamond to
grow layer by layer.

1.2 Defect centers in diamond

Natural as well as artificial diamonds contain imperfections in the crystal lattice. There
are various kinds of such impurities, containing vacancies in the carbon lattice and alien
atoms, such as the formerly mentioned nitrogen and boron, as well as nickel, silicon,
hydrogen, and cobalt.[?6] Such defects can affect the physical properties of the crystal,
especially the electrical conductivity and the color. The latter is most important for
optical characterization of the diamond crystal and identification of the impurity. For
instance the defect type and density can be identified by infrared absorption.[3]

Due to the crystal symmetry of the diamond, the defect centers have distinct
symmetry too. Usually, these symmetries are described by point groups, which
indicate certain groups of invariant symmetry operations.|?® 391 Tt is common to use
the Schoenflies notation, for instance T4 indicates a tetrahedral, Doy a tetragonal and
Cs a trigonal symmetry.[*"] Due to the defect, the symmetry of the diamond lattice is
disturbed, this symmetry reduction can lead to infrared absorption, which is forbidden
in pure diamond due to the inversion symmetry of the lattice.[3l

In order to characterize diamonds and to associate optical features, like absorption or
emission lines with certain defect centers, the lines were labeled according to attributes
of the investigated samples. For example, lines which were observed in natural diamonds
were labeled N1 to N9, whereas lines which were seen after general irradiation of the



1.2. Defect centers in diamond

Figure 1-1: Unit cell (gray dotted line) of the diamond lattice with (a) an NV center and (b) a
single vacancy defect center. The defect centers consist of an N-atom (green) and vacant lattice
sites (blue) in the matrix of the carbon atoms (red). Solid red lines indicate electron-electron
bindings between the atoms, whereas dotted blue lines indicate dangling bond electrons that
are localized at the vacancies. (c) The NV center with its next neighbor atoms in the coordinate
system of the tetrahedral sp> orbital.

diamond sample were labeled GR1 to GR8 or H1 to H18 when a certain heat treatment
was applied before irradiation.?!

As a fact, the quality of diamonds is rated by the amount of nitrogen impurities.
Purest diamonds, the so called type Ila and IIb diamonds, contain less than one part
per million (1 ppm) nitrogen or boron impurities respectively, whereas type Ib and
Ia diamonds have a nitrogen impurity concentration of less than 500 and 3000 ppm
respectively.41]

Among the numerous impurities especially defects containing nitrogen show
remarkable optical properties. One of the most investigated defect is the nitrogen
vacancy (NV) center, which leads to a pink or at high concentrations deep red coloring
of the diamond. It consists of a substitutional nitrogen atom (N-atom) with a carbon
vacancy located on an adjacent lattice site. The atomic structure of such an NV
center is shown in Fig. 1-1 (a). The defect center forms a Cg, symmetry group, which
means that its symmetry is invariant under rotation of 120° around the symmetry axis
21391 In case of the NV center, the symmetry axis is defined by the line connecting the
vacancy and the N-atom.

For the formation of NV centers a significant amount of nitrogen impurities is
essential. In the CVD synthesis for instance, the concentration of nitrogen can be
controlled by adding nitrogen gas into the growth chamber. However, most of these
N-atoms form single nitrogen defects (also referred as P1 center) or nitrogen clusters,
especially at high nitrogen concentrations in type la diamonds.

In natural diamonds, NV centers are formed by vacancies migrating to the nitrogen
impurities over time. In artificial diamonds this migration process can be enforced
by annealing the diamond at about 800°C for some hours.[®l At this temperature the
vacancies become mobile and move to the nitrogen impurities, forming NV centers.
Especially for high concentration samples not only a high nitrogen density but also a
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large amount of vacancies must be present in the diamond crystal. These vacancies
can be produced via neutron-, ion- or electron-beam irradiation with energies of several
MeV in a depth of a few xm.1*2l Using nitrogen ions, implanting nitrogen impurities and
creating vacancies can be done simultaneously. Moreover, the engineering of single NV
centers or even NV center patterns is possible with a precision of about 10 nm in all
three dimensions using focused ion beams!'8! or masked implantation.['?] Such precise
methods for the fabrication of arrays of single NV centers are essential in the realization
of quantum information processing applications in diamond.

In addition to the NV center, this work also focuses on the neutral single vacancy
VY center. As one can see in Fig. 1-1 (b), this center consists of a single vacancy in the
carbon lattice. The defect center forms a Ty point group, which indicates a tetrahedral
symmetry, comparable to methane molecules. It can be found in diamonds with a
rather low nitrogen concentration which have not been annealed.[*3l In contrast to the
NV center, the V® is poorly investigated. There are some magnetic resonance studies
on the dark ®As state,['% but in contrast to that, the research interest in the optically
addressable states has been rather low during the last decades. However, the VO center
was associated with a sharp absorption line, the so called GR1 band, which could
be identified with a transition of the first excited and ground state of the center.**
Nev[er‘]cheless, a consistent picture of the electron structure has not been established
yet. 45

1.3 Electronic structure of the NV~ center

The NV center appears in different charge states, however, for the optical spectroscopy
mostly the neutral NV? and the negatively charged NV~ are important, because other
charge states are not optically addressable. Since this work mainly focuses on the optical
properties of the NV~ center, the electronic structure of this defect will be developed in
detail. A consideration of the electronic structure of NV® and V° will follow afterwards.

The electronic structure is mostly defined by the dangling bond electrons of the four
atoms surrounding the vacancy. In contrast to the neutral NV, the negatively charged
NV~ not only has the five electrons of the nearest neighbor atoms, three unpaired
electrons from the C-atom and two from the N-atom, but also one additional captured
electron. A detailed analysis of the charging process and the charge transfer between
NVY and NV~ can be found in 5.4.1. In this context, the concentration of nitrogen
defects, since they act as dopant atoms, plays a crucial role. For instance, most NV
centers are negatively charged, when the nitrogen concentration is high compared to
the NV center density, see 5.1.1. Hence, the NV~ has six electrons and a total charge of
-1. These electrons are localized at the vacancy, and therefore the electronic structure
can be well explained in terms of molecule orbitals. These orbitals can be constructed
from the sp? atomic orbitals of the nearest neighbor atoms of the vacancy via group
theoretical methods.

This conduction, which will be discussed in the following, was done by
M. W. Doherty et al. in [46]. With the basis {n,c1,c2,c3}, compare Fig. 1-1 (c), the

10



1.3. Electronic structure of the NV~ center

(a) conduction band (b) conduction band (C)
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Figure 1-2: Electron occupation of (a) ground and (b) first excited molecule orbitals
configuration of the NV~. The arrows indicate electrons with spin up and down respectively.
(c) The ground state triplet 24y of the NV~ center consists of the states Ay and
3A5.. The state 3Ag is the linear combination of two molecule orbital configurations
o3 = %0111001) +]110110)).

following molecule orbitals can be approximated

a(N) = n (1.1)
c1 + 2 + 3 — 3Spen

a1(C) = , 1.2

10 V3\/1 + 25 — 352, (12

261 — Cy — C3
€x NeNE T (1.3)
C2 — C3

ey = e (1.4)
Here S, = (n|c1) and S.. = (c1|c2) are the orbital overlap integrals. Note that the
orbitals described by Eq. (1.1) to (1.4) only imply contributions of the nearest neighbors.
Moreover, interaction between the defect center molecule orbitals and the electronic
orbitals of the crystal atoms is neglected. In addition to that, there is a mixing of the
s-like a1 (V) and a;(C) orbitals, which leads to the formation of the molecule orbitals
ay and a;. This lowers the energy of the a orbital into the valance band of diamond.
However, the energy of the other orbitals lies in the band gap of the diamond crystal.
The electron occupation of the four molecule orbitals {a),a1,ez.€y} forms the energy
states of the NV~ center.

For further consideration only the ground and first excited molecule orbital
configuration are of particular interest. In both of these configurations, the lowest
molecule orbital @} is occupied by two of the total six electrons of the NV center.
Differences only lie in the occupation of the other three orbitals. Since the occupation
of @} does not change, it has no influence on the optical properties of the NV~ center.
Therefore, the aj orbital will be neglected in the following considerations. In
Fig. 1-2 (a) the molecule orbital occupation of the ground configuration (a2e?) is
shown. The high index represents the number of electrons in the a; and p-like e;
orbitals respectively. In the first excited molecule orbital configuration (ale®), which is
depicted in Fig. 1-2 (b), one electron is lifted from the a; orbital to the e, or e,
orbital.

11
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Figure 1-3: Energy level structure of the NV~ center including the fine structure of the triplet
states with zero field splitting. Optical transitions (red arrows) can be observed between the
triplets °E and 3 Ay, as well as the singlets ' E and ' A,.15% Note that the optically inactive state
LE’ is shaded in gray. The zero field splitting represents typical values for diamond crystals
with low NV center density.['” 511

Taking the spin-orbit and spin-spin interaction into account, the symmetrized spin
orbit states ®3° can be constructed as linear combinations of the molecule orbitals
defined via Eq. (1.1) to (1.4), weighted with the Clebsch-Gordan coefficients.[*"] In
table 1-1 these states are described in terms of Slater determinants of the molecule
orbitals. The Slater determinant ]aldlezéreyéy> indicates the occupation of the three
molecule orbitals a1, e, and e,. An entry with or without a bar visualizes an electron
with spin up or spin down respectively. The states are ordered by their energy level n.
Fig. 1-2 (c) shows how the spin orbit state is defined by the occupation of the molecule
orbitals using the example of the NV~ ground state 3As. As one can see, the 3As triplet
state consists of the spin 1 states 3 A4 and the spin 0 state 2 Asy. The latter is a linear
combination of the two molecule orbital configurations [111001) and |110110)) with the
Clebsch-Gordan coefficient 1/v/2. Note that the terminology 3 As refers to a spin triplet
state (high index 3) and the irreducible representation As, which indicates a certain
symmetry. [39, 48, 49]

The energy level structure, resulting from the unity of the symmetrized spin orbit
states is presented in Fig. 1-3. It consist of the two spin triplet states 3 Ay and 3E, as well
as the three spin singlet states ' A1, ' E and 1 1521 Two optical transitions (red) can be
identified, one between the 3 Ay and 3E state with an energy of 1.945 eVI®3 and another
transition between the 'E and 'A; state with an energy of 1.190 eV.[5% The optical
transition between the 3E and the 3A, state is a so called zero-phonon line, since the
emission process itself is not accompanied by the emission or absorption of a phonon,
which in turn means that the emission process of the ZPL is spin conserving. The
ZPL is accompanied by a broad phonon side band (PSB) with its maximum at about
1.8 €V, which is especially prominent at high temperature, whereas at low temperature
the NV~ ZPL is dominant. Spectra at room temperature are shown in Fig. 2-5 for
diamond samples with various NV center concentrations and a spectrum at cryogenic

12



1.3. Electronic structure of the NV~ center

Pso
ale? 3Ay 3Ay PP = %(\111001> 1110110))
SAy; O = 7%( |110101) + [111010))
Ay Y = %(\110101> +|111010))
g B R = %(\11110@ 1110011))
‘B, @ = %(\11011@ 1111001))
A, A, o = %(\111100>+y110011>)
ae* 3E By ®¥ = 3[-i(]101011) 4 |010111)) — (- [101110) + |011101))]
Ey % = 3[—(—]101011) +[010111)) +4(|101110) + [011101))]
E, @Y = 7%(\101101> +1011110))
E, o = %(|100111> +1011011))
Ay ©® = 1[(—]101011) + |010111)) +4(|101110) + [011101))]
Ay @ = 1[-i(|101011) + |010111)) + (—[101110) + [011101))]
g B 9 = 7(\100111> |011011))
'Ey oy = 7(|101101> |011110))

Table 1-1: Symmetrized spin orbit states ®3° of the NV~ center. The occupation of the
molecule orbitals is defined by the Slater determinate |a1ad1e,€z€,€,). An entry with or without
a bar indicates an electron with spin up or spin down respectively, occupying the corresponding
molecule orbital. Where a 1 indicates an occupied and a 0 a free electronic state.

temperature is depicted in Fig. 2-7 for a sample with rather low NV center density.

The other optical transition between the 'E and 'A; state is spin conserving as
well. The whole emission process involves a relaxation from the excited 2 E state to the
intermediate 'E state, which is not spin conserving, as well as a relaxation from the
intermediate 1 A; state to the ground state 3 Agp. Therefore, the total transition via the
intermediate states is not spin conserving. Hence, a spin polarization into mg = 0 occurs
after some excitation circles.[?l It is worthwhile mentioning that the energetic ordering
of the singlet states is not completely understood, since there is evidence that 'A; is
in fact higher in energy than 'E.[5% A detailed discussion about the correct energetic
ordering will be made in Sec. 3.1.3 and Chapter 7. In contrast to the NV~ ZPL, the
singlet states transition (SST') and its optical properties are barely investigated. Despite
the fact that the SST was identified in 2008,1°% when the research interest in the NV~

13
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center began to increase in the physics community, most optical methods still focus on
the ZPL at 1.945 eV and the corresponding PSB.

Since this work focuses on the optical properties of defect centers in the visible
range, the optical transition between the two triplet states is of particular interest.
Nevertheless, also the SST will be discussed on account of its circular polarization
properties in Chapter 3. However, for now, the focus lies on the ZPL. Therefore, only
the triplet states will be considered in detail, whereas the singlet states will be mostly
neglected for further considerations. A mathematically more compact way to describe
the relevant states are the orbital functions

|Eo) = |ezey —eyey) and (1.5)
|Ex) = l|ai(Fex —iey) — (Feq —iey)ar)

The index stands for the contribution of the orbital angular momentum to the total
angular momentum of the orbital, in this context + stands for £1. By using the spin
states |0) and |41), which describe the total angular momentum of the spin orbit state,
the relevant states can be written as a linear combination of orbital function and spin
state:

PAs) = [Eo)|0) (1.7)
BAsr) = |E)l+1) (18)
PAs) = |Eo)|-1) (1.9)
B = (B -1 -1E)+1) (1.10)
B2) = (1B 1 +IE+1) (1.11)
B = S(B)+IE)0) (1.12)
E)) = 3(B-)-1E)I0) (1.13)
A) = (B~ |2 1) (1.14)
As) = (B} 4+ + [Bi)|-1) (1.15)

V2

The main advantage of this compact description is that the total spin and the orbital
angular momentum can be seen directly. This is of particular interest when discussing
the polarization properties of the ZPL, especially in the presence of an external magnetic
field. A detailed discussion will follow in Sec. 3.1.1, in which the optical selection rules
and the resulting ZPL polarization will be presented; not only for the NV~ centers but
also for the NV? and the V° centers. The latter neutral defect centers and their energy
structure will now be discussed.

14



1.4. Electronic structure of the NV? and VY center
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Figure 1-4: Electron occupation of (a) ground and (b) first excited molecule orbitals
configuration of the NV° center. The arrows indicate electrons with spin up and down
respectively. (c) Energy level structure of the NV© center. An optical transition (red arrow)
can be observed between the doublets 2E and 2As. The gray shaded 4 A, state does not show
an optical transition.

1.4 Electronic structure of the NV’ and V center

In addition to the negatively charged NV, also the neutral NV center is of particular
interest in this work, since Chapter 5 focuses on the interaction between these two charge
states. The main difference between these two centers is that the NV has one electron
less. The five electrons are the unpaired electrons of the C- and N-atoms adjacent to the
vacancy. However, the symmetry of the defect center is basically the same, hence the
group theoretical approach to gain the molecule orbitals can easily be adopted.56: 571
With two electrons occupying the aj/ molecule orbital, the orbital occupation of the

ground configuration is a3e!, whereas the first excited molecule orbital configuration is

ale?, as shown in Fig. 1-4 (a) and (b). Note that the energy of the molecule orbitals is

slightly different compared to the NV~ .[58]

Analog to the NV~ an energy level structure can be constructed for the NV center
too. As one can see in Fig. 1-4 (c), it consists of the ground state 2E and the first excited
state 24, which are both spin doublets, as well as the intermediate spin quadruplet state
4 A5.1591 There is only an optical transition between the two doublet states. Similarly to
the NV~ center this transition with an energy of 2.156 eV is a ZPL too.

Besides the two optically active charge states of the NV center, the neutral single
vacancy center VY should be considered also. The VO has four electrons, located at the
vacancy. Due to the T,; symmetry, these electrons occupy the s-like a; and the p-d-like
ty molecule orbitals,'®! compare Fig. 1-5 (a) and (b). The configuration alt? gives rise
to the states 1Ay, 'E, 3Ty, and T, whereas the configuration ait3 gives rise to the
states Ay, Ay, 3E, 1E, 3Ty, 1Ty, 3Ty, and '75.1% 101 The energetic ordering of these
states is not established so far. Most magnetic resonance studies focus on the spin
triplet state °As, but a detailed picture of the electronic structure is missing so far.[45]
In the frame of this work, only the optically active states will be discussed. The reduced
level structure of the VO is illustrated in Fig. 1-5 (c). The ground states !4; and 'E,
as well as the first excited state T, are spin singlets. There are two distinct ZPLs,
one at about 1.674 €V from the 1T} excited state to the 'E ground state and a second
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Figure 1-5: Electron occupation of (a) ground and (b) first excited molecule orbitals
configuration of the V°. The arrows indicate electrons with spin up and down respectively.
(c) Energy level structure of the VO center. Optical transitions (red arrows) can be observed
between the singlets Ty and 'A4; as well as between 'T5 and 'E. The optically inactive states
are shaded in gray. Energetic ordering of the states according to [10].

one to the 'A; ground state at 1.666 eV. Note that the assignment of the two ZPLs to
transitions into the corresponding ground states are based on their energetic ordering
according to [10]. However, the circular polarization characteristics of the ZPLs suggest
a different ordering, which will be presented in Sec. 3.1.5.
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Chapter 2

Experimental methods

This chapter portrays a clear focus on the experimental details. Firstly, the basic
experimental setup, which was used for polarization sensitive photoluminescence and
photoluminescence excitation (PLE) experiments are illuminated and thoroughly
discussed in Sec. 2.1. Subsequently, the confocal setup used for sample
characterization is visualized in Sec. 2.2. In addition, the method of high frequency
optically detected magnetic resonance is presented in Sec. 2.3. Finally, the diamond
samples used in the experiments are characterized in Sec. 2.4. Particular focus is put
on the influence of defect center concentration and sample geometry on the optical
properties.

2.1 Polarization sensitive PL and PLE

All experimental techniques presented here aim to detect the emitted PL of the
diamond samples. However, dependent on the specific task of measurement, the
experimental requirements differ and hence, various setups were used. A confocal
Raman spectrometer was used for sample characterization. Due to the sensitivity and
high degree of automation of such a stand alone system, a big number of samples
could be characterized in an appropriate time. Yet, for a precise measurement of PL
polarization or for probing magnetic field dependences, a more flexible experimental
setup had to be utilized. Especially when it comes to PLE experiments, the usage of
tunable laser systems is inevitable.

A simplified scheme of such an PLE setup is depicted in Fig 2-1. For excitation
three different continuous wave (CW) laser systems could be used. For high energetic
excitation with an energy of 2.33 eV a frequency doubled, diode pumped neodymium-
doped yttrium orthovanadate (Nd:YVOy) laser (Ligthhouse Photonics, Sproud-G or
Coherent, Verdi V-10) was used. The maximum output power of the lasers was 10 W.
In addition, two tunable dye lasers were used for excitation with lower energy. Both
lasers were pumped with a frequency doubled, diode pumped Nd:YVO, laser (Coherent,
Verdi V-10) and were equipped with different dye liquids to cover a broad spectral range.
The first dye laser (Tekhnoscan, Amethyst) was equipped with either Rhodamin-6G to
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Figure 2-1: Experimental setup used for polarization sensitive PL spectroscopy and PLE
measurements. Three different laser systems could be used to excite the sample which was
mounted in a magnet cryostat. Here the simultaneous excitation with two lasers (green and
orange) is shown. While the third laser beam (yellow) is blocked. The polarization of the
exciting laser as well as the detected PL (red) could be controlled individually.

cover an energy range from 2.10 to 2.23 eV or with DCM for excitation with 1.96 to
2.02 eV. The linewidth was about 0.4 meV. When pumped with 7 W the maximum
output power was about 250 mW with Rhodamin-6G and 200 mW with DCM. The
second dye laser (Coherent, 899) was able to cover an energy range from 1.98 to 2.22 eV
when equipped with Rhodamin-6G and a range from 1.92 to 2.08 eV when equipped
with Rhodamin-B. The linewidth was about 0.1 meV. The maximum output power
when pumped with 8 W was 930 mW for Rhodamin-6G and 710 mW for Rhodamin-B.

Via using the same excitation path for all three lasers, a quick change between the
laser systems was possible, by using flip mirrors. At the same time, the readjustment
after switching to another laser was minimized. Note that the second dye laser was
coupled with an optical fiber. More precisely, it was a polarization preserving single
mode fiber optimized for the wavelength of the emitted laser. By using specific fiber
couplers, designed to fit the characteristics of the fiber, the power losses were reduced to
less than 20 %. Moreover, for simultaneous excitation with two lasers, a beam splitter
was used to overlap the beams of the Nd:YVOy4 and the second dye laser. In order to
achieve optimal overlapping of the two beams, beam splitter and fiber coupler, were
mounted on zyz-axis positioning stages.

To adjust the intensity of the excitation laser, a half-wave plate as well as a gradient
filter were used. Whereas a gradient filter directly effects the laser power, a half-wave
plate just rotates the polarization plane of the laser. However, the intensity regulation
with the half-wave plate was achieved in combination with the Glan-Thompson prism of
the polarization optics. The prism only transmitted a certain polarization, by rotating
the polarization plane with the half-wave plate, the transmission ratio could be adjusted.

Unstable laser power was a great obstacle in reaching high accuracy of measurement.
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2.1. Polarization sensitive PL and PLE

Especially when measuring PL polarization characteristics, which were determined by
differential spectra, power variations led to high uncertainties. As a countermeasure,
a small percentage of the laser was reflected by a glass plate into a power meter. The
laser power was detected during the whole measurement for subsequent normalization
of the recorded spectra. Doing so, the systematical error due to unstable laser power
was minimized, as long as the intensity of the PL showed a linear power dependence in
the region of interest.

To control the polarization of the exciting laser, a Glan-Thompson prism was used
to define the polarization plane. The prism was set to the vertical position, hence the
exciting laser was vertical linearly polarized. For circularly polarized excitation a quarter
wave plate, optimized for the laser wavelength, was installed after the Glan-Thompson
prism.

The laser was focused on the sample with a lens. The spot of the exciting laser
was varied between 60 and 210 pm. The sample itself was mounted in a variable
temperature inset (VTI) of a split coil magnet cryostat (Cryogenic, 10 T). With the
VTI the temperature T was varied between 1.8 and 300 K. The magnetic field B was
aligned along the detection path (Faraday geometry) and was varied between 0 and
+9 T. Note that due to the small angle of about 5° between excitation and detection
path, the geometry of the magnetic field was not an exact, but a slightly tilted Faraday
geometry. However, the angle was considered small enough to approximate the optical
axis (z-axis) being identical for both, excitation and detection path.

The sample was strain free embedded in a black cardboard envelope, which was fixed
with strews or glue (Pattex, contact adhesive Classic) on the sample holder mounted
in the VTI. Moreover, the sample was covered with a plastic mask (PVC or Torlon) to
define the region of excitation. This was of great importance, since inhomogeneities in
the sample made the PL signal dependent on the excitation spot. Therefore, one had
to ensure that the excitation spot on the sample was the same for all measurements.

The PL emitted by the sample was collected with an achromatic lens optimized for
the wavelength of the defect centers’ ZPL. Due to the dimensions of the cryostat, the
distance between sample and lens was about 30 cm, hence just the small part of the
PL which was emitted roughly along the optical axis was detected. Therefore, the PL
yield was rather small. For sample characterization a much more sensitive system was
used, see Sec. 2.2. To make sure that only light coming from the sample was detected,
the PL was focused on a cross slit which cut off stray light. For measurements near the
laser line an additional color filter (e.g. OG12) was inserted in the detection path.

Directly behind the cross slit a flip mirror was applied to couple a camera connected
to a microscope objective into the optical path. The camera was used for imaging the
sample and adjusting the spot of the exciting laser. This was necessary especially for
excitation with two laser beams, to ensure optimal beam alignment. In addition to
that, for angle resolved measurements, a specific sample holder was used which allows
rotation of the sample around the optical axis. By using the imaging system, the angle
of the sample could be adjusted with a precision of +1°.

For polarization sensitive detection of the PL, polarization optics, containing a half-
wave plate for linear and a quarter wave plate for circular polarization as well as a
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Figure 2-2: Confocal setups used for (a) PLE experiments with high excitation power densities
and (b) sample characterization. A microscope objective was used to increase PL intensity.
Three different laser systems could be used used to excite the sample.

Glan-Thompson prism were placed in the detection path. Note that the prism was set
to the horizontal position, because the refraction grating symmetry of the spectrometer
was optimized for horizontal linearly polarized light. Moreover, laser stray light was
reduced by this setting, since the Glan-Thompson prism in the excitation path only
transmitted vertical linearly polarized light. Another measure to reduce stray light was
blocking light which hit the spectrometer from the side by covering the detection path
with tubes or screens.

Another achromatic lens optimized for the wavelength of the defect centers ZPL
focused the PL on the entrance slit of a spectrometer. The spectrometer (first stage of
Acton, TriVista 555), used to spectrally split up the PL, had a focal length of 0.5 m
and was used with a holographic grating having 1800 groves per mm. The spectra
were recorded with a nitrogen cooled charge-coupled device (CCD) camera (Princeton
Instruments).

2.2 Spatially resolved PL

The previously described setup had two disadvantages, which made it unsuitable for
certain measurements. One disadvantage was the small PL yield, the other was the
limited excitation power density which could be accomplished. In order to prevent
damaging of the sample or the used equipment, laser excitation powers should not
exceed 100 mW. With a minimal spot size of 60 um, the maximal power density was
about 3.5 kWem 2. However, for some experiments an excitation power density in the
order of MWem ™2 was essential. Such high power density and a larger PL yield could
be achieved with a few micrometer resolution.

The basic principle of such a confocal setup is shown in Fig 2-2 (a). The main
difference to the previously discussed experimental setup was the use of a microscope
objective, which reduces the excitation spot to about (24+1) pum, and a different cryostat
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2.3. High frequency optically detected magnetic resonance

suitable for the microscope objective. For excitation the second dye laser system was
used with a fiber. For intensity regulation a half-wave Fresnel-rhombus retarder and a
variety of gray filters were used. The laser was aligned with the detection path via a
polarizing beam splitter. A microscope objective with a magnification of 50 focused the
laser on the sample, which was mounted in a flow cryostat (CryoVac, KONTI). In this
cryostat the sample was directly glued on a cold finger using a silver based electrically
conductive adhesive to reduce the strain on the sample. The distance between cryostat
window and sample was just a few millimeters, therefore the microscope could be used
closely to the sample. As a consequence, the PL yield was much higher compared to
the previously described setup. The PL was collected with the microscope objective
and coupled into a multi-mode fiber, which was connected to the spectrometer. it is
characteristic for a confocal setup that the excitation and detection path lie on the same
optical axis. Note that for imaging the sample a beam splitter, which was connected to
a camera, was inserted in the detection path.

In order to characterize the samples a different setup was used. For sample
characterization a high PL yield was useful to reduce the acquisition time per sample.
Moreover, a higher PL yield made PL characterization at room temperature possible
which could be performed with less effort compared to measurements at low
temperatures. Therefore, sample characterization was executed at a confocal Raman
spectrometer system (S&I, MonoVista CRS+). A simplified scheme of the system is
illustrated in Fig 2-2 (b). A frequency doubled Nd:YVOQy laser (Cobolt Samba™ 100)
was used for excitation. Intensity was adjusted with a variety of gray filters. The
detection part of the confocal Raman system, including the spectrometer (Acton,
SP-750), was mostly identical with the confocal setup described in the first part of this
section.

2.3 High frequency optically detected magnetic resonance

In addition to optical excitation with a laser, low energetic excitation with high
frequency microwaves (MWs) was used to optically detect magnetic resonances. In
order to do so, the setup described in Sec. 2.1 had to be modified. While the setup
was more or less the same regarding optical excitation and spectrally resolved PL
detection, a special sample holder, which was inserted in the VTI of a split coil
magnet cryostat (Oxford Spectromag, 7 T) was used for resonant MW application.
The sample itself was mounted inside a MW cavity, which was optimized for a
frequency of (60.000 & 0.002) GHz. The resonance frequency was adjusted by slightly
changing the diameter of the cavity with a micrometer tuning plunger. The MW were
emitted by a MW generator system, coupled to the cavity via waveguides.

A scheme of the MW setup is shown in Fig. 2-3. The MW emitted by the generator
(red solid arrow) were pulsed. Pulse duration as well as repetition frequency were
preset by a master oscillator (frequency synthesizer). Typically 0.1 to 1 s pulses with
a repetition frequency of 10 to 1 Hz were used. Note that the pulsing was achieved by
internal damping of the MW output power of the generator about -40 dB. An attenuator,
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Figure 2-3: Setup with MW generator system for measuring optically detected magnetic
resonances. Placing the sample in a cavity enables simultaneous excitation with laser light and
60 GHz MW radiation. With a reflectometer the output and the reflected MW radiation can
be monitored to ensure optimal MW application inside the cavity.

coupled in the waveguide between generator system and cavity, was used to adjust the
MW power between 8 nW and about 100 mW. A fraction of the MW radiation was
reflected in the cavity (blue solid arrow) and monitored together with the MWs emitted
by the generator by using a reflectometer. The processor, which was the interface to a
computer with the controlling software, provided the control over the master oscillator
as well as the readout of the reflectometer. By comparing the power of the output
and reflected MW radiation, the quality factor of the cavity could be determined and
optimized by sweeping the MW frequency or manually tuning the cavity.

The MW pulse sequence was synchronized with the readout of a CCD camera,
coupled to a spectrometer. This allowed the alternating detection of spectra with and
without additional MW excitation, as well as the direct measurements of differential
spectra. The latter was essential for the detection of optically magnetic resonances,
which is discussed in detail in Chapter 6. It is worthwhile mentioning that the
magnetic field was varied in small steps of 0.1 mT. The magnet power supply of the
Oxford Spectromag cryostat was capable of such precise variations as well as remote
operation by the MW generator control software, whereas the magnet power supply of
the Cryogenic cryostat was not. However, the Cryogenic magnet could be operated by
the Oxford power supply too, but in this case the magnetic field calibration of the
Oxford magnet power supply was not valid. When operating the Cryogenic cryostat
magnet with the Oxford magnet power supply a current of 10.3929 AT~! had to be
applied.

2.4 Details on samples

The samples studied in this work were synthetic diamonds which contained different
amounts of impurities. They can be subdivided in two groups, dependent on their
crystal symmetry. Firstly, the samples grown along the (111) direction of the crystal
are considered. Then a sample grown in (001) direction is discussed:
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Figure 2-4: Laue diffraction images of (a,b) YS, (c) Ryab and, (d) BP, measured along
the optically addressable directions, reveal the corresponding symmetry axes of the diamond
crystals.

Four plane bulk type Ib diamond samples, "Ryabzev2" (Ryab), "NVReference"
(NVRef), DC7 and D01 were studied. All of them were grown by the HPHT technique
along the (111) direction in the Rzhanov Institute of Semiconductor Physics, SB RAS in
Novosibirsk. In addition, another HPHT grown bulk diamond sample, which was formed
like a rectangular prism was investigated. The latter had an NV center density of pny =
2.9 ppm (5.1-10'7 cm™3). Due to the high amount of nitrogen impurities of about 30 ppm
(type Ib diamond) this sample had a distinct yellow color and was internally labeled by
"Yellow Submarine" (YS). This sample was produced by Sumitomo Electric Industries,
Ltd., irradiated at 2 MeV with an electron fluence of 107 cm™2 and subsequently
annealed.Y In contrast to the other samples, YS could be sufficiently excited along
two directions, which were identified with the corresponding crystal symmetry axes by
the Laue method.l2 In Fig. 2-4 (a) and (b) the transmission images for YS along the
two optically addressable axes are shown. By analyzing the diffraction pattern of the
crystal one can identify the symmetry axes to be (111) and (211). Apparent in Fig. 2-
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Figure 2-5: PL spectra of the (111) diamond samples. Note that for visibility, the spectra are
shifted by an offset and scaled with a factor of 1.15 for NVRef (red), 17 for DC7 (blue), 80 for
YS (green), and 12000 for D02 (orange). The ZPLs of the NV~ centers are circled in red, the
ZPLs of the NV? centers in blue.

4 (c), the symmetry axes of Ryab is confirmed to be (111), as the diffraction pattern is
quite similar to the one of YS in 111 direction.

The NV center concentration of Ryab was the highest among the studied samples.
It was estimated to exhibit pxv = 3.8 ppm (6.7 - 1017 ci—3), giving the sample a deep
red color. A similar coloring could be seen in NVRef, which had a concentration of
pnv = 2.3 ppm (4.0 - 10'7 cm™3). Both samples were irradiated with energies in the
order of few MeV and subsequently annealed. The concentration of DC7 was claimed to
be pnv = 25 ppm (44 - 10'7 cm~3). However, the irradiation depth for this sample was
not very great. Since the sample was irradiated with an energy of about 30 keV, one
could expect the irradiation depth to be in nm-scale. Hence, the high concentration was
only present near the surface of the sample. PL measurements showed that NV center
ZPLs could only be observed when the front side of the sample was excited. Excitation
of the back side led to no measurable NV center PL (data not shown). Therefore,
the effective NV center concentration of the examined space laid somewhere between
the concentration of NVRef and YS. The sample D01 had a rather small NV center
concentration; the PL signal was barely measurable.

In Fig 2-5 the PL spectra of all samples grown along the (111) direction are shown.
The PL measurements were performed on the confocal Raman spectrometer, compare
Fig 2-2 (b). The spectra have more or less the same shape for all samples. The ZPL of
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Figure 2-6: Spectrally integrated intensity of NV~ (black) and NV° ZPL (red), as well as
Raman line (blue) of the (111) diamond samples. Intensity of ZPLs scales with NV center
concentration, whereas the Raman intensity does not.

the NV center is observed at about 2.156 eV (blue oval), whereas the NV~ ZPL can
be seen at 1.946 eV (red oval). The latter is accompanied by a broad phonon side band
(PSB). Moreover, the 1332 cm~! Raman line of the diamond latticel% 64 is detected
at 2.165 eV as well. Note that the spectra are scaled for the sake of comparison. It
is obvious that the PL intensity drastically decreases for samples with low NV center
concentration.

In order to compare the PL spectra of the different samples, the spectrally integrated
intensities of both ZPLs and the Raman line are illustrated in Fig 2-6. The NV? and
NV~ ZPL intensities for Ryab and NVRef are roughly the same, but for samples with
lower NV center concentration the intensity decreases. Noteworthy is that the NV™
ZPL intensity is almost always larger than the NV? ZPL intensity. The only exception
is the sample DCT7; here both intensities are more or less equal. The main difference
between DC7 and the other samples is that it was irradiated with an energy of about
30 keV. In contrast to the ZPLs of the NV centers, the Raman line intensity does not
depend on the NV center concentration.

Further measurements will focus on the samples Ryab as an example of high NV
center concentration and YS as an example of medium concentration. The other samples
will not be further investigated. NVRef is almost identical to Ryab, therefore one can
not expect to gain relevant information by additionally studying this sample. DC7 is
not suitable for investigation due to its inhomogeneous NV center distribution. The low
PL signal of D02 makes this sample unsuitable for further measurements.

As an example of a sample with low NV center concentration a bulk rose cut diamond
with pxy = 0.14 ppm (0.25 - 10*7 ¢cm™3) was used. It was grown with the CVD method
by Apollo Diamond Inc. in Boston.l5 This sample showed no noticeable coloring, the
nitrogen concentration was about 0.05 ppm (type ITa diamond). However, it contained
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Figure 2-7: PL spectrum of BP with optical axis along the (001) direction. The sample
contains NV and VO centers. The insert shows the PL spectrum around 2.16 eV in detail.

a macroscopic black inclusion, which had the form of a pyramid; hence, the sample
was internally labeled "Black Pyramid" (BP). Because of the sample shape, optical
excitation was only possible along one direction, which was identified through the Laue
method to be the (001) axis, compare Fig. 2-4 (d). A detailed discussion of sample
geometries and the orientation of NV centers can be seen in 4.2.

Due to the relative low concentration of NV centers in BP, the emitted PL is rather
small, approximately 30 times smaller than that of YS. Hence, sample characterization
at room temperature is not sufficient, compare D02 spectra shown in Fig 2-5 (green
line). In Fig 2-7 the PL spectra of BP, measured at the PL setup is depicted. At
low temperatures the intensity of the broad PSB of the NV~ center is negligibly small
compared to the strong ZPLs signals of the impurities. One can easily assign the
observed lines to the respective defect centers. At an energy of 1.674 eV the main ZPL
of the VO center can bee seen, whereas the less intense ZPL is observed at 1.666 eV.
The NV~ ZPL lies at 1.945 ¢V and the NV emits an ZPL at 2.156 eV. Moreover the
Stokes-Raman line can be identified at 2.165 eV, which is about 1.332 cm ™! away from
the exciting laser at 2.33 eV.
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Chapter 3

Circular polarization properties of
defect center PL

This chapter provides insight into the circular polarization characteristics of the NV,
NV, and V° ZPL as well as of the NV~ SST. Firstly, the optical selection rules for the
NV~ ZPLs are discussed in Sec. 3.1.1. Special focus is drawn to the energy splitting
of the lines in the presence of an external magnetic field due to the Zeeman effect.
Secondly, by measuring the Zeeman splitting, effective orbital g-factors are estimated
and the orderings of the defect center energy levels are determined for the NV~ triplet
(Sec. 3.1.2) and singlet states (Sec. 3.1.3), as well as for the NV° (Sec. 3.1.4) and
VO centers (Sec. 3.1.5). A detailed analysis of the circular polarization degree in the
presence of an external magnetic field is presented in Sec. 3.2. Additionally, the influence
of temperature and the orientation of the crystal with respect to the polarization of the
exciting laser is thoroughly discussed. Concluding remarks can be found in Sec. 3.3. The
results presented in this chapter were obtained with the experimental setup presented
in Sec. 2.1. The samples BP excited along the (001) direction and YS excited along
the (111) direction were used. Note that the content covered in this chapter has been
published in [65].

3.1 Zeeman effect in the defect center PL

In the following, the circular polarization properties of the PL emitted by the defect
centers will be discussed, starting with a detailed consideration of the NV~ level
structure and the ZPL emission process with particular focus on the influence of an
external magnetic field. In this context, primarily the circular-polarized states, which
are affected by the Zeeman effect, will be considered. An analysis of the linear
polarization characteristics in the presence of high magnetic fields is presented in
Sec. 4.4.
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Table 3-1: ZPL polarization dependent on the states involved in the emission process; ot(~)
indicates right (left) circular polarization, whereas 7 stands for linear polarization.[68],

3.1.1 Optical properties of the NV~ center

In order to learn about the circular and linear polarization of defect center ZPLs, the
NV~ is considered first. An analysis of the ZPLs of the other defect centers will
follow. As already discussed in Sec. 1.3, the NV~ ZPL is associated with the optical
transition between excited triplet 3E and the triplet ground state 2A5. The emission
process is governed by the selection rules which arise from the dipole approximation.
According to these, an optical transition is only allowed between states with a total
angular momentum difference of 0 or +1. The emission process of the ZPL in general
is spin conserving, but spin flip processes can be observed.[6] However, the latter
processes can be neglected, since the transition rates are less than 1 % of the spin
conserving transition rates.[5”) In contrast to the total spin, the orbital angular
momentum is not conserved during the emission process of the ZPL. As a result of
angular momentum conservation, the absorbed or emitted photon must carry the
missing angular momentum.

The angular momentum of a photon is defined by its polarization. In this context,
right (o7) or left circular (0~) polarization indicates an angular momentum of +1
respectively, while linear (m) polarization describes a superposition of ot and o~
polarization with an angular momentum expectation value of 0. For instance, from
the excited states E, and E, with spin projection mg = 0 only transitions to the
mg = 0 ground state 3Asy are spin conserving. Here, the transition goes from an
|EL) |0) to the |Ep)|0) spin orbit state, compare Eq. (1.7), (1.12), and (1.13). The
emitted ZPL is linearly polarized; hence, the orbital angular momentum projection
mp, displayed by the index of the orbital function |E4 ), does not change. Spin
conserving transitions from the other excited states A2 and Ej 2 to the corresponding
ground states 3Ao. include a change of the total orbital angular momentum
projection by =41. Therefore, the ZPL is ot or o~ polarized. The individual
polarization for each dipole-allowed transition can be seen in Tab. 3-1.

The specific states inside the triplet states 3 A, and E are energetically separated by
only a small zero field splitting in the order of 10 eV 1881 compare Fig. 1-3. In addition,
intrinsic or externally applied strain as well as spin-spin and spin-orbit interaction can
induce an energy splitting t00.16% 17l However, in order to reach a large energy splitting,
which makes the individual states distinguishable by optical spectroscopy, high magnetic
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fields have to be applied to the diamond crystal. The splitting in a magnetic field B is
in accordance with the spin and orbital components of the Zeeman Hamiltonian

Hy :uBgsB'S-i-MBgLB-L—i—O(BQ). (3.1)

Here, gs and gr indicate the spin and orbital g-factor respectively; pp is the Bohr
magneton; S and L are the spin and orbital angular momentum quantum number.
Terms of quadratic magnetic field dependence are denoted by O(B?).

The Zeeman effect is caused by an interaction of a macroscopic external magnetic
field and a microscopic magnetic moment, which is created by a moving electric charge.
This microscopic movement can stem from the spin or orbital angular momentum of
the charge carrier. In case of the NV center, the magnetic moment is created by both
the spin S and the orbital angular momentum L of the orbital states.

It is accepted at large that the spin g-factor has a value of about gg = 2.0, which
is the value of a free electron.l”™ The orbital g-factor, however, is significantly smaller:
g1, ~ 0.1.I"1 Therefore, the Zeeman splitting due to the spin contribution is much larger
than the splitting due to the orbital contribution. In Fig. 3-1 the energy splitting due
to the Zeeman effect of the ground and first excited state of the NV~ center is shown.
For instance, the ground states 3 As4+ with spin momentum projection mg = 41, which
have the same energy without application of a magnetic field, are shifted apart in the
presence of an external magnetic field. The state 3 Ao, with mg = +1 is shifted to higher
energies, whereas the mg = —1 state 3A5_ is shifted to lower energies. The excited
states additionally exhibit a splitting due to their non-zero orbital angular momentum
projection mpyp,.

Since the ZPL is, however, a spin conserving transition, the contribution of the spin
momentum projection to the Zeeman splitting cannot be seen in an energy shift of
the ZPL. This is because both involved states, the excited and the ground state, are
equally shifted in energy, since one can expect the spin g-factor for the ground state
g%s to be equal to the excited state g-factor g¢’. The PL spectra of the NV~ center in
BP at an external magnetic field of B = 10 T for different polarization configurations
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(0%, 0F) are depicted in Fig. 3-2 (a). Here, the first entry indicates the polarization
of the exciting laser and the second visualizes the polarization of the detected PL. For
comparison, a spectrum at zero magnetic field (gray dashed line) is depicted as well.
One can clearly see that the NV~ ZPL at about 1.948 eV exhibits an energy shift in the
presence of a high magnetic field. The ot polarized ZPL (red and blue lines) is shifted
to higher energies, whereas the o~ polarized ZPL (black and green lines) is shifted to
lower energies.

3.1.2 Zeeman splitting of the NV~ ZPL

The Zeeman sphttlng AFE7 can be determined as the difference between the peak energy
EZPL of the o and o~ polarized ZPL, estimated via Gaussian fits: AEy = EZPL Egor .
In Fig. 3-3 (a) the Zeeman splitting of the NV~ ZPL in BP is illustrated dependent on
the magnetic field for excitation with ot (red circles) and o~ (blue squares) polarized
light. One can clearly see that AFEy evolves linearly with the magnetic field and is
inverse symmetric around B = 0 T; the zero field splitting is negligibly small. For
both excitation polarizations the energy difference amounts to AEy = (—84 £+ 2) eV
at B=—9 T and AE; = (87 £ 2) peV at 9 T. Therefore, one can conclude that the
opposite circularly polarized NV~ ZPLs are split in an external magnetic field by about
9.5 ueV/T.

As mentioned before, only the orbital contribution to the Zeeman effect can be seen
in the energy shift of the ZPL, since the spin projection is conserved during the emission
process of the ZPL. Hence, the Zeeman splitting evaluated from the experimental data
is given by

AFEy7 = uggrB + &o. (3.2)

Here, B is the magnetic field strength and dg the zero field splitting. It is assumed
that the spin splitting for the ground and excited states is equal (¢§ = ¢%) and that
nonlinear Zeeman Hamiltonian terms are independent of the ZPL polarization. A linear
fit according to Eg. (3.2) gives an effective orbital g-factor of g7, = 0.164 £ 0.002 and a
zero field splitting of 09 = (2 + 1) peV for the NV~ ZPLs in BP.

The NV~ ZPLs in YS show similar Zeeman splitting, like it is illustrated in Fig. 3-
3 (b). Again the differences between o~ and o polarized excitation are negligible. Here,
the energy shift ranges from AE; = (—68 £4) peV at —9 T to AEz = (110 £ 2) peV
at 9 T. According to Eq. (3.2), one can calculate an effective orbital g-factor g; =
0.167 £ 0.005, which is well in line with the g-factor measured in BP. The zero field
splitting of 9o = (21 £ 1) peV is, however, remarkably larger. This is most likely due to
the strain in the sample, which is supposed to be larger compared to BP, because of the
NV center concentration in YS being one order of magnitude higher.1%% 171 Note that
the observed effective orbital g-factor for the NV~ center is significantly larger than
the g-factor of 0.10 # 0.01 determined via spectral hole burningl®* I and ODMRI™!
from samples with comparable low NV center concentrations. The Jahn-Teller-coupling
(compare Sec. 4.3) is much stronger in these samples compared to the ones investigated
in this thesis. Hence, there is a stronger reduction of the orbital angular momentum,
resulting in smaller effective orbital g-factors. In contrast to that, an orbital g-factor
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Figure 3-2: PL spectra at B = 10 T for different circular polarization configurations (solid
lines) and at B = 0 T (gray dashed lines) of (a) NV~ ZPL in BP, (b) NV~ singlet states
transition in YS, (¢) NV® ZPL, and (d, ) V* ZPLs in BP; T = 6 K, Ee, = 2.33 6V. The
polarization configuration is indicated by (oF, o) or (7, ¢F); the first entry stands for the
polarization of the exciting laser, the second describes the polarization of the detected PL.

of 0.22, which is even higher than the g-factors observed in BP and YS, was found in
a sample with higher NV center concentration subjected to magnetic field strengths of
up to 150 T.[73

Before taking a look at the Zeeman splitting of the NV~ SST, as well as of the
NV and V? ZPLs in order to gain information about the level structure of these defect
centers, the NV~ ZPLs observed in BP and YS will be investigated more closely. In
Fig. 3-4 (a) the energy AEzpy, of the NV~ ZPL in BP is depicted dependent on the
magnetic field for different polarization configurations (&, o). Again, the first entry
denotes the polarization of the exciting laser and the second entry gives the polarization
of the detected PL. Note that AEyp1,(B) is shown as the deviation of the ZPL energy
Eyzp1, from the arithmetic mean Ezpr,(0) of the ZPL energies measured in all four
polarization configurations at B = 0 T: AEzpr,(B) = Ezpr,(B) — Ezp1,(0). As one can
see, the ZPL energies exhibit quadratic magnetic field dependences in BP. Therefore,
quadratic fit functions (solid lines) describe the data quite well. However, this is not
reflected in the Zeeman splitting, compare Fig. 3-3 (a). Hence, one can conclude that
the quadratic contribution O(B?) to the Zeeman Hamiltonian, compare Eq. (3.1), is
equal for the ground and excited states.

However, when looking at the NV~ ZPL of YS no quadratic dependence on the
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Figure 3-3: Zeeman shift of the investigated lines dependent on the external magnetic field
under o~ (blue squares), ot (red circles), or ™ (green triangles) polarized excitation. NV~
ZPL in (a) BP in the (001) direction and (b) YS in the (111) direction. (c) NV~ singlet states
transition in YS in the (111) direction, (d) NVY ZPL as well as the V° center ZPL at (e) 1.674 eV
and (f) 1.666 eV in BP excited along the (001) axis. The straight lines are fits according to
Eq. (3.2). T =6 K, Eex = 2.33 €V. The experimental error does not exceed the symbol size.

magnetic field can be observed. As on can see in Fig. 3-4 (b), the evolutions of
AFEypr,(B) can be fitted well by linear functions (dashed lines). Therefore, one can
conclude that the nonlinear evolution of the ZPL energies in BP results from the
mixing of states, which is, however, not present in YS. In contrast to BP, the NV
center and nitrogen impurity concentration in YS is much higher, as is the strain,
resulting in a higher zero field splitting. As a consequence, the zero field splitting lifts
the degeneracy of the energy levels in YS, hence state mixing is reduced. Note that
the zero field splitting of ground and excited state is not only influenced by strain but
also by spin-spin as well as spin-orbit interaction. Furthermore, it is worthwhile
noticing that BP was excited along the (001) axis of the diamond crystal, while YS
was excited along the (111) direction. However, the observation is rather related to
the NV center concentration and growth technique than to the measurement
geometry. A more detailed analysis of ground state mixing in the NV~ centers at low
magnetic fields is provided in Chapter 7.

Moreover, one can see a significant deviation of NV~ ZPL energies I, + measured
with ot and o~ polarized excitation. In Fig. 3-4 (c) the deviation AE, = E,+ —
E_- is depicted for BP and YS for both PL polarizations. Note that AFE, of the o©
polarized NV~ ZPL in YS (black squares) is also indicated in Fig. 3-4 (b) at B=9 T
as a demonstrative example. For BP AFE, is negligibly small at B = 0 T in both
polarizations, whereas a zero field splitting of about 14 peV for ot and 8 eV for o~
NV~ ZPL polarization can be seen for YS. With rising magnetic field, AE, increases
for both samples, independent of the ZPL polarization. The evolutions of AFE, with
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Figure 3-4: ZPL energy AEzp1, of the NV~ center in (a) BP and (b) YS normalized to the
arithmetic mean at B = 0 T for different polarization configurations (open symbols). (c) ZPL
energy difference AFE, between excitation with o™ and o~ polarized light. The straight lines
are cubic, the dashed lines linear fits. T = 6 K, E.x = 2.33 ¢V. The experimental error does
not exceed the symbol size.

the magnetic field can be fitted best with a linear function (dashed lines). Within the
experimental accuracy the slope can be determined to be (1.1 4 0.2) ueVT~! for both
samples and polarizations. The deviation AFE, can be attributed to a difference in the
spin splittings of the ground and excited states. In order to describe the experimental
data, one has to assume that the spin splitting of the excited states is larger than that
of the ground states. In terms of the g-factor, this implies that ¢ = g%s +0.019+£0.004.
Additionally, one can assume that the excited states with positive (negative) mg are
predominantly excited by o® (c7) polarized light.

3.1.3 Zeeman splitting of the NV~ singlet state transition

The NV~ ZPL, which is thoroughly analyzed in the previous section, is the transition
between the triplet states of the NV~ center. Next, the transition between the 'F
and 'A; singlet states will be discussed. In Fig. 3-2 (b) the o* (magenta) and o~
(cyan) polarized SST of the NV~ center in YS is shown at B = 10 T for excitation
with a 7 polarized laser. For comparison, a spectrum at B = 0 T (gray) is also shown.
Note that the intensity of the SST is scaled with a factor of 15. However, the small
intensity compared to the NV~ ZPL is mainly due to the low quantum efficiency of the
InGaAs-CCD camera compared to the Si-CCD camera used for the measurements in
the visible range. Similar to the NV~ ZPL, the o polarized SST is shifted to higher
energies and the o~ polarized SST is shifted to lower energies. Since the SST of the
NV~ center is a spin conserving transition t00,%% the SST Zeeman splitting, depicted
in Fig. 3-3 (c¢), appears comparable to the Zeeman splitting of the NV~ ZPL in BP,
compare Fig. 3-3 (a). A fit according to Eq. (3.2) gives an effective orbital g-factor of
gr, = 0.157 4+ 0.004, which is in good agreement with the g-factor observed for the NV~
center in BP and a negligible 09 = (—1 4+ 1) ueV. Taking the results obtained from the
Zeeman spitting of the NV~ ZPL in YS into account as well, one can conclude that
the effective orbital g-factor of the NV~ center is about gy, = 0.16 £ 0.01. Since the
electronic states of the NV~ triplets and singlets arise from the same molecule orbitals,
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Figure 3-5: Level structure scheme of (a) NV~ singlet states, (b) NV° doublet states, and
(c) VO states at high magnetic fields (B > 0). The optical ZPL transitions are indicated
with arrows. Solid red and blue arrows indicate right (c) and left (¢~) circularly polarized
transitions respectively, while green arrows stand for linear () polarized transitions. Note that
only optically active states are displayed. The states are simplistically described by their orbital
angular momentum projection my, and spin projection mg.

the orbital contribution to the Zeeman splitting is equal for the corresponding states.

Moreover, the energetic ordering of the singlet states can be determined by the
Zeeman splitting. It is evident that the energy of the o polarized transition is higher
than the energy of the o~ polarized transition. Therefore, the ' E state must be higher
in energy than the 'A; state, as is illustrated in Fig. 3-5 (a). An inverted energetic
ordering, as it has been proposed by Delaney et al.,[®®l would lead to an inverted Zeeman
splitting, resulting in a shift of the o (¢7) polarized SST to lower (higher) energies,
which is, however, not the case.

3.1.4 Zeeman splitting of the NV° ZPL

In addition to the negatively charged NV~ centers, the neutral NV centers will be
considered now. The spectra of the NV? ZPL in BP at 2.158 eV are illustrated in Fig. 3-
2 (c) for different polarization configurations at B = 10 T. In contrast to the NV~ ZPL,
there are no significant differences observable between the PL measured in o and o~
polarization. The intensity of the NV® ZPL is about four times smaller compared to the
NV~ ZPL. This is most likely due to the NV~ being the preferred charge state of the
defect center under the given excitation conditions, compare Sec. 5.1.1. The Zeeman
splitting of the NV? ZPL, shown in Fig. 3-3 (d), is about one order of magnitude smaller
than that of the NV~ ZPL. An increase in AFEy, from about —10 peV at —9 T to 10 peV
at 9 T is observed for o™ polarized excitation. Hence, the effective orbital g-factor can
be determined to g;, = 0.020 +0.002 according to Eq. (3.2). However, for o~ excitation
the shift is significantly smaller: gr, = 0.012 4 0.002.

In contrast to the NV~ the NV center consists of only five electrons. Due to the
odd number of electrons, the ground state 2E as well as the first excited state 24
are spin doublets with mg = j:%,[‘r’ﬁ’ 57] for details see Sec. 1.4. As depicted in Fig. 3-
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5 (b), the excited state Ay is split into the states |0, + 3) and |0, — 3). Note that
the first entry indicates the orbital angular momentum projection my and the second
entry stands for the spin projection mg. For the ground state with 2E symmetry one
would expect a splitting into the four states |£1, + 1) and |+, — 1). Accordingly, one
should observe the o™ and o~ polarized ZPLs being separated in energy by the orbital
Zeeman splitting. In contrast to the NV~ center, for which the orbital contribution to
the Zeeman effect leads to a splitting of the excited states only, since all ground states
have my = 0, the orbital Zeeman splitting of the NV° ground state would lead to an
inverted Zeeman splitting of the NV? ZPL. In such a case, the T polarized ZPL would
be shifted to lower energies when a positive magnetic field is applied, whereas the o~
polarized ZPL would be shifted to higher energies. This is, however, not the case. In
fact, the observed Zeeman splitting is positive and one order of magnitude smaller than
the orbital Zeeman splitting of the NV~ ZPL. Therefore, it can be concluded that the
ground state 2E splits into the two states |0, + 3) and [0, — 3), as shown in Fig. 3-
5 (b). In such a scenario, the emitted ZPL is not associated with a change of the orbital
angular momentum projection and is therefore always linearly polarized. Hence, the
NV ZPL exhibits no Zeeman splitting at the presence of an external magnetic field.
The observed Zeeman splitting might be due to a difference in the spin splitting of the
ground and excited states, since the value is quite comparable with the deviation AFE,
in the NV~ ZPL energy, which is caused by unequal spin g-factors.

3.1.5 Zeeman splitting of the V° ZPL

Besides the NV centers, also the VO centers are investigated. Fig. 3-2 (d) and (e) show
the ZPLs of the VO centers in BP for different circular polarization configurations at
B =10 T. The more intense ZPL can be seen at 1.674 eV, whereas the less intense ZPL
is observed at 1.666 €V. Comparably to the NV~ centers, an energy shift of the ZPL at
1.674 eV to higher energies in o polarization and to lower energies in o~ polarization
can be observed at 10 T. Remarkably, the ZPL at 1.666 eV shows an opposite behavior.
Here, the o™ polarized line is shifted to lower energies, while the o~ polarized line is
shifted to higher energies.

The Zeeman shift of the VY ZPL at 1.674 eV (also denoted as V?ﬁgh) is pictured
in Fig. 3-3 (e) dependent on the magnetic field. Similar to the NV~ center, a linear
Zeeman effect, which shows no big difference between o~ and o™ polarized excitation,
is observed. The energy shift varies between AE; = (—40 £ 1) peV at —9 T and
AE; = (33£2) peV at 9 T. According to Eq. (3.2), the effective orbital g-factor can be
determined to gz, = 0.071+0.001. Note that the zero field splitting of 69 = (3.64+0.7) ueV
leads to a slightly asymmetric Zeeman splitting around B = 0 T.

In Fig 3-3 (f) AEy is shown for the less intense V? ZPL at 1.666 eV (also denoted as
VD ) as a function of the magnetic field. A fit according to Eq.(3.2) gives an effective
orbital g-factor of g;, = —0.128 £ 0.001. This is remarkable, because the g-factor has,
on the one hand, a negative sign and, on the other hand, is about twice the value of the
effective orbital g-factor one obtains from the more intense VO ZPL at 1.674 eV. Note
that the zero field splitting 09 = (—1 4+ 1) weV is negligibly small.
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In order to explain the observed Zeeman splittings, the level structure presented
in Sec. 1.4 has to be revisited, compare also Fig. 1-5 (¢). In Fig. 3-5 (c) the energy
level structure of the VO center is depicted, the ZPL transitions are indicated by red
and blue arrows for ot and o~ polarization, respectively. The high energetic ZPL is
associated with the transition to the ground state which is lower in energy. Since this
ZPL exhibits a positive AFEy for positive magnetic fields, which means the energy of
the o polarized ZPL is higher than of the o~ polarized ZPL, it must be a transition
to the 1 A ground state. As one can see in Fig. 3-5 (c), a transition from the 7% excited
state to the !E ground state would result in a ZPL which is higher in energy in o~
than in o polarization (blue arrow is longer than red arrow). Hence, the ZPL would
show a negative Zeeman splitting for positive magnetic fields, as is observed for the low
energetic VO ZPL at 1.666 V. Therefore, one can conclude that the !E state is the
ground state with higher energy.

Although, the values of the g-factors obtained for the VO centers are comparable
to the orbital g-factor determined for the NV~ centers, they are significantly different.
Since the orbital g-factor is mainly defined by overlap integrals of the vacancy envelope
wave function with the orbitals centered at the neighboring ions, one can assume that
g1, increases with increasing average radius of the envelope function.[”*l Thus, one may
claim that the spatial distribution of the respective envelope functions is narrower for
the 3E states of the NV~ and for 'E states of the V¥ center, than for the T, states
of the V? centers, since the latter might be more likely to be affected by non-spherical
distortions of the ion orbitals. Note that the observed g-factors for the VY are about
one order of magnitude higher than the value of about 0.0168, which was determined by
magnetic circular dichroism measurements.[™®! It was claimed that the orbital angular
momentum is strongly delocalized over the four dangling bonds of the highly symmetric
defect center.[7]

In this context, it is worthwhile mentioning that the VO ZPL energies change linearly
with increasing magnetic field and the ZPL energies for o and o~ polarized excitation
coincide with each other (data not shown). The latter is obviously due to the fact that
the ground and excited states are spin singlets. The former indicates the absence of
a state mixing, although neither the ground nor the excited states are split at zero
field. This absence of state mixing may arise from the large energetic separation of
about 8 meV between the 'E and ! A states, which results from a dynamic Jahn-Teller
distortion.[77]

3.2 Circular polarization degrees of defect center PL

For further investigation, the circular polarization of the defect center ZPLs and the
NV~ SST will be investigated. In order to provide a measure for the circular
polarization of the PL, the degree of circular polarization, which is given by the third
Stokes parameter,[8l is defined to

I

¢ IT I (3.3)
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Here, I7. is the intensity of the PL. The lower index determines the polarization of
the detected PL being right- or left-handed circularly polarized. The upper index gives
the polarization of the exciting laser, which in this case is linearly polarized. For the
magnetic field induced circular polarization degree, the alternative definition

1 (100 —1°° 9. —[°"
) 2l — o o + lod o (3 4)
¢ ot ot e o~ ’

2\Ig +17° 17+

is used. Here, the upper index of the PL intensity Igi indicates right- or left- handed
circularly polarized excitation. Note that PJ represents the mean value of the circular
polarization degree obtained for circularly polarized excitation, whereas P gives the
circular polarization degree under linearly polarized excitation. Moreover, the optical
orientation is defined to
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as a measure for the difference between the circular polarization degree under o+ and o~
polarized excitation. Alternatively, P,, can be understood as the mean of the circular
polarization degrees with a specific circular polarization of the PL under o* and o~
polarized excitation.!™!

In the following section, the magnetic field dependence of the three polarization
degrees PT, P?, and Py, of the defect centers PL will be addressed. In Fig 3-6 (a) the
circular polarization degree PT for linear polarized excitation is shown for magnetic field
strengths varying between —9 and 9 T. For the NV~ ZPL in YS (red diamonds) and the
high energetic V® ZPL in BP (blue triangles) one observes a magnetic field dependence
of P symmetric around B = 0 T; P shows maximum values of about +4 % at highly
negative fields and minimal values of about —3 % at positive fields. The magnetic field
dependence of the circular polarization degree PJ under circularly polarized excitation,
depicted in Fig 3-6 (b) is quite comparable for the two ZPLs. The main difference is
their deviation from zero at B = 0 T of about +2 % for the high energetic V® ZPL in
BP and +4 % for the NV~ ZPL in YS. The latter is most likely an effect of strain due
to the high concentration of nitrogen impurities in this sample.

Since a positive PT or P? indicates that the ZPL is more o than o~ polarized, this
magnetic field dependence shows that at high negative magnetic fields the o polarized
excited states of the NV~ or V° center are more likely to be occupied than the ot
polarized states, because their energy is smaller due to the Zeeman splitting. At high
positive magnetic fields, however, it is the other way around; the o™ polarized states are
lower in energy and therefore are more likely to be occupied. As a consequence, the ZPL
is more o~ polarized, and hence Pl and P? decrease. Since the Zeeman splitting of the
ZPLs is rather small, due to the small orbital g-factors, the probabilities of occupation
are not affected significantly. Hence, the circular polarization degrees are small, even
at high magnetic fields.

For the NV~ ZPL in BP (black dots) the same tendency of PZ can be seen as for
the NV~ ZPL in YS and the high energetic VY ZPL in BP. Contrarily, for the NV? ZPL

37



Chapter 3. Circular polarization properties of defect center PL

0.04 Fags ] 0.08 R
Lo¥oe02y2, o YSNV I
0.00 FPoga 4% 223y ¢ 2, %%,
L 4 - *
Tt e, BPVI, *al X A e JAC 2N
E o ’ [] [ J ® *
r ] ° BP NV [ X} .. ] *
-0.08 % L ; *%e 00 000 s . .3'!‘:2;:
L 0 i : L 4
0.12 - (a) BIP Ny | ii?iiii— ®) | | TAAAA
0-04 ()l | T | T | T (dl) T T I T
C
. ] 0.01 |-
0.02 + i LYY i - -
Q ‘ _iii i gi %éggiiii_ B | BPV?O\\
g §§§§§§ P . 2.2 0.00 H } H
i 3 3 i I
gt T s
483272 4 o AR oo f !
| I-Lél T ; | | |
-0.02 L— - = - - - - -
10 5 0 5 10 10 5 0 5 10

Magnetic field (T) Magnetic field (T)

Figure 3-6: Magnetic field dependence of the circular polarization degrees (a) PT, (b) PZ and
(¢) Py, of the NV~ ZPL in BP (black dots) and YS (red diamonds), as well as the NV° (green
squares) and the high energetic VO ZPL (blue triangles) in BP. (d) Magnetic field dependence
of the circular polarization degree PI of the NV~ SST in YS (cyan squares) and the low

C

energetic VO ZPL in BP (magenta dots). T = 6 K, F,, = 2.33 eV. Unless shown otherwise, the
experimental error does not exceed the symbol size..

in BP (green squares) a variation of P7 with the magnetic field cannot be observed,
see Fig. 3-6 (b). This is in accordance with the small Zeeman splitting observed for the
NVY ZPL, compare Fig. 3-3 (d). In contrast to the rather low P?Z, one can observe a
remarkable magnetic field dependence of P, as shown in Fig 3-6 (b). For the NV~
ZPL, PT is about zero at —9 T, but strongly decreases down to about —9 % at positive
fields. For the NVY ZPL the PT values are even more pronounced; one observes —2 %
at —9 T and —13 % at 9 T. This high circular polarization of the ZPLs at excitation
with linear polarized light might arise from the more symmetric NV center orientation

in this excitation geometry.[8l

BP is excited along the (001) direction, in this geometry the two dimensional
projection of the tetrahedral NV center orientation, indicated by the four NV center
symmetry axes (111), (111), (111), and (111),18" is reduced to a rectangular cross, as
can be seen in Fig. 3-7 (b). A detailed explanation of this symmetry transformation
including a discussion of the influence of the NV center orientation on its
polarizability is given in Sec. 4.1. In Fig. 3-7 (a) the circular polarization degree P of
the NV~ ZPL is depicted dependent on the sample rotation around the (001) axis for
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Figure 3-7: (a) Angular dependence of the NV~ ZPL circular polarization degree PJ at

C

B =0T (black dots) and 6 T (blue triangles). The solid lines are sine based fits according to
Eq. (3.6). The experimental error does not exceed the symbol size. (b) 2D projection of the
NV~ center symmetry axes (red arrows) in the (001) direction.

B =0T (black dots). Note that the exciting light is linearly vertically polarized. One
can clearly see that P varies between —10 % and +10 % and shows a 180°

C
periodicity. A fit with a sine function according to

PI(¢) = Ac -sin(2¢ + ¢o) +bc (3.6)

with amplitude A, = 0.088 £ 0.004, phase shift ¢g = (90 £ 1)°, and offset b, = 0.016 +
0.003 describes the data well. It becomes apparent that PI is maximal at about 135°
and 315°, at this angle the polarization plane of the exciting laser light is parallel to
the 2D projection of the NV centers oriented along the (111) and the (111) directions,
compare Fig. 3-7 (b). Since the dipoles of the NV centers are oriented perpendicular
to the symmetry axes of the NV center,l’% such an excitation is not an efficient for
these centers.I'”] However, in this geometry the polarization plane of the exciting laser
is parallel to the dipole moments of the NV~ centers oriented along the (111) and (111)
directions. Hence, these centers can efficiently be excited. This leads to the conclusion
that these centers mainly emit o polarized ZPLs. Vice versa, the NV~ centers which
are efficiently excited at a sample rotation of 45° and 225°, which are the centers oriented
along (111) and (111), mainly emit o~ polarized ZPLs. At sample rotation angles of
0°, 90°, 180°, and 270° all NV~ centers are excited. Hence, no ZPL polarization is
preferably emitted and therefore P[ is close to zero. It is worthwhile mentioning that
the NV~ centers which preferably emit o© polarized ZPLs are inclined towards the
optical axis (z = 1) and the NV~ centers which preferably emit ¢~ polarized ZPLs are
inclined away from the optical axis (z = —1).

The presence of an external magnetic field of B = 6 T (blue triangles) does not
widely affect the amplitude A, = 0.075 4 0.005 or offset b, = 0.011 £ 0.004, but a
remarkably different phase shift ¢9 = (79 4 2)° can be observed. The latter indicates
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Figure 3-8: Circular polarization degrees P? (blue dots) and P,, (red squares) of the NV~

C

ZPLin YS at B =10 T dependent on (a) temperature and (b) excitation energy. The solid line
is a third-order polynomial fit. If not shown otherwise, the experimental error does not exceed
the symbol size. (c¢) PL spectra of the VY ZPLs in BP at different temperatures. Note that the
green (red) spectrum is scaled with a factor of 10 (50). Fex = 2.33 €V.

a magnetic field induced phase shift of A¢gg = (11 & 2)°. This rotation of the angular
dependence of the NV~ ZPL polarization can be explained by a tilting of the NV™
center dipole axis due to a magnetic torque of the external field acting on the magnetic
moments of the NV~ centers electrons.[32: 83 84 A similar behavior is seen for the linear
polarization degree, too. Here, a phase shift of A¢y = (27 £ 1)° can bee observed at
B =6 T, which will be addressed in Sec. 4.4.

The magnetic field dependence of the optical orientation F,, of the defect centers’
ZPLs is depicted in Fig. 3-6 (c). The NV (green squares) as well as the high energetic
VO ZPL (blue triangles) show no dependence on the external magnetic field; they are
more or less constant at a value of about 2 % and —1 %, respectively. In contrast to
that, Py, is about 2 % at B = 0 T for the NV~ ZPL in BP (black dots) and YS (red
diamonds), but vanishes at high magnetic field strengths.

The SST of the NV~ center in YS (cyan squares) and the low energetic V? ZPL in
BP (magenta dots) show no significant circular polarization. As one can see in Fig. 3-
6 (d), PT is approximately zero in terms of accuracy. However, one may attribute a
positive slope to the PT evolution of the low energetic V® ZPL, which would be in
good agreement with the negative Zeeman splitting observed for this center; compare
Sec. 3.1.5.

Finally, the temperature dependence of the circular polarization degrees should be
addressed. In Fig 3-8 (a) P? (blue dots) and Py, (red squares) of the NV~ ZPL in
YS are depicted dependent on the temperature at a magnetic field of B = 10 T. Both
polarization degrees converge to zero with rising temperature. While P,, increases from
about —1 % at low temperatures to 1 % at about 50 to 70 K and then slowly decreases
to zero, P reduces in absolute terms from —6 % at low temperature to about —2 %
at 250 K. The evolution of P? can be fitted well with a polynomial function of third
order (oc T3); see solid blue line. The decrease of polarization at high temperatures is
most likely due to polarization destroying electron-phonon coupling, since such processes

become more likely at high temperatures due to the higher phonon densities. In contrast
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to the circular poalrization degrees, the linear polarization degree is comparably high
at room temperature, compare Sec. 4.3. Therefore, one can conclude that the phonons
couple more efficiently to the excited states with non-zero spin and orbital angular
momentum. This effective spin-orbit coupling plays a major role for the states involved
in the emission process of the circularly polarized ZPLs. Note that a saturation of the
polarization degree is not expected at low temperatures, since the corresponding Zeeman
splittings are smaller than the thermal energy Ep = kgT (with kg being the Boltzmann
constant) for the whole range of external magnetic field strengths. Therefore, it would
be a viable conclusion to study the circular polarization degrees at temperatures below
1 K to exclude any phonon coupling contributions.

It is worthwhile to mention that the circular polarization degrees of the NV~ and
NV ZPLs in BP demonstrate similar temperature dependences (data not shown). The
circular polarization degrees of the VY ZPLs decrease even more rapidly with rising
temperature. In Fig 3-8 (c) the respective ZPLs measured at different temperatures are
shown. The ZPLs strongly broaden with increasing temperature; from 6 K (blue line)
to 140 K (green line) the linewidths of the ZPLs enhance by more than one order of
magnitude. At room temperature (red line), the two ZPLs related to the VO centers
cannot be distinguished anymore.

The dependence of the circular polarization degrees F,, and PJ on the excitation

C

energy is presented in Fig 3-8 (b), for B = —9 T and 7" = 6 K. As one can see, P
and P,, remain fairly constant at about —6 % and 0.5 % respectively, for tuning the
excitation energy between 1.95 and 2.07 eV. Thus, the variation in the excitation energy

has a negligible impact on the circular polarization degrees.

3.3 Conclusion

A significant Zeeman splitting is observed for the NV~ and VY ZPLs, but not for the NV
ZPL. However, due to the small effective orbital g-factor compared to typical electron
g-factors, which are about one order of magnitude larger, the Zeeman splittings are
rather small. As a consequence, the circular polarization degrees exhibit only a few
percent, even at high magnetic field strengths. However, the degree of polarization can
be enhanced to about 10 % by selectively exciting NV~ centers with specific geometry.
The orientation of the NV~ center dipole with respect to the optical axis results in
a preference of the emitted ZPL for circular polarization. Furthermore, the energetic
ordering of the defect centers’ energy level structures can be verified for the NV~ center,
whereas the VO level structure of the ground state had to be reordered in comparison
with previously published data. In addition, it is found that the ground state of the
NV? center, which has 2E symmetry, actually shows an orbital angular momentum
contribution comparable to a 24 symmetry, due to a mixing of the corresponding spin
orbit states with my, = £1.
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Chapter 4

Linear polarization characteristics
of defect center PL

In this chapter the linear polarization properties of the PL for different defect centers
in diamond are thoroughly analyzed. While the main focus lies on the NV~ center, the
NV? and the VY center are considered as well. In Sec. 4.1 the experimental details are
outlined and basic physical measures to describe the linear polarization characteristics of
light are defined. For the investigation of the polarization features, particular attention
is drawn to the crystal orientation with respect to the electric field of both, the exciting
laser light as well as the emitted PL. In Sec. 4.2 distinctive anisotropies in the angular
dependence of the linear polarization of the defect center emission are presented. In
this context, a theoretical approach based on the symmetry and dipole orientation of
the NV center is developed, in particular for the (001) direction, in order to explain the
observed polarization anisotropies. Additionally, the effect of temperature, excitation
energy, and power on the linear polarization characteristics are investigated in Sec. 4.3.
Sec. 4.4 contains a detailed analysis of the influence of high magnetic fields on the
linear polarization properties of the defect centers ZPL emission. This chapter closes
with concluding remarks in Sec. 4.5. Note that this chapter covers the results published
in [80].

4.1 Sample geometry and linear polarization degree

The linear polarization experiments were performed on the setup visualized and
described in Sec. 2.1. Sample BP was used for excitation along the (001) axis, whereas
for excitation along the (111) and the (211) direction YS served as the sample,
compare Sec. 2.4. In Fig. 4-1 (a) sketches of both samples are depicted, together with
the corresponding optically excitable axes, which were used in the experiment. Note
that the (011) axis in YS was not investigated. Due to the rather small base face and
the rod shape of the sample, optical excitation along the (011) direction is barely
feasible.

In order to characterize the polarization properties of the PL, the linear polarization
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Figure 4-1: (a) Scheme of the examined samples YS and BP, with their optically accessible
symmetry axes. (b) Tetrahedral orientations of NV centers (red arrows) in a diamond crystal.

degree is defined to

Py = S% i S%

So , (4.1)

determined by the Stokes parameters Sqg = Igo + Igge, S1 = Igo — Igge and Sy =
Iy50 — 11350.[78] The index of PL intensity I indicates the angle of the detected linear
polarization plane with respect to the polarization plane of the exciting light, which
was retained unchanged throughout the measurements. By analogy with the Faraday
rotation angle, we define the rotation of the linear polarization plane by

~180° Sa
0 = - arctan(51> . (4.2)

For analyzing the angular dependence of the linear polarization, the rotation degree
can be understood as the angular change of Pjp.

4.2 Angular dependence of the linear polarization

In this section the influence of the diamond-crystal and the defect-center symmetry-axes
orientation on the polarization properties of the corresponding ZPL will be investigated.
Therefore, the geometry of the NV center will be discussed in the following section. Due
to the lattice symmetry of the diamond crystal, there are only four possible orientations
for the NV center, which are the (111), (111), (111), and (111) direction.!®!] Note that
this applies for the NV~ as well as for the NV center. In Fig. 4-1 (b) these orientations
of NV centers, which are described by the Cs, symmetry group, are illustrated. The NV
center orientations (red arrows) correspond to the electron bonding axes between the
carbon atoms of the diamond crystal. In context of the experiment however, only the
two-dimensional (2D) projections along the optically accessible crystallographic axes
are important, since these projections represent the symmetry of the NV centers in
direction of the light field.

All excitation geometries will be discussed for the linear polarization of the NV~
ZPL in the following, starting with the (001) direction, including the deduction of a
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theoretical description in Sec. 4.2.1. The NV? and V? center as well as the Raman line
will be elaborated subsequently in Sec. 4.2.2 for the (001) direction only. Fig. 4-2 (a)
shows the 2D projection along the (001) direction; one can clearly see that the three-
dimensional configuration of NV center axes according to a tetrahedral symmetry is
reduced to a rectangular cross (see red arrows) lying in the xy-plane. The dependence
of Py, of the NV~ ZPL on the diamond crystal rotation around the (001) direction
is depicted to the right of this projection in Fig. 4-2 (a). The value of Py, varies
periodically between 0.09 and 0.32. A fit with a sine function according to

Pin(6) = Ksin (2;% ; ¢o> r, (4.3)

gives the four independent fitting parameters amplitude K = 0.098 & 0.008, periodicity
p = (90.6£0.9)°, phase shift ¢ = (0£2)°, and offset x = 0.215+0.005. The pronounced
90° periodicity becomes apparent: at about ¢ = 45°, P, reaches a maximum. At this
angle the polarization plane, more specifically the electric field vector of the NV~ ZPL
emission, coincides with the NV center symmetry axis (111). Further maxima of B,
can be observed at about ¢ = 135°, 225°, and 315°. They are in line with the other
three symmetry axes of the NV center. The minima, however, can be found, when the
polarization plane is in between two of the NV center symmetry axes at about ¢ = 0°,
90°, 180° and 270°. Apparently this strong anisotropic angular dependence of Py
mirrors the rectangular symmetry of the 2D projection of the NV center orientations.

Similar observations can be made for P, of the NV~ ZPL emitted along the (111)
direction. As shown in Fig. 4-2 (b), the total polarization is weaker and the variation in
the polarization degree is only about 0.04, yet one can still see a clear 120° periodicity.
In fact, this mirrors the tripod symmetry of the corresponding 2D projection of the NV
centers orientation in (111) direction. The tripod symmetry appears because the NV
centers oriented along the (111) axis coincide with the optical axis. The maximal P, of
about 0.17 can be observed at roughly 90°, when the polarization plane is perpendicular
to the (111) direction, whereas the minimum of about 0.13 can be found around 270°.

In contrast to the afore described symmetries, the P, of the NV~ ZPL emitted
along the (211) direction demands a more complex explanation, as shown in Fig. 4-
2 (c). Here Py, varies between 0.32 and 0.15 with a 90° periodicity, similar to the one
shown in Fig. 4-2 (a), whereas the 2D projection of the NV center orientation shows
just a reflection symmetry along the z-axis, but no periodicity. Another main difference
of this 2D projection in comparison to the others is that the projections of the NV-
center symmetry axes differ in length. For example, the (111) axis is almost parallel to
the optical axis. Therefore its projection vector is rather short. However, there is at
least some relation between the Fj, angular dependence and the 2D projection, since
the maximum of P, at about 0° coincides with the (111) axis. In contrast to that,
such a simple relation can not be found for the other three maxima of Bj, and the
corresponding NV center directions.
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Figure 4-2: 2D projection of the NV center orientation (red arrows) and linear polarization
degree Py, (black dots) of the NV~ ZPL with optical axis along (a) the (001), (b) the (111),
and (c) the (211) direction, as a function of the sample rotation degree ¢; T =6 K, B=0 T,
Eex = 2.33 €V for the (001), 2.21 eV for the (111) and (211) direction, pex = 10 mW for the
(001), 5 mW for the (111), 3 mW for the(211) direction. The blue solid lines are sine based
fit functions according to Eq. (4.3), the red dashed line is a fit function based on Eg. (4.6).
Dashed black lines are guides to the eye. The experimental error does not exceed the symbol
size.
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4.2.1 Symmetry based theoretical description for the (001) direction

In order to explain the correlation between the anisotropies of B, and the orientation
of the NV center, the observations along the (001) direction will be discussed in further
detail because of the high symmetry in this geometry. In the following considerations
and for further investigations the main focus will therefore lie on this geometry.

As a phenomenological approach, a relation between the polarization degrees of
the exciting laser light and the NV~ PL is calculated by taking only the diamond
crystal symmetry and the NV center orientation into account. This relation can be
mathematically expressed with the rank-four tensor A;jr, as follows:

(BIVETYY) = Ay (ERFER) (4.4)

Here, EZP L and E* are the components of the electric field vectors of the emitted PL and,
respectively, the exciting light. Hence, (EY LE]PL*> and (EpXES*) are the components

of the non-normalized polarization tensor.[8! Since it is a phenomenological expression,
Ajjkn only depends on the symmetry of investigated object. Therefore, it is necessary
to have a closer look at the symmetry of the NV~ center in diamond.

For an excitation along the (001) direction, only the 2D projection on the zy-plane is
important. This projection, which is depicted in Fig. 4-2 (a), is shaped like a rectangular
cross; accordingly, the complex three-dimensional symmetry of the four NV~ center
symmetry axes can be reduced to a cubic symmetry. For a cubic symmetry, one obtains
Azzzz = AH, Aiijj = Alg, Aijij = A44 and Aijjz‘ = A47 with ¢ 7é j, while all other tensor
components are zero.’¢l Furthermore, only linear polarization is considered and it is
assumed, in good agreement with the experimental conditions (compare Sec. 2.1), that
the exciting laser beam and the emitted PL emission are parallel to the (001) axis. The
linear polarization degree is then defined by

Bin(6) = - cos(dé + go) + 2

4.
2a 2a ( 5)

The parameters are given by a = A +A12, c=Au+As;and b= A1 —A19—Aga— Aur.
Finally, Pj,(¢) can be described by

Plin((;S) =A COS(4¢ + ¢0) +d (46)

with the two independent parameters amplitude A and offset d according to

b+ 2¢
2a

b
A= % and d= (4.7)
In addition, a relation for the angular dependence of the rotation 6 of the polarization
plane is deducted, due to the fact that # can be understood as the angular change of
Py

dPin(9) x 0(¢) = C cos(4¢ + ¢ + 45 +e (4.8)

do
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with the amplitude C' and offset e. A fit based on Eq. (4.6) (red dashed line) describes
the angular dependence shown in Fig. 4-2 (a) quite well. The fitting parameters A =
0.0984+0.008, ¢pp = (—1+1)° and d = 0.21640.005 are very similar to the ones obtained
by the sine based fit function (blue solid line) according to Eq. (4.3).

In order to gain further insight into the observed Fj, anisotropy of the NV~ ZPL,
the ZPL emission process should be discussed in detail by taking the fine structure of the
NV~ center into account, compare Sec. 1.3. The NV~ ZPL is a spin conserving optical
transition between the first-excited state *E and the ground state 3A,. Since linear
polarization properties are analyzed, the focus lies on the linearly polarized transitions
only. These involve the states with zero spin and orbital angular momentum projections,
namely the excited states Ey, Ey and the 3 A9 ground state. The ZPL photons, emitted
during the relaxation process involving these states, are linearly polarized along the
dipole axis, which is perpendicular to the symmetry axis of the NV~ centers.[% 7 Vice
versa, in order to excite an electron to the linearly polarized states, the polarization
of the exciting light must be perpendicular to the NV~ centers’ symmetry axes too,
especially, for resonant excitation.['7]

In the case of optical excitation along the z-axis, the exciting light is for instance
polarized along the xy-diagonal, compare Fig. 4-2 (a). Thus, only two NV~ centers are
linearly excited. In turn, solely these two NV~ centers contribute to the emission process
of the linearly polarized ZPL. Since the dipoles of these centers are oriented parallel,
the polarization plane of the ZPLs emitted by these NV~ centers are parallel too; hence
By is maximized. However, when the exciting light is polarized along the x- or y-axis,
every NV~ center is excited and contributes to the emission process of the ZPL. But,
since the dipole orientations of the (111) and (111) NV~ centers are perpendicular to
the orientations of the (111) and (111) NV~ center dipoles, the polarization planes of
the ZPL emissions by these centers are perpendicular too. Therefore, the total linear
polarization is reduced and Pj, decreases. Note that a linearly polarized excitation of
the NV~ centers in fact creates electrons in both linearly and circularly polarized excited
states. As a consequence, the ZPL emission consists of linearly as well as circularly
polarized contributions. A detailed analysis of the circular polarization properties of
the NV~ center PL is presented in Chapter 3.

4.2.2 Linear polarization anisotropies in the (001) direction

In order to verify the quality of the deduction, the phenomenological approach will be
extended to the linear polarization characteristics of other defect centers too. In this
context not only the NV® and the VO center, but also the 1332 cm~! Raman line of
diamond will be investigated.

In Fig. 4-3 (a) Pin of the neutral NV? center ZPL is depicted as a function of the
sample rotation angle. Since the symmetry is the same for NV and NV~, again an
anisotropy with a 90° periodicity is seen. Here P, varies between (.02 and 0.25, and
therefore it is about 0.07 smaller compared to the NV~ ZPL. The angular shape can be
described sufficiently by Eq. (4.6).

Furthermore, the polarization properties of the 1332 ¢cm™! Raman line, which
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Figure 4-3: Linear polarization degree P, (black dots) of (a) the NV® ZPL, (b) Raman line
and (c) V° main ZPL together with the normalized Stokes parameters S;/So (blue triangles)
and S3/Sy (green stars) as functions of the sample rotation angle ¢; T = 6 K, B = 0 T,
Eox = 2.33 6V, pex = 10 mW. The optical axis is oriented along (001). The fit curves (red solid
lines) are cosine functions according to Eq. (4.6). Dashed lines are guides to the eye. The
experimental error does not, exceed the symbol size.

indicates a vibration of the two diamond Bravais lattices relative to each other, are
investigated.[63: %41 As it is shown in Fig. 4-3 (b), the Raman line is strongly linearly
polarized; B, varies between 0.97 and 0.78. As in the case of the NV center, the
angular evolution can be modeled in good agreement with Eq. (4.6). Hence, our
phenomenological approach is valid not only for PL, but also for inelastic light
scattering. This is well in line with previous investigations. In [87] J. Mossbrucker et
al. observed a similar anisotropy in the linear polarization degree of the Raman line in
diamond along the (001) direction.  They found that the linear Raman-line
polarization is maximized, as shown in our case, when the polarization of the incident
light is parallel to the 2D projections of the diamond lattice and the optical axis. In
order to mathematically describe this anisotropy, they used the approach that
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interaction with light induces a dipole moment in a polarizable material. The
polarizability, however, depends on the configuration of the material, which is a
function of the vibrational motion of the nuclei. Analog to our phenomenological
approach, presented in Sec. 4.2.1, J. Mossbrucker et al. take only the symmetry of the
examined structure into account. Their experimental findings are, similar to the
observations presented here, that the polarization of the Raman line is maximal when
the polarization of the incident light is parallel to the 2D projections of the diamond
lattice along the optical axis. In this configuration the polarizability of the diamond
crystal is maximal, therefore the polarization of the photons is preserved during the
Raman scattering process and the observed Py is close to unity.

To complete the picture, the VO center is additionally studied. This center has a
tetrahedral Ty symmetry, which is quite comparable to the NV center Cs,, since the
four axes which connect the vacancy with the four next neighbor C-Atoms are the four
NV-center symmetry axes (111), (111), (111) and (111).1*3] Therefore, the theoretical
approach should also apply for this defect center and Eq. (4.6) should be valid too. The
Pin of the VO main ZPL is presented in Fig. 4-2 (c) dependent on the sample rotation
angle ¢. In contrast to the previous findings, Fj, is quite small. It exhibits values
between 0.02 and 0.08; the variation with angle is barely higher than the experimental
error. A fit to the data according to Eq. (4.6) gives acceptable results, but does not
seem appropriate. In contrast to the NV center, the VO center has no static dipole
moment due to the high symmetry of its electron distribution. As a result, Py, is small
and a significant anisotropy in the angle dependence cannot be observed.

There is, however, an anisotropic deviation at about 270°, but in terms of accuracy
its significance is questionable. In order to get a more detailed picture, a closer look at
the Stokes parameters, which were measured to calculate Pj,, see Eq. (4.1), is taken.
In contrast to Pjy,, the normalized Stokes parameters S1/Sy (blue triangles) and Sa/Sp
(green stars) both show an 180° anisotropy with symmetry axes around 0° for S; /Sy and
135° for S2/Sp. This anisotropy is in line with the VY centers T4 symmetry, which is also
invariant under rotation around 180°. Moreover, the anisotropy indicates a symmetry
reduction, which might be due to Jahn-Teller coupling. Static Jahn-Teller coupling
would lead to reduction of the Tq symmetry to a tetragonal Dog symmetry, resulting in
an electric dipole moment along the (100) direction.[! However, theoretical calculations
have shown that the T4 is maintained due to dynamic Jahn-Teller distortion. At low
temperatures, the formation energies for Tq and Doy symmetry only differ by about
3 meV. Hence, some V? center might actually have Dog symmetry.[77]

In addition to the linear polarization degree, the rotation 6 of the linear polarization
plane is a useful measure to understand the polarization characteristics of the defect
center ZPLs. Again, the NV~ ZPL will be considered first. Fig. 4-4 (a) shows the
dependence of 6 on the sample rotation ¢, which is in good agreement with Eq. (4.8).
As one can see,  varies between -23° and 8° with 90° periodicity. One gets a similar
picture for the NVY ZPL, depicted in Fig. 4-4 (b). The periodicity is the same, while
the amplitude of 0 is even bigger than for the NV™; one can observe a variation between
-40° and 32°. Again, a fit function based on Eq. (4.8) describes the anisotropy quite
well. The fact that the rotation of the linear polarization plane changes its sign indicates
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Figure 4-4: Rotation of polarization plane 6 of (a) the NV~ and (b) NVY ZPL, (c) Raman-line,
and (d) VY main ZPL as functions of the sample rotation angle ¢; T = 6 K, B = 0 T,
Eex = 2.33 €V, pex = 10 mW. The optical axis is oriented along the (001) direction. The fit
curves (red line) are cosine functions according to Eq. (4.8), the blue line is a sine fit function.
Dashed lines are guides to the eye. The experimental error does not exceed the symbol size.

a switching between radiative electron states of orthogonal linear polarizations. In this
context, the rotation of the crystal by 45° can be understood as a binary polarization
modulation, which selects the orthogonal transition dipoles!™ which contribute to the
linearly polarized ZPL emission.

Once more, Raman scattering is taken into account. In Fig. 4-4 (c) the angular
dependence of 6§ is pictured. A rather strong variation with its minimum at -44° and
maximum at 42° is observed. In contrast to the angular dependence of BFj,, which had
a 90° periodicity, now a 45° periodicity is observed for 6, which can be fitted best with a
sine function. Moreover, the polarization of the VY main ZPL, presented in Fig. 4-4 (d),
provides another, different picture. While Pj, is quite small, compare Fig. 4-3 (c),
0 varies between -42° and 40°. In contrast to all other periodicities observed so far,
the here observed 180° periodicity can not be fitted well with a simple sine function.
Apparently, the phenomenological approach to deduct an equation for 6 seems only valid
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Chapter 4. Linear polarization characteristics of defect center PL

for NV centers rotated around the (001) direction, but neither for Raman scattering
nor the VY center. It is, however, valid to describe the angular dependence of Py, for
the NV ZPLs and the Raman line because the assumption of a cubic symmetry applies
here.

4.3 Temperature, excitation energy, and power
dependence of the linear polarization

To investigate the influence of the experimental conditions on the polarization properties
of the defect center PL, namely energy and power of the exciting laser light as well as
the temperature of the sample, the focus will now lie on the polarization characteristics
of primarily the NV~ ZPL. A detailed analysis on the influence of an external magnetic
field will follow separately. Note that all temperature measurements were performed
for YS with the optical axis along the (111) direction. To ensure good results, a sample
rotation angle of ¢ = 90° was chosen, since B, of the NV~ ZPL is maximal at this
angle. Measurements to determine the excitation energy and power dependence were
executed for BP in (001) direction with a sample rotation angle of ¢ = 45°.

Fig. 4-5 (a) shows the temperature dependence of P, (black dots) and 6 (red
triangles) of the NV~ ZPL. At temperatures below 4.2 K P, reaches 0.25, but rapidly
decreases when the temperature rises. However, it reaches a value of 0.13 + 0.01 at
about 10 to 20 K and does not decrease any further; even at room temperature the
linear polarization degree remains at about 13 %. In contrast to this, # shows a weak
temperature dependence. For temperatures below 50 K, 6 is around (—11 £ 2)°.
However, above 50 K it slightly increases to about (—8 + 2)°. It is worthwhile
mentioning that the polarization is higher in other geometries. When the optical axis
is oriented along the (211) direction, B, is about 0.32 at 6 K and 0.22 at room
temperature (data not shown). Note that only the linear polarization has a high
temperature robustness. In contrast to that, the circular polarization decreases
strongly with temperature, compare Fig. 3-8.

For single NV centers it was found that all polarization of the ZPL emission
vanishes due to a population transfer between the excited states of the NV~ center at
temperatures above 40 K. 89 This population transfer is coupled to a degenerated
vibrational mode, which is a consequence of the Jahn-Teller effect.[%0 91 Tn addition to
the decrease of polarization, another consequence of this population transfer is the
strong broadening of the NV~ ZPL, following a 7° dependence. The observed
temperature dependences are however much weaker. As illustrated in the inset of
Fig. 4-5 (b), the full width at half maximum (FWHM) of the NV~ ZPL shows a
dependence according to TH9F9%1 This temperature dependence of the FWHM hints
at a weak inhomogeneous broadening of the NV center ensemble, which might be due
to a high homogeneity of the diamond crystal. Furthermore, the energy of the NV~
ZPL shows a dependence following T%°t02.  In Fig. 4-5 (b) the energy shift
AEzp1(T) = Ezpr(T = 1.8 K) — Ezpr(T') (red triangles) is illustrated as a function of
the sample temperature. The temperature dependence of the energy shift can be
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Figure 4-5: (a) Dependence of linear polarization degree Py, (black dots, left scale) and
rotation of polarization plane 6 (red triangles, right scale) of the NV~ ZPL on the temperature.
(b) Intensity (black dots, left scale) and ZPL peak energy shift (red triangles, right scale) of
the NV~ ZPL as a function of the temperature. The inset shows the temperature dependence
of the full width at half maximum of the NV~ ZPL (blue squares). The optical axis is oriented
along the (111) direction. The fit functions (solid curves) are power functions. Dashed lines are
guides to the eye. Unless shown otherwise, the experimental error does not exceed the symbol
size.

related to an electron-phonon coupling resulting from a long-range interaction between
the NV centers and other defects, which is modulated by long-wave acoustic
phonons!®?l and a softening of the NV centers’ bonds, which leads to an enhanced
low-energy phonon density in the excited states.[93] A Raman process, however, can be
neglected, since it typically shows temperature dependences of higher order.[®
Moreover, the NV~ ZPL intensity (black dots) decreases with increasing temperature,
see Fig. 4-5 (b). At low temperatures one observes an intensity of about 1000 cps, but
at temperatures above 50 K the intensity decreases to about 100 cps at room
temperature. In addition, the high Bj;, at room temperature is an evidence that the
Jahn-Teller effect is less important for an ensemble of NV centers and that an orbital
averaging of the excited states to practically one excited state at high temperatures is
not present in the samples studied in the frame of this thesis.[72 671

A variation of the excitation energy of the laser from 2.01 to 2.21 eV does not show
a significant change in the NV~ ZPL Py, as illustrated in Fig. 4-6 (a). In terms of
accuracy, Py is more or less constant at a value of about 0.21 £ 0.01. Apparently, the
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Figure 4-6: Dependence of the (a) linear polarization degree P, and (b) rotation 6 of
polarization plane of the NV~ ZPL on excitation energy. (c¢) P, and (d) € of the NV~
ZPL (black dots), NV? ZPL (red squares), V° main ZPL (blue triangles), and the singlet state
transition of the NV~ center (green stars) as a function of the excitation power; the optical
axis is oriented along the (001) direction. Dotted lines are guides to the eye. If not shown, the
experimental error does not exceed the symbol size.

excitation energy is of minor relevance in the region of highest absorption.l*2l Even at
quasi-resonant excitation with 2.01 eV an enhancement of the linear polarization is not
observed. One may claim that resonant excitation would lead to an increase in Py, due
to a reduction in the probability of angular momentum changing relaxation processes
between excited states, which shall however not be the case for excitation energies above
2.01 eV. Also, like Py, 6 of the NV~ ZPL does not depend on the excitation energy.
As one can see in Fig. 4-6 (a), 6 has a constant value of about (11 £ 2)°.

In contrast to the latter, the power of the exciting laser plays a crucial role for the
NV~ polarization. In Fig. 4-6 (c) the power dependence of P, of the NV~ ZPL is
depicted (black dots). For a low laser power, P}, stays constant at a value of 0.27, but
when the power increases above about 3 mW, it decreases down to 0.16 at 30 mW. Note
that this is not the case for the P, of the NV? (red squares) or VY (blue triangles)
ZPLs. In addition, the singlet state transition (SST)? of the NV~ center at 1.186 eV
(green stars) remains stable as well.

The decrease of Fjj, might be due to an increase in the local sample temperature,
which is unavoidable at high power excitation. The decrease of Pj, at high powers
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is comparable to the decrease at temperatures of about 10 K, compare Fig. 4-5 (a).
However, at high excitation powers an increase in 6 is observed only for the NV~ ZPL,
see Fig. 4-6 (d), whereas an increase in 6 is not observed for temperatures below 50 K.
Since it can be assumed that the temperature increase due to high power excitation
is far below such values, the increase in 6 with rising power cannot be explained by
heating effects only. A possible explanation would be a change in the refractive indices
of right- and left-circularly polarized components of the ZPL emission, which is induced
by the high power of the exciting laser.

4.4 Magnetic field dependence of the linear polarization

Besides the crystallographic properties, the polarization characteristics of the defect
center ZPLs may also be influenced by the coupling of an external magnetic field with the
angular momenta of the vacancy center electrons. In order to investigate this influence,
polarization measurements at high magnetic fields up to 10 T were executed. Again
the focus of this section lies on the polarization of the NV~ ZPL only and the Py, will
be discussed firstly. The angular dependence of Py, shows similar 90° periodicity at
magnetic fields of 0, 3, 6 and 9 T, as depicted in Fig. 4-7 (a) for the optical axis oriented
along the (001) direction. The amplitude of the oscillation does not vary significantly
with the strength of the applied magnetic field. This is most likely due to the fact that
the linearly polarized excited states involved in the emission process of the ZPL, which
have spin projection mg = 0, differ only in their orbital angular momentum projection.
Because of the small effective orbital g-factor (about 0.16), compare Sec. 3.1, the Zeeman
splitting is rather small. Hence, strong changes in the population of the excited states
cannot be created with magnetic field up to 9 T.

However, when looking at the angular anisotropy of Rj,, a phase shift can be seen.
At zero magnetic field, B, hits its maximum at about ¢ = 45", but at 9 T the maximum
is shifted to about ¢ = 11°. This phase shift a(B) is shown in Fig. 4-8 (a) as a function
of the applied magnetic field. Apparently, the phase shift increases with rising magnetic
field. In order to mathematically describe the anisotropy in the presence of an external
magnetic field, Eq. (4.6) must be modified in the following way:

Piin(¢) = Acos[4¢ + ¢o + a(B)] +d . (4.9)

This equation is used to fit the data shown Fig. 4-7 (a).

The phase could result from the magnetic torque of the external field, acting on
the magnetic moments of the NV~ center electrons.[3% 83 84 Ag g result, they tend to
align in such a way that the total magnetic energy is minimized. Such a rotation of the
magnetic moments would in turn lead to a rotation of the angular dependence of the
NV~ ZPL Py, since the polarization plane of the ZPL emission is perpendicular to the
dipole orientation. An alternative explanation is that the observed phase shift occurs
due to a mixing of states with different magnetic moments under the application of a
magnetic field, which is specifically oriented with respect to the NV~ center symmetry
axes.
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Figure 4-7: Linear polarization degree P, and rotation of polarization plane 6 of NV~ ZPL
along (a,d) the (001), (b,e) the (211) and (c,f) the (111) direction as functions of the sample
rotation angle ¢ at a magnetic field of B = 0 (black dots), 3 (green stars), 6 (red squares), and
9 T (blue triangles). The curves are fits based on Eq. (4.9) and (4.8), or, in case of the (111)
direction a function o sin(3¢). T = 6 K, Eex = 2.21 6V, pex = 10 mW (for the (001) direction),
5 mW (for the (211) direction), and 3 mW (for the (111) direction). The experimental error
does not exceed the symbol size.
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4.4. Magnetic field dependence of the linear polarization

However, this phase shift of the P, of the NV~ ZPL can only be seen in the
(001) direction. As depicted in Fig. 4-7 (b) there is no significant phase shift in the
(211) direction. Here the angular dependence looks almost the same regardless of the
magnetic field. Additionally, no variation of the Pj, amplitude can be seen. In Fig. 4-
7 (c) the angle dependence of B, along the (111) direction is shown. Equal to the (211)
direction, no phase shift of Fj, is seen with rising magnetic field, but a small increase
of about 0.03 from 0 to 9 T can be observed in this geometry. Note that this increase is
in the order of the experimental error for the (001) and (211) direction, and therefore
one cannot certainly conclude that such an increase is absent in these directions.

In contrast to the angular dependence of Py, the polarization rotation 6, illustrated
in Fig. 4-7 (d) for the optical axis oriented along the (001) direction, shows no significant
phase shift with rising magnetic field, but the total value of the 90° periodic oscillation
increases drastically. At zero magnetic field 0 varies between —14° and 19°, whereas
at 9 T the variation lies between 2° and 32°. In Fig. 4-8 (b) the dependence of § on
the magnetic field is shown for (001) direction (red dots) at T = 6 K. Note that the
sample rotation angle ¢ was set to a value of maximal linear polarization degree. It
becomes apparent that 6 increases linearly with rising magnetic field. To describe the
anisotropic behavior of 6(¢), Eq. (4.8) must be extended with a variable offset via

e=e+eB)-B . (4.10)

with eg = (11.4%+0.3)° and e(B) = (1.2040.07))°/T for (001) direction. It is worthwhile
mentioning that the Faraday rotation of the cryostat windows, which would also cause
an increase of # with rising magnetic field, was separately measured and corrected in
Eq. (4.10).

This linear increase of 6§ with the magnetic field can be observed for all studied
directions. In Fig. 4-7 (e) the angular dependence of # in (211) direction is depicted.
Equal to the (001) direction, no phase shift can be seen, but again 6 increases with
rising magnetic field. The slope can be evaluated to e(B) = (0.79 £ 0.04)° /T, compare
Fig. 4-8 (b) (black filled squares). In addition, an increase of # can be observed in the
(111) direction too. The magnetic field dependence of the NV~ ZPL 6 in (111) direction
is presented in Fig. 4-7 (f) and with blue filled triangles in Fig. 4-8 (b), a fit according
to Eq. (4.10) results in eg = (—11.4 4 0.3)" and e(B) = (1.13 £ 0.05)°/T.

Apparently, the increase of # with rising magnetic field seems to be independent of
the crystal orientation, since it is of a similar value in all three observed geometries.
The arithmetic mean of this increase is e(B) = (1.04 4 0.09)°/T. For the NV? ZPL
(green stars) in (001) direction, a significant smaller increase of 0 is observed with rising
magnetic field. A fit according to Eq. (4.10) results in eg = (10.4 +0.4)° and e(B) =
(0.4440.08)°/T. Note that for the NV~ singlet state transition at 1.19 eV, Py, is about
0.15 irrespective of the magnetic field strength, and 6 rises with e(B) = (2.0 £0.4)°/T
measured along the (111) direction at 7' = 6 K (data not shown).

It is worthwhile mentioning that 8 of the NV~ ZPL is not influenced significantly by
temperature, as one can see in Fig. 4-5 (a). Even at room temperature the anisotropy
of 6 as well as its magnetic field dependence are more or less the same. However, the
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Figure 4-8: Magnetic field dependence of (a) phase shift « for NV~ ZPL polarization in (001)
direction at 7' = 6 K, and (b) 6 of the NV~ ZPL in (001) (red dots), (211) (black squares)
and (111) direction (blue triangles) as well as of the NV? ZPL in (001) direction (green stars)
at T = 6 K (filled symbols) and room temperature (open symbols). The solid lines are linear
fits according to Eq.(4.10). Fey = 2.21 eV, pex = 10 mW for (001) and (211) direction at room
temperature, 3 mW for (111) and (211) direction at 6 K. If not shown, the experimental error
does not exceed the symbol size.

error increases due to smaller ZPL intensity at high temperatures.[?! In Fig. 4-8 (b),
the magnetic field dependence of # is shown at room temperature for the (111) and
(211) direction (open symbols). The total values for 6 are a little larger but the slopes
are within the margin of the error equal to the values determined at low temperatures.
In the (111) direction one gets e(B) = (1.4+0.2)°/T and in the (211) direction e(B) =
(0.91£0.09)°/T can be observed. Note that due to the low NV center concentration in
BP, no room temperature measurements were performed in the (001) direction.

In addition to the increase of 6, a phase shift of § can be identified at high magnetic
fields, which is however only present in the (111) direction. As one can see in Fig. 4-7 (f)
the angular shape of 0 is rotated around about 60° when comparing the data obtained
at B =0 and 9 T. This phase shift is even bigger than the phase shift «(B) observed
for the NV~ ZPL P, in the (001) direction, compare Fig. 4-8 (a).

The magnetic field dependences of P, and 6 of the NV~ ZPL demonstrate that not
only crystallographic properties are relevant for the polarization properties of the NV~
centers in diamond. The rotation of the linear polarization plane of the NV~ emission,
with respect to the polarization of the exciting laser light, motivates the presence of
magneto-optical rotation. Under the influence of an external magnetic field the NV
center ensemble in diamond exhibits birefringence in its response to the linear polarized
laser field. This is due to an asymmetry in the refractive indices for right- and left-
circularly polarized light, caused by Zeeman splitting of the magnetic sublevels in the
ground and excited states of the NV~ center.[9% %I

The magneto-optical Faraday rotation fp, which indicates the rotation of the
polarization plane of a light wave passing through an optically active medium
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subjected to a magnetic field can be described by 6 = VB, with the Verdet constant
V' and the thickness 7 of the medium. In a way, one can refer to the parameter e(B) as
the Verdet constant. However, the results obtained in the (001), (111), and (211)
direction do not depend on the thickness of the crystal, since it is quite likely that
mostly the NV centers near the surface of the diamond crystal are excited and
contribute to the ZPL emission. Therefore, the area of optically active NV~ centers
can be assumed to be similar in both samples studied. Note that the magnetic field
induced circular dichroism!®l is negligible, since the absorption of diamond is in the
far ultra-violet spectral range due to the high band gab of about 5.48 eV.

An outlook on the influence of small magnetic fields in the order of 100 mT on the
linear polarization of the NV~ ZPL can be found Chapter 7.

4.5 Conclusion

In summary, the zero phonon lines of the neutral and negatively charged nitrogen
vacancy as well as the neutral single vacancy center are strongly linear polarized.
Even at room temperature a linear polarization of 10 to 20 %, depending on the
crystal orientation, is observed for the NV~ ZPL. This suggest that Jahn-Teller
coupling is of minor relevance for ensembles of NV centers, resulting in an
electron-phonon coupling between the NV centers and other defects modulated by
long-wave acoustic phonons, which is just slightly depolarizing. The crystallographic
properties of the NV centers cause distinct anisotropies in the linear polarization of
the ZPL emission. These anisotropies not only characterize the NV center orientation
and symmetry, but also offer the possibility of selectively addressing linearly polarized
states by controlled change of the crystal orientation. In this context, the sign of the
polarization plane rotation of the NV center ZPL emission is changed periodically,
which indicates a switching between orthogonally linearly polarized transition dipoles.
In addition, a magneto-optical rotation of the polarization plane of the NV center ZPL
emission could be identified in the presence of high external magnetic fields.
Remarkably, this magneto-optical rotation is isotropic, since it can be seen in all
observed crystal directions, and of the same magnitude at low temperatures as well as
at room temperature. Additionally, a phase shift of the angular dependence of the
linear polarization degree of the NV~ ZPL can be seen when strong magnetic fields
are applied. This could be a result of the magnetic torque of the applied field on the
magnetic moments of the NV center electrons. Moreover, the temperature
dependences of the NV~ ZPL characteristics indicate a direct phonon process between
the excited states of the NV~ center. Furthermore, the rotation of the polarization
plane of the NV~ ZPL emission is enhanced at high laser-excitation power in the
absence of an external magnetic field. This might be due to an optically induced
change in the refractive indices of the right- and left-circularly polarized components
of the NV~ ZPL emission.
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Chapter 5

Fano effect and effective recharging

In this chapter the interaction between the two charge states of the NV centers is
investigated. PLE measurements were carried out in the energy range of the NV? and
NV~ center ZPLs. By analyzing the distinct characteristics of the PL emitted by these
centers, the origin of the interaction is determined. Firstly, the NV~ ZPL at resonant
excitation of the NVO center is studied in Sec. 5.1. In this context, three samples
with different concentrations of NV centers are taken into account in Sec. 5.1.1. In
addition, the effects of excitation power and spot size (Sec. 5.1.2), as well as temperature
(Sec. 5.1.3) and magnetic field (Sec. 5.1.4) on the coupling mechanism are investigated.
After a short summary of the findings in Sec. 5.1.5, the focus is drawn on the NV° ZPL
at resonant excitation of the NV~ center in Sec. 5.2. In this regard, the dynamics of
the interaction between the two charge states are presented. Moreover, in Sec. 5.3, the
VY ZPLs are observed under resonant excitation of the NV? center. In Sec. 5.4 two
explanations for the observed interaction are discussed. Firstly, the role of NV center
recharging in the emission process of the ZPL is considered in Sec. 5.4.1. It is followed
by an introduction into the Fano effect, which can be identified in the ZPL of the NV
centers, in Sec. 5.4.2. Finally, the findings of this chapter are concluded in Sec. 5.5.
Note that this chapter covers content which is prepared to be published.[%®l

5.1 NV~ ZPL under resonant excitation of NV' center

To probe the interaction between the differently charged states of the NV center, the
NV~ ZPL is observed under variation of the excitation energy. This experimental
principle can be seen in Fig. 5-1 (a). Here, the spectra of both, the NV~ and NV° ZPL
in BP, are depicted. The detection range, which includes the NV~ ZPL, is shown in blue
while energy of the exciting laser is marked in green. The aim is to investigate how the
NV~ ZPL changes when the excitation energy is in resonance with the NV? ZPL energy.
Therefore, the NV~ ZPL is fitted with a Gaussian function in order to determine the
intensity, width, and peak energy. The dependence of these parameters on the excitation
energy Fex is subsequently analyzed. The setup of such a PLE experiment is presented
in Sec. 2.1. In Fig. 5-2 (a) the normalized intensity Izpy, of the NV~ ZPL is shown
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Figure 5-1: (a) PL spectrum of diamond sample BP containing NV° and NV~ centers. For
probing the coupling between the differently charged states the NV center is resonantly excited
at about 2.156 eV (green shaded region), while the ZPL of the NV~ center is detected at about
1.946 €V (blue shaded region); pex = 10 mW, Eox = 2.33 V. (b) Luminescence efliciency Lyzpr,
of the NV (blue triangles) and NV~ ZPL (red dots) in Ryab as a function of the excitation
power; T = 295 K, F., = 2.33 e¢V. Dashed lines are guides to the eye.

as a function of the excitation energy. Note that the depicted intensity is normalized
to the value of Izpr, at non-resonant excitation; that means the intensity shows the
amplification due to resonant excitation. When the excitation energy equals the NV©
ZPL energy of about 2.156 eV, the NV~ ZPL drastically increases. This resonance can
be fitted well with a Lorentzian function according to

wL
?
X Elres)2 + w]%

IzpL(Eex) = Io + <2 : é:) 1T (E (5.1)
with Iy = 1.0 £ 0.1, amplitude Ap, = (12.2 + 0.4) meV, resonance width wy, = (0.59 £
0.02) meV, and resonance energy Epes = (2.15643 +0.00001) eV. For characterizing the
resonance, however, only two parameters are of significant importance: the resonance
width wy, and the ZPL intensity amplification Hy, = 2 - Ap, /(7 - wy,) + lo. The fitting
parameters result in an amplification Hy, = 14.1 & 0.4 of the NV~ ZPL at resonant
excitation of the NVY. A descriptive interpretation of these two parameters can be seen
in Fig. 5-2 (a) indicated by blue bars. It is worthwhile mentioning that this resonance
can be observed at almost the exact same energy of the NV? ZPL. Moreover, the width
of the resonance is comparable to the linewidth of the NV? ZPL, too. A Lorentzian
fit according to Eq. (5.1) to the spectrum of the NV? ZPL shown in Fig. 5-1 (a) yields
Eres = (2.15656 + 0.00001) eV and wy, = (0.504 £ 0.005) meV. The energies only differ
by about 0.13 meV, which is far less than the width of the resonance and the step width
of the measurement, which was about 0.4 meV.

In addition to the distinct intensity increase at resonant excitation of the NV center,
a decrease of the NV~ ZPL width can be seen. In Fig. 5-2 (b) the FWHM of the NV~
ZPL is presented as a function of the excitation energy. At the resonance, the FWHM
decreases by about 23 %.
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Figure 5-2: Characteristics of the NV~ ZPL determined by Gaussian fits (black dots) at
resonant excitation of the NV? center as functions of the excitation energy Ee.. (a) ZPL
intensity Izpr, normalized, to show the relative increase of the ZPL, the red solid line is a
Lorentzian fit function according to Eq. (5.1), the fitting parameters wy, and Hj, are shown
in blue; (b) ZPL FWHM,; (c) ZPL peak energy Eypr,, the red solid line is a Fano resonance
fit function according to Eq. (5.2), the fitting parameters Ap and wrp are shown in blue. (d)
Linear polarization degree Py, of the NV~ ZPL (black dots), calculated by Eq. (4.1), at
resonant excitation of the NV© center as functions of the excitation energy Ee.. Dashed lines
are guides to the eye. Unless shown otherwise, the error does not exceed the symbol size.

Moreover, there is a resonance of the NV~ ZPL peak energy Ezpr,, as one can see
in Fig. 5-2 (b). The energy shift at resonant excitation of the NV center can be fitted
by a Fano resonancel®! function

(QF : %wF + Eex — E‘res)2
(%wF)2 + (Bex — Eres)2

with amplitude Ap = (92 £ 3) peV, Fano factor gp = 0.7 £ 0.1, resonance width
wp = (230 £+ 30) peV, resonance energy Eres = (2.1564 £ 0.0001) eV, and offset Ey =
(1.947954 £+ 0.000001) eV. As a descriptive interpretation the parameters Ap and wp
are illustrated in Fig. 5-2 (c), indicated by blue bars. Note that in terms of accuracy
the measured resonance energy for the ZPL peak energy is identical with the resonance
energy observed for the ZPL intensity resonance, whereas the width wg of the energy
resonance is only half of the intensity resonance width wy,. However, when looking at

+Ey , (5.2)

Ezp1,(Eex) = Ay -
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Fig. 5-2 (a) and (c) it becomes apparent that wy, and wp cannot be compared directly.
In contrast to the Lorentzian shape of the intensity resonance, the Fano resonance shows
not one but two peaks, one pointing to higher and one to lower NV~ ZPL energies. Both
peaks show a width associated with the parameter wr. Hence, the total width of the
resonance is better described by 2wr, and is therefore quite similar to the width wr, of
the intensity resonance.

Furthermore, the polarization properties of the NV~ ZPL are analyzed. In Fig. 5-2
(d) the excitation energy dependence of Py, according to Eq. (4.1) is depicted. At non
resonant excitation Py, is about (20 £ 2) %, but at resonant excitation of the NV
center, P, increases to a maximum of about 32 %. Taking the polarization of the
exciting lasers into account, a high F;, indicates that the ZPL is polarized along the
same direction as the laser light.

5.1.1 Influence of high NV center concentration on the ZPL
resonances

Before analyzing the power and temperature dependence of the resonances, it should
be clarified if the resonances depend on the NV center concentration. The previous
investigations were performed on BP, a sample with rather low concentration and a
negligible amount of nitrogen impurities. The latter is important for probing an
interaction between NV® and NV~ centers, since a high amount of nitrogen impurities
results in a majority of NV centers with negative charge. Apparently, the fifth electron
of the nitrogen atom adds to the amount of free electrons, which can be captured by
the NV center, forming the negatively charged NV~ state. Therefore, a high amount
of nitrogen leads to an n-doping of the diamond crystal. The small number of NV
centers in the n-doped samples limits the possibility of observing a resonance effect.
Only at high power excitation the NV? ZPL becomes comparably intense to the NV~
ZPL. In Fig. 5-1 (b) the luminescence efficiency L of both NV° and NV~ ZPL is
pictured as a function of the excitation power. Note that a microscope objective was
used, and therefore the power density is much higher (about a factor of 10000) than in
the previously discussed measurements. The luminescence efficiency of the ZPLs is
defined by Lyzpr, = Izpr/pex and indicates how many NV centers are excited by a
certain amount of photons and subsequently emit ZPLs. If the intensity of the ZPL
rises linearly with the excitation power, Lyzpr, would exhibit a horizontal line. This is
more or less the case for the NV~ ZPL. However, for the NVY ZPL, Lyzp1, shows a
strong nonlinear power dependence. At low excitation powers of about 0.01 mW
(300 Wem™2), Lyzpr, of the NV? ZPL is about one order of magnitude smaller than
Lzpr, of the NV~ ZPL. At high excitation powers of about 0.75 mW (22.5 kW cm™2),
the difference between the luminescence efficiencies becomes smaller; Lypr, of the NV
7ZPL is about two times smaller, compared to the NV~ ZPL.

In the following section it will be shown that at excitation-power densities of about
1 MW cm ™2, which can be achieved by using a microscope objective (compare Sec. 2.2),
the resonance can be observed in samples with high amounts of nitrogen impurities too.
In Fig. 5-3 (a) the normalized intensity of the NV~ ZPL is illustrated as a function of
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Figure 5-3: Characteristics of the NV~ ZPLs of two diamond samples with high NV center
concentration determined by Gaussian fits (black dots) at resonant excitation of the NV center
as functions of the excitation energy FEe.. (a, c¢) ZPL intensity Izp;, normalized, to show
the relative increase of the ZPL. The red solid lines are Lorentzian fit functions according to
Eq. (5.1). (b, d) ZPL peak energy Ezpr,, the red solid lines are Fano resonance fit functions
according to Eq. (5.2). For Ryab, the fit function was modified by a linear term to compensate
the background. Unless shown otherwise, the error does not exceed the symbol size.

the excitation energy for the sample YS with pxyy = 2.9 ppm. Similar to BP (pny =
0.14 ppm) an intensity increase at resonant excitation of the NV center can be seen.
In comparison to BP, the resonance is smaller, with H, = 1.4 £+ 0.1 and wider, wy, =
(0.8 £ 0.3) meV. The latter effect is due to the higher concentration of NV centers
in YS, since ensemble effects lead to an inhomogeneous broadening of the ZPL lines.
The former is most likely due to the reduced amount of NV centers, caused by the
n-doping due to the nitrogen impurities in this sample. Again, the observed width of
the resonance is quite similar to the linewidth of the NV® ZPL, which can be determined
to wr, = (0.994 + 0.05) meV with a Lorentzian fit according to Eq. (5.1).

When looking at the peak energy of the NV~ ZPL, which is depicted in Fig. 5-
3 (b), a Fano resonance at resonant excitation of the NVY center can be seen again. In
comparison to the previous measurement on BP, the amplitude of the energy resonance
Ap = (52 £ 3) peV is just a little bit smaller, whereas the Fano factor gp = 0.95 £ 0.05
indicates a more pronounced resonance. The resonance width wp = (450 4 80) eV is
about twice as broad compared to BP, which again might simply be an ensemble effect.
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In addition to that, Ryab, a sample with even higher NV center density of pxyv =
3.8 ppm, is investigated. The normalized intensity of the NV~ ZPL as a function of the
excitation energy is shown in Fig. 5-3 (c). One can clearly see that the resonance at
2.156 eV is way broader compared to the samples with lower concentration, while the
amplification is significantly lower. Using a Lorentzian fit function according to Eq. (5.1)
with a linearly rising background one gets Hy, = 1.23 £0.02 and wy, = (2.9 £ 0.6) meV.
The latter is quite comparable to the linewidths one observes for the NV? and NV~ ZPL
in this sample. Lorentzian fits according to Eq. (5.1) result in wy, = (1.44 £ 0.01) meV
for the NV? and wy, = (3.99 4 0.04) meV for the NV~ ZPL.

When looking at the NV~ ZPL energy resonance at resonant excitation of the NV
center, which is presented in Fig. 5-3 (d), a broadening can be seen and a strong increase
of the resonance amplitude is also observable. A Fano resonance fit function according
to Eq. (5.2) with a linearly increasing background gives Ar = (730 & 60) peV, which
is about one order of magnitude larger compared to the other two samples, and ¢gr =
0.1 + 0.05. This indicates that the Fano effect is rather small, since the line shape is
almost Lorentzian (limiting case of Fano resonance for gp = 0) and wp = (3.0£0.4) meV.

Considering that the excitation power density for samples with high NV center
concentration is several orders of magnitude higher compared to the low concentration
sample BP, it makes sense to probe the power dependence of the resonances before
comparing the results for the samples with different NV center concentration. Since
a heating of the sample is inevitable when exciting with such high excitation power
densities, a detailed analysis of the temperature dependence of the observed resonances
follows later on in Sec. 5.1.3. It must be noted that the actual temperature of the sample
in the focus of the excitation laser can only be estimated. Since, the sample was glued
on a cold finger of a flow cryostat, compare Sec. 2.2, the temperature was most likely
about 6 to 10 K. Due to the high thermal conductivity of the diamond crystal, heating
due to the high power laser excitation can be expected to be effectively compensated by
cooling the sample. Since, no thermal broadening of the ZPL linewidths was observed,
the temperature increase induced by the laser can be estimated to be in the order of a
few K.

5.1.2 Excitation power dependence of the ZPL resonances

In the following section, the focus will lie on the excitation power dependence of the
observed resonances in the sample BP. In Fig. 5-4 (a) the parameters of the NV~
ZPL, defined by a Lorentzian fit according to Eq. (5.1), are depicted as a function of
the excitation power. The intensity amplification Hj, (black dots) rises with increasing
excitation power. At small powers of about 0.1 to 1 mW, the amplification is constant at
a value of about Ht, = 8+1, but when the power exceeds 3 mW, Ht, rises until it reaches
its maximum of 23+1 at about 30 to 100 mW. The resonance width of the ZPL intensity
wy, (red triangles) decreases with rising excitation power. The general trend is that wr,
deceases when Hj, increases. At low excitation power one gets wy, = (1.4 £ 0.3) meV,
while at higher powers the width is about half as wide. However, at maximal excitation
power of 100 mW the width increases again to wy, = (1.1 £ 0.1) meV. Together with
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Figure 5-4: Characteristics of the NV~ ZPL resonance (compare Fig. 5-1) in BP as a functions
of the excitation power pey: (a) ZPL intensity amplification Hy, (black dots) and resonance
width wy, (red triangles) estimated by Lorentzian fits according to Eq. (5.1); (b) amplitude Ap
(black dots) and width wg (red triangles) of the energy resonance of the ZPL estimated by Fano
resonance fits according to Eq. (5.2); (c¢) Fano factor gr (black dots) of the energy resonance
and spectrally integrated ZPL amplification Hy, - wy, (red triangles); T'= 6 K. Dashed lines are
guides to the eye.
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Figure 5-5: Intensity Izpp of the NV~ ZPL as function of the excitation energy FEgy for
different spot diameters of the exciting laser. The intensity is normalized, to show the relative
increase of the ZPL. Note that only the PL emitted from the center of the sample was detected.
The error does not exceed the symbol size. Dashed lines are guides to the eye.

the fact that H;, does not increase from 30 to 100 mW, this might be a sign for a
saturation effect at high excitation powers. However, when one takes a look at the
spectrally integrated NV~ ZPL amplification Hy, - wy, (red triangles), which is shown
in Fig. 5-4 (c), no saturation effect is measured. The amplification is almost constant
at (10 £ 1) meV over the whole power range, but at 100 mW excitation power a strong
increase to about 25 meV can be observed.

Next, the power dependence of the NV~ ZPL peak energy resonance will be
analyzed. In Fig. 5-4 (b) the parameters of the Fano resonance according to Eq. (5.2)
are illustrated. The resonance amplitude Ap (black dots) is about constant at
excitation powers below 3 mW. The maximum Ap = (92 + 3) eV can be observed at
10 mW, while the minimum Ap = (19 & 2) peV is seen at 100 mW. Especially at low
powers, the resonance width wy, (red triangles) has a rather high error rate; its
maximum wy, = (1.5 & 0.4) eV can be found at excitation power of 1 mW, while the
minimum wy;, = (0.23 £ 0.04) €V is located at 10 mW. In contrast to these two
parameters, the Fano parameter g, (black dots) shows a much more distinct power
dependence, as one can see in Fig. 5-4 (c¢). At minimal excitation power of 0.1 mW
one measures g, = 0.6 £ 0.1. With rising power the Fano resonance gets less
pronounced; g, drops to about 0.30 & 0.05 at 1 mW. With increasing power, however,
the Fano parameter rises to g, = 1.3 £ 0.1 at maximal excitation power of 100 mW.

When discussing the effect of the excitation power, also the spot size of the exciting
laser should be considered. In Fig. 5-5, the NV~ ZPL resonance is depicted for three spot
sizes. Note that the power density Io, = (25 +5) W/cm? is equal in all measurements.
With increasing spot size the resonance becomes weaker. When exciting with a spot
60 pm in diameter (black dots), the ZPL amplification is about Hy, = 7.3, with a spot
120 pm in diameter (red triangles), one gets Hy, = 4.8, and at 210 pm diameter (blue
squares) the resonance almost vanishes: Hy, = 2.2. In addition, one can clearly see that
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the NV~ ZPL intensity rises for big spot sizes, when exciting with energies below the
NV ZPL energy, whereas when exciting with energies above the NV ZPL energy, the
intensity decreases for big spot sizes compared to small ones.

5.1.3 Temperature dependence of the ZPL resonances

In order to understand the origin of the observed resonances, their temperature
dependence will be discussed. Again, the NV~ ZPL intensity resonance will be
considered at first and thereafter the energy resonance. In Fig. 5-6 (a) the temperature
dependences of the parameters Hy, (black dots) and wy, (red triangles) are depicted as
functions of the sample temperature. For T = 1.8 K one gets an NV~ ZPL intensity
amplification Hy, = 5.2 + 0.3, but when the temperature rises, Hy, rapidly increases to
a maximal value of about 30 + 2 at 15 K. However, when the temperature rises above
20 K the amplification Hy, decreases again to a value of 10.0 + 0.2 at 70 K. The
linewidth of the resonance is more or less constant at w;, = (0.9 & 0.2) meV at low
temperatures. However, when the temperature exceeds 25 K, it increases to about
wy, = (3.84+0.2) meV at 70 K. A fit with a power function according to

w(T) =wp -T* +wy (5.3)

with amplitude wp and offset wg, shows a temperature dependence proportional to
722402 This is within the level of inaccuracy comparable to the temperature
dependences of the NVY and NV~ ZPL linewidths, which are proportional to 73-9%0-4
and TH9%01 regpectively. (8] Again, the spectrally integrated amplification Hy, - wy,
(red triangles), which is depicted in Fig. 5-6 (¢) will be taken into consideration too. It
becomes apparent that the integrated amplification rises with the temperature. At
1.8 K one can observe the minimal amplification of (4.2 + 0.6) meV. With rising
temperature Hy, - wy, increases strongly until about 15 K, then the curve flattens. At
70 K one gets the maximal amplification of (38 £ 2) meV.

The temperature dependence of the NV~ ZPL energy resonance is shown in Fig. 5-
6 (b). The amplitude of the resonance Ap (black dots) is again rather small at low
temperatures, but increases when the temperature is slightly increased. At 1.8 K one
only gets Ap = (28 £ 3) peV, but at 10 K the maximum of Ap = (138 & 6) peV can
be observed. With the temperature rising further, the amplitude decreases to about
Ap = (11.0£0.6) peV at 70 K. Similar to the width of the NV~ ZPL intensity resonance,
the width of the energy resonance wy (red triangles) increases with rising temperature.
At low temperatures wp = (0.6 = 0.2) meV is observed, whereas the maximal value of
wp = (3.0+0.4) meV is seen at 70 K. A fit with a power function according to Eq. (5.3)
shows a T23+01 dependence, which is in good agreement with the 722%0-2 dependence
observed for the NV~ ZPL intensity resonance width wr,.

However, the Fano resonance factor qp does not exhibit a clear temperature
dependence. As one can see in Fig. 5-6 (c), it is constant within the measured
temperature range at a value of about ¢gr = 0.8 = 0.2, when discounting the value at
1.8 K.
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Figure 5-6: Characteristics of the NV~ ZPL resonance (compare Fig. 5-1) in BP as functions
of the sample temperature T: (a) ZPL intensity amplification Hj, (black dots) and resonance
width wy, (red triangles) estimated by Lorentzian fits according to Eq. (5.1); (b) amplitude Ap
(black dots) and width wg (red triangles) of the energy resonance of the ZPL estimated by Fano
resonance fits according to Eq. (5.2); (¢) Fano factor gp (black dots) of the energy resonance
and spectrally integrated ZPL amplification Hy, - wy, (red triangles); pex = 10 mW. The blue
solid lines are power function fits according to Eq. (5.3). Dashed lines are guides to the eye.
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Figure 5-7: Characteristics of the NV~ ZPL estimated by Gaussian fits at resonant excitation
of the NV center as functions of the excitation energy E., at a magnetic field B = 0 T (black
dots) and B = 9 T for right (blue triangles) and left circularly polarized light (red squares):
(a) ZPL intensity Izpr, normalized, to show the relative increase of the ZPL; the solid lines are
Lorentzian fit functions according to Eq. (5.1); (b) ZPL peak energy Eyzpr,, the solid lines are
Fano resonance fit functions according to Eq. (5.2). The error does not exceed the symbol size.

5.1.4 Magnetic field dependence of the ZPL resonances

For further investigations, PLE experiments at magnetic fields were carried out. Since
the ZPL is effected by Zeeman splitting, the PL was detected in both circular
polarizations, ¢ and o~. In Fig. 5-7 (a) the normalized intensity of the NV~ ZPL is
depicted as a function of the excitation energy at an external magnetic field of B = 0
(black dots) and 9 T. Note that for reasons of clarity, the curves are staggered. There
is not a significant difference between the intensity resonances for o (blue triangles)
and o~ (red squares) polarized ZPLs at 9 T. For 0T polarization, one can observe an
amplification of Hy, = 7.0 £ 0.3 and for 0~ one gets Hy, = 7.1 £ 0.3. The values are a
little bit higher, compared to the amplification of Hy, = 6.2 4+ 0.4 one obtains at 0 T.
However, in terms of accuracy a pronounced dependence of the ZPL intensity
resonance on the magnetic field cannot be identified.

In contrast to that, the NV~ ZPL energy resonance, which is pictured in Fig. 5-7 (b),
significantly depends on the external magnetic field. While the ZPL peak energy Ezpy, in
o polarization (blue triangles) is shifted to higher energies, one observes a shift to lower
energies in 0~ polarization (red squares). This energy shift is about AEy = (86+3) ueV
and corresponds to a Zeeman splitting with a g-factor of g = 0.16 +0.01. This result is
well in line with previous magneto-PL measurements performed at this sample, compare
Sec. 3.1.2. In addition to that, an increase of the resonance amplitude can be seen. At
B =0T the resonance amplitude is about Ap = 34 £ 2 peV, whereas at 9 T one gets
Ap =64+ 3 peV.
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Figure 5-8: Characteristics of the NV? ZPL estimated by Gaussian fits (black dots) at resonant
excitation of the NV~ center as functions of the excitation energy ES*: (a) ZPL intensity Izpr,
normalized, to show the relative increase of the ZPL; the red solid line is a Lorentzian fit function
according to Eq. (5.1); (b) ZPL peak energy Ezpr,; the red solid line is a Fano resonance fit
function according to Eq. (5.2).

5.1.5 Intermediate summary

Taking the power and temperature dependences into account, it can be concluded that
there are two resonances at resonant excitation of the NV center at 2.156 eV; namely
a resonance of the NV~ ZPL intensity and energy. The widths of these resonances are,
within the limits of accuracy, equal to the linewidth of the NV® ZPL. The amplitude of
the ZPL intensity resonance decreases with rising NV center concentration pnv, while
an increase of excitation power results in a stronger amplification of the ZPL intensity.
In contrast to that, the amplitude of the ZPL energy resonance increases with rising
pnv- Moreover, the energy resonance shows a distinct Fano resonance like shape, which
is, however, less pronounced (smaller Fano parameter gr) in Ryab, the sample with
the highest pnv. A high power excitation leads to a Fano resonance with high ¢p,
although the amplitude of the energy resonance might be reduced. Highest intensity
amplification and an energy resonance with maximal amplitude can be observed at
temperatures between 6 and 15 K.

5.2 NV' ZPL under resonant excitation of NV~ center

Since the NV~ ZPL shows resonances at resonant excitation of the NV center, the next
logical step is to look for a resonance of the NVY ZPL under resonant excitation of the
NV~ center. However, an NV? ZPL cannot be observed with excitation energies below
the NV? ZPL energy. Therefore, it is necessary to perform a two-beam experiment.
One laser with the excitation energy ES$® is resonantly exciting the NV~ centers, while
a second laser with the excitation energy ER" is non-resonantly exciting both, the NV?
and NV~ centers. Again, the focus will be on the low concentration sample BP only.
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Figure 5-9: Temporal evolution of the NV? ZPL intensity, normalized to show its relative
increase, when the NV~ center is resonantly excited. At ¢ = 0 s, the resonant excitation of
the NV~ center with Ef° = 1.946 eV, piy® = 20 mW is blocked, only the non-resonant laser

ex

at E2" = 2.33 €V is illuminating the sample. The power of the non-resonant laser is (a)
po™ = 10 mW and (b) pio™ = 1 mW. The red solid lines are exponential decay fit functions
o e~¥/7. The error does not exceed the symbol size.

In Fig. 5-8 (a) the normalized intensity of the NVY ZPL is shown as a function of the
excitation energy EI of the resonant laser. As expected, the intensity of the NV
ZPL rises about (93 £ 3) % at resonant excitation of the NV~ center. This increase is,
however, smaller than that observed for the NV~ ZPL. This may be due to the additional
excitation with the non-resonant laser, which causes a background. Therefore, the NV
ZPL intensity increase is not comparable to that observed for the NV~ ZPL. In contrast
to that, the width of the NV? ZPL resonance wy, = (340 + 20) ueV is again in good
agreement with the linewidth of the NV~ ZPL wy, = (393 £5) peV.

When looking at the peak energy of the NV? ZPL, which is illustrated in Fig. 5-
8 (b) as a function of the excitation energy of the resonant laser, a Fano resonance
is seen at resonant excitation of the NV~ ZPL. The width of this Fano resonance
wp = (240 £ 60) peV is significantly smaller than the width of NV? ZPL intensity
resonance and the NV~ line, but comparable with the width obtained for the NV~ ZPL
peak energy resonance at medium excitation powers. The amplitude Ap = (11+1) peV,
however, is a lot smaller compared to the values observed for the resonance of the
NV~ ZPL. Nevertheless, the resonance is much more pronounced, indicated by a Fano
resonance factor of gp = (2.0 & 0.1), compared to the Fano resonances which can be
measured for the NV~ ZPL.

Moreover, the two-beam experiment offers the possibility to take a look at the
temporal evolution of the NVY ZPL resonance. For this purpose the laser which
resonantly excited the NV~ center was blocked. Subsequently, the NV° ZPL was
detected, illuminated only by the non-resonant laser. In Fig. 5-9 (a) the normalized
intensity of the NV? ZPL is depicted as a function of the time ¢ passed since the first,
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Figure 5-10: Intensity Izpy, (black dots) and peak energy Ezpy, (red triangles) of (a) the high-
and (b) the low-energetic VO ZPL determined by Gaussian fits at resonant excitation of the
NVY center as function of the excitation energy F,,. The ZPL intensity is normalized to show
the relative increase of the ZPL. Dashed lines are guides to the eye. Unless shown otherwise,
the error does not exceed the symbol size.

resonant laser was blocked. As one can see, the intensity decreases with time. After
about t = 200 s, the effect of additional resonant excitation of the NV~ center
vanishes. A fit with an exponential function o e %7 results in a decay time of
7 = (71 4+ 4) s. It must be noted that NV? ZPL intensity increases much faster when
the resonant laser is unblocked again. An exponential fit gives a rise time of about
7= (10 + 1) s, which is in the region of experimental accuracy, since the step width is
10 s.

However, much longer decay times can be achieved when lowering the excitation
power of the non-resonant laser. In Fig. 5-9 (b) the temporal evolution of the NVY ZPL
intensity is shown with an excitation power of pge" = 1 mW, which is ten times less
than in the previously discussed measurement. At this low power the decay time is

about 7 = (18 +5) min. In contrast to that, the rise time 7 = (942) s does not change.
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5.3 VU ZPL under resonant excitation of NV~ center

For the sake of completeness, not only the interaction between the two charge states of
the NV center is investigated, but an interplay between the NV and the V° center is
studied as well.

In Fig. 5-10 (a) the intensity (black dots) and energy (red triangles) of the VO ZPL
are presented as functions of the excitation energy. In contrast to previous findings,
neither an increase in the ZPL intensity at resonant excitation of the NV° center nor a
Fano resonance of the V? ZPL energy can be seen. The intensity of the V? ZPL decreases
with rising excitation energy, which might be due to a lower absorption efficiency at
high energies. The peak energy of the VY ZPL line, however, increases about 7 ueV
when the energy exceeds the NV ZPL energy. This small increase is about one order of
magnitude smaller, compared to the energy shifts one observes in the Fano resonances of
the NV center ZPL energy. Moreover, it is in the region of the spectrometers accuracy.
Hence, one can conclude, that there is no sign for a coupling between NV° and V°
centers. It is worthwhile to notice that the low-energetic ZPL of the VO center exhibits
a behavior similar to that of the high-energetic ZPL, as shown in Fig. 5-10 (b).

5.4 Discussion of the ZPL intensity and energy resonances

In the following section, the origin of the observed resonances will be identified. At
first, the resonance of the NV center ZPL intensity is considered. It is most likely that
this resonance is due to effective recharging of the NV centers via resonant excitation.
Subsequently, the ZPL energy resonance is discussed. It is shown that the Fano effect
sufficiently explains the observations.

5.4.1 Luminescence enhancement via effective recharging

Previous investigations have shown that recharging of NV centers plays a crucial role for
the intensity of the observed ZPL. [100 In fact, NV centers can change their charge states
when being excited. A detailed picture of this charge state transformation is illustrated
in Fig. 5-11. Starting with the NV? in the ground state, an optical excitation lifts an
electron (red solid arrow) from the a1 orbital to the e, orbital, leaving the defect center
in the excited state NV%*. By absorption of a second photon, an electron from the a}
orbital is lifted to the a; orbital. Subsequently, a valence band electron (green solid
arrow) occupies the vacant state (green dotted arrow) leaving the NV center in the
negative NV~ state. Via optical excitation an electron from the a; orbital is lifted to
the e, orbital, and therefore the center is in its excited state NV™*. Due to absorption of
another photon accompanied by an Auger process (blue dotted arrow), the two electrons
of the e, orbital are lifted to the conduction band, while one electron from the conduction
band occupies the aj orbital. Finally, the NV center is in the neutral ground state NV
again. A detailed discussion of this charge state transformation circle was done by P.
Siyushev et al. in [58].
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Figure 5-11: Charge state transformation circle of NV centers. Via optical excitation (red
dotted arrows), as well as hole migration (green dotted arrow) and an Auger process (blue
dotted arrow) the NV centers can change their charge states.[>8] The solid arrows indicate
electrons with spin :t%, which occupy the molecule orbitals of the NV center a}, a1, e, and
e, 146]

Essential for this charge state transformation circle is that the NV centers are in their
excited states. PLE experiments on single NV centers have shown that at excitation
energies below the ZPL energy of the NVO center an NV~ ZPL cannot be observed.28!
This is due to the fact that excited NV~ centers will at some point change their charge
state, whereas the NV centers keep their charge state if the energy of the exciting laser
is too low for excitation. One can conclude that recharging is very important to gain
high ZPL emission. For instance, a high NV~ ZPL intensity does not only indicate
effective excitation of the NV~ centers, but also effective recharging, which in turn
requires effective excitation of NV centers, too. The NV centers are most efficiently
excited in a resonant manner. This is why the resonance of the NV~ ZPL intensity can
be observed at the exact energy of the NVY ZPL.

Apparently, most observed characteristics of the intensity resonance can be
satisfyingly explained by effective recharging. It was observed that the resonance is
smaller in samples with high NV center concentration. In these samples the density of
pure nitrogen impurities, which act as electron donors, is high as well. Hence, charge
impurities like the substitutional nitrogen are optically excited too and recharge the
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NV~ centers.['9: 1011 Dye to the high amount of resident electrons, recharging of NV~
centers via excitation of NVY centers plays a minor role. That is why the resonances
are smaller. A similar effect can be seen when exciting with big spot sizes.

For the charge transfer process two-photon absorption is involved. This nonlinear
process is most likely to occur at high powers. Therefore, one observes the strongest
resonances at high excitation powers, compare Fig. 5-4 (a) and (c). The temperature
dependence of the resonances, see Fig. 5-6 (a), can be explained by the broadening
of the NV? ZPL. Due to this broadening, the energy range for resonant excitation
of the NV? center becomes broader too, which in turn leads to a broadening of the
observed NV~ ZPL intensity resonance. In addition to the broadening of the resonance,
a decrease of the NV~ ZPL amplification Hjy, with increasing temperature is observed.
In contrast to that, the spectrally integrated amplification Hy, - wy, see Fig. 5-6 (c),
increases with rising temperature. However, most prominent is the small resonance at
1.8 K. At this temperature the by far smallest NV~ ZPL intensity resonance is observed
in the low concentration sample BP. Apparently, the recharging circle is inhibited at
low temperatures, since the kinetic energy of the conduction band electrons, which has
to be sufficiently high for an Auger process to take place, scales with temperature.

The increase of the NV~ ZPL linear polarization degree at resonant excitation, see
Fig. 5-2 (d), indicates that the recharging process is polarization selective. A high linear
polarization degree indicates that the emission from the excited states with mp = +1
is stronger than the emission from the my = 0 states. Therefore, NV~ centers with
excited states with non-zero orbital angular momentum seem to be more likely to change
their charge state. Hence, at least one of the two processes which are involved in
the transformation from the negative to the neutral charge state, namely the Auger
process and two-photon absorption, must be polarization selective. Both processes
lift an electron from the molecular orbitals e, and e, to the conduction band. Since
the lowest conduction band of diamond is p-like, even the conduction band electrons
which are lowest in energy have non-zero orbital angular momentum.['? Due to angular
momentum conservation, electron transitions from the circularly polarized states of the
NV~ center, with my;, = 41, to the conduction band are preferred. However, transitions
from the linearly polarized states, with my = 0, which are actually superpositions of
the mr = +1 and the my = —1 states, would imply a symmetry reduction, yielding
a lifting of the angular momentum conservation, and therefore, are less likely to take
place.

Moreover, the circumstance that one not only observes a resonance of the NV~
ZPL at resonant excitation of the NV center, but also a resonance of the NV° ZPL
at resonant excitation of the NV~ center, see Fig. 5-8 (a), stresses that the recharging
process is in fact a circle.

In order to analyze the dynamics of the recharging process, the results of the time
resolved measurements, compare Fig. 5-9 (a) and (b), are taken into account. It becomes
apparent that resonant excitation of the NV~ centers leads to a fast recharging of NV°
centers, since the NV? ZPL intensity increases to its maximum within a relatively short
rise time of about 10 s. Taking into account that the time resolution defined by the
step width of the measurement is also 10 s, the actual rise time may be even shorter.
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Chapter 5. Fano effect and effective recharging

However, blocking the resonant excitation of the NV~ centers does not vice versa cause
a rapid decrease of the NV® ZPL. On the contrary, the decay time is in the order of 20
minutes, if the excitation power is chosen adequately low. This is due to the fact that
only excited NV centers undergo a charge transfer. At low power excitation less NV
centers are excited, and hence less NV centers change their charge state. Therefore, it
takes longer until a charge state equilibrium is reached. Furthermore, one can conclude
that a single NV center can be optically excited and emit a ZPL photon several times
before it changes its charge state. This conclusion is well in line with previous findings,
which show that the NV centers maintain their charge state over weeks, when kept in
the dark.[1%%]

5.4.2 Fano effect in the NV center ZPL

In the following section, the resonance in the NV centers ZPL energy will be discussed.
As shown in Fig. 5-2 (b) and Fig. 5-8 (b), the resonance of the NV~ ZPL energy
at resonant excitation of the NV? center as well as the NV ZPL energy at resonant
excitation of the NV~ center are of distinct asymmetric shapes, which can be very well
fitted by Fano resonances according to Eq. (5.2).

A Fano resonance occurs when two scattering amplitudes or optical pathways
interfere with each other. One of those pathways, the so called background process
connects a ground state with a continuum of energy states, the other, the so called
resonant process, connects the ground state with a discrete excited state. The Fano
factor g gives the ratio between the resonant and the background process.?” In the
case of NV centers, the background process is the non resonant excitation of the NV
center, which lifts an electron from the ground state to the phonon continuum, while
the resonant process is the resonant excitation of the NV center, which lifts an
electron directly from the ground to the first excited state. This Fano effect is
depicted in Fig. 5-12 (a) for resonant excitation of the NV center. In this case the
Fano resonance of the NV~ ZPL energy is caused by an interference of the resonant
excitation of the NV center (red arrow) and the excitation into the NV~ phonon
continuum (blue arrow), both at 2.156 eV.

In analogy to that, one might expect an interference between the resonant excitation
of the NV~ center at 1.946 ¢V (red arrow) and the excitation into the NVY phonon
continuum at 2.33 eV as well. Such an interference, which would explain the observation
of a Fano like resonance at resonant excitation of the NV~ center, is shown in Fig. 5-
12 (b). However, typically a Fano resonance only takes place if the energy of the resonant
process is similar to the background process’ energy, since such an energy degeneracy is
necessary for interference. Therefore, there has to be some sort of quantum mechanical
interaction between the two charge states of the NV center which creates the required
degeneracy. The most obvious interaction between the NV° and the NV~ center is
the charge state transformation circle, which, moreover, is most efficient at resonant
excitation. This implies that the NV centers have no defined charge state, but actually
exhibit a superposition state of the neutral NV? and the negatively charged NV~.
Hence, the Fano effect is caused by an interference between the envelope functions of
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Figure 5-12: Fano effect for resonant excitation of the (a) NV° and (b), (c) NV~ centers.
Interference between resonant absorption (red arrow) and absorption by a continuum (blue
arrow) leads to a Fano resonance in the energy of the emitted ZPL (black arrow).

the electrons of a single NV center. Alternatively, there might be an interference of the
envelope functions of differently charged, spatially separated NV centers. The excited
states of color centers in NaCl, for instance, show widely diffuse wave functions which
extend far beyond the dimensions of the defect center itself.[104 105]

Another possible explanation for the Fano resonance at resonant excitation of the
NV~ center is illustrated in Fig. 5-12 (c¢). Here, the resonant process is the resonant
excitation of the NV~ center at 1.946 eV (red arrow) and the background process is
an excitation (blue arrow) of a virtual state in the PSB of the NV? center with the
same energy. The additional excitation at 2.33 eV (not shown) excites the NV center,
and therefore enables the detection of the NVY ZPL, which is affected by the Fano
effect. Note that the emission of the NV PSB is not very pronounced, especially at low
temperatures and at an energy of 1.946 eV, compare Fig 2-7. Hence, it is highly unlikely
that such a background process leads to a Fano resonance which is as pronounced as
the one observed for resonant excitation of the NV~ center.

Since the Fano effect is a consequence of interference between two scattering
amplitudes, the distinct resonance usually can be observed in the intensity of PL or
absorption spectra, but not in the energy of an optical transition. However, an
ensemble of NV centers exhibits inhomogeneous broadening of the energy states.
Hence, a resonant excitation of a specific charge state of the NV centers actually only
excites a subset of these NV centers resonantly. Only between the resonant process of
this subset and the background process a Fano effect can occur. As a consequence,
only the scattering efficiency of this subset of states is affected by the Fano effect.
However, since the laser is tuned over a wide energy range, at one point every subset
has been resonantly excited. In addition to that, the optical signal of the whole
ensemble is detected. Hence, a superposition of the ZPLs emitted by the subsets is
observed. In turn an intensity modulation of the ZPL emitted by a subset of NV
centers leads to an energy shift of the detected ZPL. In other words, the selective
resonant excitation of NV center subsets results in a Fano resonance in the ZPL
intensity of these subsets only. The superposition of the ZPLs from all subsets leads to
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Figure 5-13: (a) The ZPL of NV center ensembles (red) is composed of the ZPLs emitted by
subsets of NV centers (black). (b) - (d) ZPL intensity changes Alg,y, (blue) of one subset of NV
centers due to the Fano effect leads to an energy shift AEe,s (red) of the NV center ensemble’s
ZPL.

a shift of the ensemble ZPL energy, and therefore mirrors the Fano resonances of the
subset ZPLs. A simplified picture of this ensemble effect is shown in Fig 5-13.

A strong argument for this explanation is that the energy shift of the ZPL due
to the Fano effect is quite small compared to the linewidth wy, of the ZPL. In most
measurements the amplitude of the Fano resonance Ap is about one order of magnitude
smaller than wr,. Moreover, the largest energy shift is observed in Ryab, the sample
with the highest NV center concentration. In this sample one can expect to observe
the strongest ensemble effects. In addition, a reduction of the ZPL linewidth at the
resonance energy can be seen, compare Fig 5-2 (b), which indicates that the number of
NV centers contributing to the emission process of the ZPL is reduced.

Therefore, the width of the Fano resonance wy is primarily determined by the ZPL
linewidth of the resonantly excited NV centers, compare Fig. 5-4 (a) and (b), as well
as Fig. 5-6 (a) and (b). Most likely, the amplitude of the Fano resonance Ar scales
with the ZPL linewidth, too. Comparing the samples BP and Ryab, one can see that
the linewidth of the NV~ ZPL increases from wy, = (0.504 £ 0.005) meV to wy, =
(3.99+£0.04) meV due to inhomogeneous broadening; this is an enhancement by a factor
of 7.9+0.1. As one can see in Fig. 5-2 (b) and Fig. 5-3 (d), the amplitude Ap increases
from Ap = (92 £ 3) peV to Ap = (730 + 60) peV, which represents an enhancement by
a factor of 7.9 £0.7. This supports the assumption that the Fano resonance amplitude
increases due to inhomogeneous broadening. The divergent observation for YS, compare
Fig. 5-3 (b), is most likely due to the high excitation power density, since high power
excitation reduces the Fano resonance amplitude, compare Fig. 5-4 (b).

Previous investigations on quantum dots have shown that the Fano effect is
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nonlinear, and therefore depends on the excitation power. This is due to a different
response of the two optical pathways on high excitation powers. The resonant
pathway saturates at high laser power, whereas the weaker background process
typically does not show any saturation.['°] This is in line with the finding that the
Fano factor gr strongly increases with rising excitation power, compare Fig. 5-4 (c).

A significant temperature dependence of gr is not observed, but the NV center
concentration plays a crucial role. For the low-concentration sample BP one gets ¢gr =
0.7 £ 0.1 at medium excitation powers, whereas the high-concentration sample Ryab
shows a much less pronounced Fano resonance with gr = 0.1 +£0.05. Note that the high
gr in YS is most likely due to the much higher excitation power density in comparison
to BP. The small gr indicates that the background process is much more prominent
compared to the resonant excitation of the NV?. Keeping in mind that the intensity
resonance is rather small too, compare Fig. 5-3 (c), this stresses the claim that the
recharging of NV~ centers via NV? excitation is not the main process, but rather the
recharging by resident electrons provided by the nitrogen impurities. However, this
implies that the efficiency of the charge transfer between the NV centers is mirrored by
the quality factor gr of the Fano resonance.

5.5 Conclusion

It was shown that the luminescence efficiency of the neutral and negatively charged NV
centers can be optimized by resonantly addressing the respectively other charge states of
the defect centers. The recharging process, which is essential to maintain ZPL emission,
is most efficient at such a resonant excitation. Moreover, such resonant excitation of
NV centers leads to Fano resonances in the energy of the ZPLs. This resonances are due
to an interference between the discrete transition of the resonantly excited NV centers
and a continuous transition of the nonresonantly excited NV centers. Due to ensemble
effects, the Fano effect, which individually affects subsets of the NV center ensemble,
is seen in the energy of the NV center ensemble ZPL. In addition, the observed Fano
resonance points towards NV centers exhibiting a charge-state superposition between
the neutral and the negative charge state.
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Chapter 6

Resonant microwave excitation of
NV™ centers’ ground states

The basic optical properties of the NV centers have been studied well by using, in
particular, electron spin resonance (ESR) techniques under application of external
magnetic fields of a few tens or hundreds of mT.[7% 81,107, 72| {Uging even higher
magnetic fields together with additional microwave application enables the detection
of optically detected magnetic resonances (ODMRS),[“] which are not influenced
significantly by level mixing, as addressed in Chapter 7, and nuclear-electron
interactions. Thus, the ODMRs are mainly dominated by the Zeeman effect.

In this chapter, the optical response of an ensemble of NV~ centers in diamond to
high-frequency MW radiation of 60 GHz is presented. The experimental setup used for
the measurements is described in Sec. 2.3. A brief introduction in the basic principle of
ODMR can be found in Sec. 6.1. In Sec. 6.2 the ODMR spectra of the NV~ centers are
analyzed. Special focus is drawn to the orientation of the magnetic field with respect
to the symmetry axes of the NV~ centers and the diamond crystal. Moreover, the
dependence of the ODMR on the power of both, the exciting MWs as well as the laser
light, is investigated in Sec. 6.3. The findings of this chapter are summarized in Sec. 6.4.
Note that this chapter covers results which are prepared to be published.108]

6.1 The principle of ODMR

In order to investigate transitions with energies far below the energy range of visible
light, such as transitions in the triplet states of the NV~ center, the method of optically
detected magnetic resonance can be used. ODMR spectroscopy is based on the principle
of electron spin resonance techniques.[*8] The basic principle of ESR is illustrated in
Fig. 6-1 (a) on the basis of the 345 ground state of the NV~ center, but it works with
an arbitrary two-level spin system too. Due to Zeeman splitting AFE7 at the presence of
an external magnetic field B, the spin levels are separated in energy, compare Sec. 3.1.
By applying an electromagnetic field, with frequency v, transitions between the two spin
states with spin projection mg = 0 and mg = +1 can be induced. However, crucial
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Figure 6-1: (a) Basic principle of ESR: Electromagnetic radiation induces transitions between
the mg = 0 and mg = +1 spin levels of the NV~ ground state A, in an external magnetic field
B. Note that zero field splitting is neglected. (b) Principle of ODMR: 60 GHz MW radiation
induces ESR (red arrows) between the mg = 0 and mg = %1 states of the NV~ ground state
3 Ay. Due to zero-field splitting, there are resonant transitions at two distinct magnetic fields.

for this process is that the energy of the electromagnetic radiation Eypw is equal to the
Zeeman splitting of the spin states:

AEZ = MBQB = EMW =hv . (61)

Here, h is the Planck constant. Typically, such ESR experiments are performed at
a magnetic field of about B = 1 T and with g-factors of about g = 2. Hence, the
resonance frequency, which is about 10 GHgz, lies in the range of MW radiation.

When the resonance condition Eq. (6.1) is fulfilled, transitions from a high-energetic
level |[A) to a low-energetic level |B) can be induced as well as transitions from |B) to
|A). In the former case, energy is transfered to the radiation field, in the latter, the
energy of the radiation field is reduced. However, both processes are equally likely to
occur and proportional to the occupation na g of the corresponding level.[109]

The MW power absorbed by the spin system is given by

Pyw = we(hv)(ny — np) . (6.2)

Here, w, is the rate, with which transitions between the spin states are induced. The
rate of transitions from |A) to |B) is given by wena, whereas the rate of transitions from
IB) to |A) is given by wenp. With sufficient Pyw an equilibrium will be achieved in
which both states are equally populated.

ODMR is a method of detecting ESR via an electronic transition in the optical
spectral range. In case of the NV~ centers, this transition is the well known ZPL at
1.946 eV. The ESR induces a state mixing between the mg = 0 and mg = =£1 spin states
when the resonance condition is fulfilled. As a consequence, the NV~ ZPL intensity
is reduced.l?® 1071 A detailed discussion of comparable intensity drops can be found in
Chapter 7. ODMR can be observed in various other spin systems too. Important is
that the transition ratios for the two optical pathways coupled by the ESR differ, which
is, however, mostly the case.
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When measuring an ODMR, spectrum, one can either change the MW frequency
v or the magnetic field B. When the resonance condition according to Eq. (6.1) is
fulfilled, a distinct intensity decrease of the optical signal (for instance the NV~ ZPL)
can be observed, indicating an ESR. For the measurements presented in this work, the
MW frequency is constant and the magnetic field is varied and hence, the resonance
condition can be written as:

_ ok _

B =
UBY UBY

(6.3)

Since the used MW frequency is about ¥ = 60 GHz and the g-factor of the NV center is
approximately in the order of the free electron g-factor go = 2, the magnetic field must
be B ~ 2 T to fulfill the resonance condition for ESR.

6.2 ODMR in the NV~ ground state

In the following section, the ODMR of the NV~ centers under 60 GHz MW excitation
will be presented. Note that all measurements were performed at room temperature
on YS, since this is the only sample with suitable dimensions to be placed inside the
MW cavity. The PL of the NV~ centers, measured at an external magnetic field of
B =2.093 T applied along the (111) crystal direction, is depicted in Fig. 6-2 (a). The
PL spectrum shows the NV~ ZPL at 1.9468 eV with a linewidth of 8.3 meV as well
as the PSB with two broad peaks at a distance of 65.8 and 128.8 meV to the ZPL,
which may stem from a nitrogen-related vibration mode (63.9 meV) that transforms
as the irreducible representation €.l By additionally exciting the NV~ centers with
MWs with a frequency of 60 GHz at the respective magnetic field strength, the PL
intensities of the ZPL and PSB decrease significantly. Correspondingly, the difference
AlL, =121 —1 gf of the PL intensities for switched-on and switched-off MW excitation is
negative throughout the measured spectral region, see Fig. 6-2 (b). To identify the spin
transitions that are resonantly addressed via the MWs, AT, is integrated spectrally
over the whole detection range from 1.79 to 1.97 eV and measured as function of the
magnetic field strength ranging from 2.07 to 2.31 T.

When the magnetic field vector B is applied along the (111) crystal direction, see
Fig. 6-2 (c), four resonances can be observed symmetrically centered around 2.19 T.
The weak inner resonance lines seem to have a more Voigt-like shape, while the intense
outer resonances can be fit best by Gaussian functions. The line shapes of the outer
resonances hint towards at a saturation of spin-state population. It is assumed that the
ODMR transition lies in the 3 Ay ground state of the NV~ center.136: 197 In Fig. 6-1 (b)
the energy splitting due to the Zeeman effect is illustrated. Due to a zero field splitting
of about 2.87 GHz (12 peV) between the 3 Asg state with vanishing spin projection and
the 3As. states with spin projection mg = +1, MW excitation with 60 GHz leads to
ODMR transitions (red arrows) at two distinct magnetic fields.

The energies of these ODMR transitions are simulated numerically by using the
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Figure 6-2: (a) Unpolarized photoluminescence spectrum shows the NV~ ZPL and partly
its PSB; T = 293 K, E., = 2.33 ¢V. (b) Differential PL for a 60 GHz MW application with
Pyw = 125 mW. (c) Integrated differential PL intensity dependent on the magnetic field for
B applied along the (111) and (d) (211) crystal directions. Dashed red lines indicate the
numerically calculated magnetic field for ESRs.

following Hamiltonian of Csy symmetry for the ground state of the NV~ centers:

H = gsupBS + Dy <S§ — §> . (6.4)
Here, Dgs = 2.87 GHz is the ground state’s zero field splitting due to the axial crystal
field. Strain-induced effects are neglected, since the overall Zeeman splitting is much
larger than the strain terms E(S? — SS) for the ground state. The spin g-factor is given
by gs = 2.0,1701 up is the Bohr magneton, and S is the spin vector. Note that the
contribution of the orbital angular momentum can be neglected, since the ground state
has zero orbital angular momentum. Of main importance, however, is the orientation
of the magnetic field with respect to the crystal axis.[110; 81]

According to the lattice symmetry of diamond, NV centers are oriented along the
(111), (111), (111), and (111) directions.B" """l With the vector of the external
magnetic field B applied along the (111) crystal direction, in total one gets four
resonant magnetic fields Bes which exhibit ESR transitions at 60 GHz MW
excitation. For NV~ centers oriented along (111) one gets B = 2.09081 T and
2.29587 T, whereas for centers oriented along (111), (111), or (111) direction one gets
Bies = 2.14443 T and 2.24119 T. The strongest resonances are attributed to the NV
centers oriented in the (111) direction, since their symmetry axis coincides with the
orientation of the magnetic field. The resonant magnetic fields are indicated by red
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Figure 6-3: (a) Room temperature ODMR spectra, measured at moderate 20 pW (black dots,
left scale) and ultra-low MW output power of 8 nW (red diamonds, left scale), as well as linear
polarization degree Py, of the NV~ PL dependent on the applied magnetic field (blue triangles,
right scale); Plaser =5 Wem ™2, B || (111).

dashed lines in Fig. 6-2 (¢) and coincide well with the measured resonances.
Therefore, one can conclude, in good agreement with previous findings, that only the
ground states are affected by resonant MW excitation. There is no evidence for the
involvement of the excited states. Note that even small deviations of the magnetic
field orientation from the (111) symmetry axis of the crystal lift the degeneracy of Bieg
in the (111), (111), and (111) directions. As a result, the width of the resonance
increases. In fact, a small misalignment might be the reason for the different line
shapes of the inner and outer resonances. Furthermore, the impact of a magnetic field
alignment on the ODMR signal becomes apparent, when looking at other geometries.
In Fig. 6-2 (d) the integral Al of the NV~ ZPL with B || (211) is demonstrated.
The ODMR signal looks very different compared to the signal detected with
B || (111); here, eight symmetric resonances are detected in total. This is because the
geometry of the NV centers along the (211) axis is less symmetric than along the
(111) axis, compare Fig. 4-2.

6.3 ODMR at low MW power

In the following only the ODMR measured in the B || (111) geometry for NV centers
oriented along the (111) axis at about 2.093 T, which can be attributed to a transition
between the states 3As_ and 2Ayg, will be discussed. In Fig. 6-3 the ODMR signal is
shown for moderate MW excitation with a power of pyrw = 20 pW (black circles) as
well as for ultra low MW power excitation with pyywy = 8 nW (red diamonds), which is
about five to seven orders of magnitude smaller than the power of the electromagnetic
field of a customary mobile phone.''2l Even at such low MW power, the ODMR signal
is quite prominent, the amplitude of the resonance is just about one order of magnitude
smaller compared to excitation with 20 pW.
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Figure 6-4: (a) Dependence of the resonance amplitude (black dots, left scale) and width Aw
(blue triangles, right scale) on the MW output power pmw. (b) Dependence the resonance
width Aw (blue triangles) on the laser power density pe.

A detailed analysis of the MW power dependence of the resonance is depicted in
Fig. 6-4 (a). As one can see, the ODMR amplitude (black circles) slowly increases to
about pyw = 10 pW, then a saturation can be seen. However, at high MW powers
exceeding 1 mW, the ODMR amplitude rises again. Simultaneously, an increase of the
resonance width Aw of the ODMR (blue triangles) can be observed at powers of about
1 mW. It is worthwhile noticing that for excitation with smaller MW power, no changes
in the resonance width can be seen. The nonlinearities observed for excitation with
high MW power are most likely due to a reduction of the spin coherence time due to
nonlinear spin effects.

Surprisingly, the ODMR, width of the resonance at 2.093 T shows an opposite
behavior under variation of the exciting laser power. In fact, Aw is reduced at high
excitation powers, as one can see in Fig. 6-4 (b). This is most likely due to
photo-ionization of the NV~ center at high laser power, accompanied by a trapping of
the ionized electrons at nitrogen impurities. The ionization happens for centers with
lower symmetry first. Thus, high-symmetry centers remain and the resonance line
width becomes narrower because the excited ensemble is more homogeneous. In
addition, the electron lifetime becomes shorter for high-power excitation.'3] Note
that the resonance linewidth is not influenced by the fact that an ensemble of NV~
centers is excited; hence, ODMR is sensitive to a very small number of NV~ spins.

In addition to that, as one can see in Fig. 6-3, the linear polarization degree Py,
of the NV~ PL (blue triangles) shows an increase from 12.0 to 12.4 % at the resonant
magnetic field. Here, Py, is defined as (I9p; —I99; )/ (I0pr + 193 ); the high index shows
the polarization angle of the detected NV~ ZPL intensity Izpy,. At the resonance field
of 2.093 T, the MW excitation induces transitions between the mg = 0 and mg = —1
ground states. This in turn changes the transition efficiencies of the excited states
with zero and non-zero orbital angular momentum.[>* 197 The increase in the linear
polarization indicates that the linearly polarized transitions become more likely to occur
than the circularly polarized transitions. A more detailed discussion of the increase in
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the linear polarization at magnetic resonances is provided in Chapter 7.

6.4 Conclusion

In conclusion, optically detected magnetic resonance induced by 60 GHz MW excitation
in an ensemble of NV~ centers is demonstrated at room temperature, even for ultra
low MW excitation power. The ODMR amplitude of the 2.093 T resonance, which
is attributed to the NV~ centers oriented along the (111) direction, is saturated at an
MW power of a few tens of uW already, while a nonlinear behavior appears at very high
MW excitation powers. The amplitude as well as the energy of the resonances strongly
depend on the orientation of the magnetic field with respect to the symmetry axes of
the NV~ centers and the crystal. This allows for the identification as well as selective
addressing of equally oriented NV~ centers in an ensemble. Theoretical considerations
of the spacial resolved Zeeman splitting show that only the ground states of the NV~
centers are influenced by the MW excitation. Moreover, an enhancement of the linear
polarization degree at magnetic resonance conditions is observed, while the circular
polarization degree remains unchanged. Note that high-frequency ODMR can be used
to exclude strain induced state mixing, since only Zeeman splittings are relevant.
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Chapter 7

Outlook: State mixing at low
magnetic fields

In Chapter 4 the magnetic field dependence of the linear polarization degree Fj, was
discussed for magnetic fields ranging from -9 T to 10 T. The minimal step width used
in the corresponding PL measurements was about 1 T. In the experiments discussed in
this chapter, however, the applied fields are in the range of a few 100 mT only. Note
that the experimental setup had to be modified in order to enable precise control of the
magnetic field, compare Sec. 2.3. At such small magnetic fields, the Zeeman splitting,
compare Sec. 3.1, is in the range of the zero field splittings between the states in the
NV~ center triplets 345 and 3E.

It was shown that the intensity of the NV~ ZPL is reduced due to the mixing of
spin states, when the Zeeman splitting equals the zero field splitting. For instance,
the zero field splitting between the 3Asg and the 3Asy state is about 12 eV, compare
Fig. 1-3. Assuming the electronic g-factor is about the value of a free electron (gg = 2),
one can calculate that a magnetic field of 104 mT creates a Zeeman splitting of the
same magnitude as this zero field splitting. At such magnetic field strengths the 3 Asqg
and 3As_ become degenerated. These mixing of spin states results in a decrease of
ZPL emission. This is mostly due to the fact that there are two transition channels
from the states with spin projection mg = =+1 of the excited 3E state (namely the
direct ZPL transition to the ground states 3 Ao1 and the transition via the 'F and 14,
singlet states to the 3Agy ground state), but only one transition from the exited states
with mg = 0 (namely the ZPL transition to the 3Asy ground state). This results in
a spin polarization into the mg = 0 state. A high population in the mg = 0 state,
in turn, leads to an increase of the NV~ ZPL intensity.[>* 1071 Spectral hole burning
experiments have shown that there is in fact a level anti crossing at a magnetic field of
about 103 mT.['™4l

However, essential for the observation of the level anti crossing is that the magnetic
field is aligned parallel to one of the NV center symmetry axes. A deviation of a few
degrees leads to a remarkable broadening of the resonances; at angles of about 6° they
are barely visible.["% 72| This broadening is due to transversal magnetic fields, which
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Figure 7-1: Magnetic field dependence of the NV~ ZPL intensity of (a) Ryab in the (111)
and (b) BP in the (001) direction at T' = 6 K. (c) Intensity (black dots) and B, of NV~ ZPL
of Ryab in the (111) direction at T' = 277 K. Fey = 2.33 €V, pex = 2 mW for Ryab and 10 mW
for BP. The ZPL intensity is normalized to the value at B = 0 T. For reasons of clarity, the
experimental error of P;,, which is about £0.003, is not depicted. The experimental error of
the ZPL intensity is smaller than the symbol size.

lift the degeneracy of the spin states. In Fig. 7-1 (a) the NV~ ZPL intensity in Ryab
is shown as a function of the magnetic field applied parallel to the (111) direction.
One can clearly see that the intensity drops to 87 % at about £52 mT and to 90 %
at £103 mT. The latter intensity drop can be explained with spin-level mixing in the
NV~ ground state, whereas the former is due to additional mixing of the excited states.
Note that the direction of the magnetic field can only be adjusted with an accuracy
of a few degrees. Hence, the observed resonances might be broadened not only due to
inhomogeneous broadening, but due to misalignment as well. In contrast to that, no
NV~ ZPL drops are seen when the magnetic field is parallel to the (001) direction, as
it is shown in Fig 7-1 (b) for BP. However, when an external magnetic field is applied,
the ZPL intensity decreases to about 76 % at 150 mT; no further decrease is seen up to
500 mT. This is in line with theoretical calculations and experimental findings for large
derivations of the magnetic field from the symmetry axes of the NV center.["?l Due to
the mixing of mg = 0 and mg = *1 states, the average lifetime of the NV~ center is
decreased, which in turn leads to a reduction of the NV~ PL intensity.[®!]

In Fig 7-1 (c) the intensity as well as the linear polarization degree P, of the
NV~ ZPL in Ryab are shown dependent on the magnetic field in the range from -25 to
175 mT. In addition to the ZPL intensity drops at 52 and 103 mT, one can see that
Piin shows three distinct maxima at approximately 0, 50, and 100 mT. Apparently, the
linear polarization is maximized when the spin-level mixing occurs.

An increase in the linear polarization degree indicates that linearly polarized
transitions from the excited states with mg = 0 to the mg = 0 ground state become
more likely than circularly polarized transitions from the exited states with mg = £1
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to the mg = +1 ground states. However, with the energetic ordering of the NV~
singlet states according to [50, 72| (compare Fig. 1-3 and Fig. 3-5), which leads to a
spin polarization into mg = 0,1°% 70: 107] gtate mixing would rather lower than increase
the efficiency of the linear polarized transitions. Hence, one would expect a decrease of
the linear polarization at resonant magnetic fields, which triggers the state mixing.
However, with an inverted energetic ordering, with ' E being the ground state and ' A;
being the excited state of the metastable singlet of the NV~ center, which was
proposed by Delaney, Greer, and Larsson,®! the increase in Py, could be explained.
They predicted spin polarization into mg = =£1. Therefore, state mixing, in fact,
would result in a decrease of the efficiency of circularly polarized transitions, which
would lead to a drop of the NV~ ZPL intensity as well as to an increase in the linear
polarization degree. Nevertheless, one should keep in mind that the observed change
of the linear polarization is in the order of 1 %, which is rather small compared to the
changes induced by applying a large magnetic field or due to crystallographic
properties, compare Chapter 4. Hence, these results are of minor significance.

In addition, with the energy ordering presented in the frame of this thesis (compare
Fig. 3-5), the polarization increase could also be explained by a direct transition from the
excited state 'E of the NV~ singlet to the ground state 3Agg of the NV~ triplet. Such
a transition would be spin conserving with a change in the orbital angular momentum
of =1, and hence could be optically detectable. Therefore, further PLE experiments on
the NV~ SST in the energy range between the ZPL and the SST of the NV~ center
could enable a direct measurement of the energy gap between the NV~ singlet and
triplet states, which is still undetermined.
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Chapter 8

Outlook: A masing diamond

In this chapter the suitability of defect centers in diamond as a source of stimulated
microwave emission will be discussed. In this context, special focus will be drawn to the
realization of an experimental method to verify microwave amplification by stimulated
emission of radiation (maser) in diamond. Although, the maser was realized seven
years earlier, in 1953 by C. H. Townes and J. P. Gordon!'*®l it was the laser (light
amplification by stimulated emission of radiation) which became essential in various
modern technologies. The maser has only a few applications so far. For instance,
in atomic clocks or as a low-noise MW amplifier in radio telescopes, and deep space
communication stations.[''%l In contrast to the laser, the operation of the well established
masers requires high vacuum!*7! or cryogenic temperatures.[118]
the search for room temperature solid-state masers made remarkable progress. As a gain
medium organic molecular crystals based on polyacenes are promising candidates!!19: 120]
as well as defect centers in silicon carbide,"?!] but also NV centers in diamond have been
suggested due to their long spin lifetime at room temperature./*22

However, in recent years

The ODMR setup, compare Sec. 2.3, was used in order to probe stimulated MW
amplification in the diamond crystal YS. The power pyw of the MWs emitted by the
generator as well as the power ppr of the MWs reflected from the cavity were
monitored by the reflectometer and read out as voltages Uyiw and Ut proportional to
the corresponding MW powers. In Fig. 8-1 the differential voltage AU = Uyer — Unw
is depicted dependent on the external magnetic field strength when the sample is
excited with 60 GHz MWs and 2.33 €V laser light simultaneously. A negative AU
indicates that MWs are absorbed by the diamond sample inside the cavity, whereas a
positive AU is a sign for MW amplification. As one can see, the MWs are absorbed
inside the cavity for small magnetic fields. However, at B = 2.21 T a sharp increase in
AU can be seen. The power of the MWs reflected by the cavity is higher than the
power of the MWs emitted by the generator. With rising magnetic field this MW
amplification becomes weaker and AU decreases again.

On the basis of electron paramagnetic resonance (EPR) measurements, the
resonance at B = 2.21 T can be associated with single substitutional nitrogen atoms
in the carbon lattice of diamond. This paramagnetic defect center, mostly referred to
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Figure 8-1: Voltage AU indicating the difference between emitted and reflected MW power
dependent on the magnetic field. The resonance at B = 2.21 T indicates MW amplification.

as P1 center, is well known by EPR.[!23] An MW amplification can be observed up to
about 2.4 T. The great width of this resonance can be explained by the inhomogeneity
of the P1 center ensemble, since the density of nitrogen impurities (30 ppm) is quite
high. Note that the energy of the laser is suitable for exciting not only the P1 center
but also NV?, NV~ and VO centers. It can, however, be assumed that the amount of
NVY and VO centers in the sample is negligible, because of the high nitrogen
concentration (compare Sec. 5.1.1) and the fact that the sample was annealed.!*3!
Apparently, the P1 centers in diamond cause the amplification of applied MW
radiation when excited with 2.33 eV laser light. The frequency of the amplified MW is
determined by the magnetic field. In the following section, two experimental
techniques will be presented to probe if the diamond sample is capable of emitting
MWs without external seeding with an MW generator.

The basic principle is to excite the diamond sample with laser light at the presence
of a magnetic field, to induce MW emission. In order to detect the MWs emitted by
the diamond crystal, a second sample, which is sensitive to MW radiation, is used. A
possible MW detector probe is a ZnMnSe quantum well (CB1541).1'24] The exciton!'??!
PL of the quantum well consists of a bright, narrow line at about 2.8 V. For excitation
a HeCd laser (IK Series, Kimmon Electric Co. Ltd.) emitting at 3.33 eV was used.
To avoid heating of the Mn spin system a low excitation power of pex = 3.7 uW was
chosen, resulting in a PL intensity of about 5000 cps. Heating of the Mn spin system
would result in a shift of the PL line to higher energies. Such heating can be caused
by additional excitation with a second laser, which should be lower in energy than the
quantum well PL, or by MW excitation.

In order to distinguish laser and MW heating of the Mn spin system, a special
sample holder was used. A scheme of the experiment is shown in Fig. 8-2 (a). While
the ZnMnSe sample (green) is excited with a 3.33 eV laser (1% laser, pink), the diamond
sample YS (yellow) is excited by a laser with an energy of 2.18 or 2.03 eV (2"¢ laser,
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Figure 8-2: (a) Excitation scheme of the MW source YS (yellow) and probe, a ZnMnSe
quantum well. The 1%¢ laser is blocked by a black paper barrier (gray). Only the microwaves (red
waved arrow) pass through and excite the ZnMnSe crystal (green). (b) Differential spectrum
of the ZnMnSe quantum well exciton PL. Heating of the Mn spin system by MWs shifts the
PL line to higher energies.

orange). The samples are separated by a thick barrier made of black paper (gray) to
prevent any light of the 15! laser from hitting the ZnMnSe crystal. However, the MWs
(red waved arrows) emitted by YS can travel through the paper and heat up the Mn
spin system. In turn, the PL (blue) should show a remarkable energy shift. Apparently,
this energy shift is rather small, and therefore two spectra of the ZnMnSe quantum
well exciton PL were detected: firstly, a spectrum with excitation only by 15 laser and
secondly a spectrum with excitation by both lasers. The differential intensity is depicted
in Fig. 8-2 (b). A small shift to higher energies can be seen when the 2" laser excites
the diamond system. Hence, a heating of the Mn spin system is evident. This heating
occurs most likely due to MWs emitted by the diamond crystal. Additional illumination
with 2.03 eV laser light (red line) leads to a strong MW emission compared to exciting
at the maximum of the NV~ center absorption band at 2.18 eV, because the excitation
of P1 centers is more efficient. Therefore, the energy shift of the quantum well PL is
smaller for excitation with 2.18 €V (blue line). However, the PL energy shifts are rather
small and can also be explained by stray light of the 2" laser which passes the paper
shielding. In addition, the small difference of the g-factors of both systems, the P1
center (g = 2.0024)'23 on one side and the Mn spin system (g = 2)['?*l on the other
side, may result in the emission of MWs which are slightly detuned from the magnetic
resonance of the Mn spin system. To overcome this obstacle, an advanced experimental
setup has to be designed allowing independent control of the magnetic fields applied to
both samples.

Alternatively, a system, which shows suitable magnetic resonance, can be used as
MW probe. For instance, NV~ centers in diamond show distinct ESRs, and thus are
sensitive to MW radiation even with very low power, compare Chapter 6. Therefore,
Ryab, which has a high concentration of NV~ was used to detect the MW emitted by

97



Chapter 8. Outlook: A masing diamond

200

nd
(@) 2" laser 100

B
=
g )
] —
& = 100 | without YS TQEOKS w
f— » [ B=0T Po 000
£ 2000 p=237 P =10mW
Ryab _300 1 | 1 | 1 | 1
1 laser 1935 1940 1945 1950  1.955

Photon energy (ev)

Figure 8-3: (a) Excitation scheme of MW source YS and probe Ryab. The 15¢ laser is blocked
by the Torlon barrier. Only the microwaves (red waved arrow) pass through and induce ESR in
Ryab. (b) Differential spectra of the NV~ PL in Ryab. Additional illumination of the Torlon
barrier (black) or YS (blue and red) leads to a shift of the ZPL to higher energies.

YS.

A sketch of the sample holder made from black Torlon, a high performance
thermoplastic (Polyamide-imide) which is fairly transparent for MW radiation!'?¢, is
shown in Fig. 8-3 (a). The MW source YS (yellow) is separated from the MW probe
Ryab (dark red) by an 1 mm thick barrier (gray). For excitation a laser (green)
operating at 2.33 eV is used. With a beam splitter the laser emission is divided in two
parts, henceforth referred to as the 1%% and the 2°d laser. While the 1* excites Ryab,
the 29 Jaser is used to induce MW emission in YS. Note that YS is placed in a hollow
in order to shield Ryab from any stray light of the 2" laser.

The PL (red) of Ryab, dominated by the NV~ ZPL with an intensity of about
10 kcps, is measured with and without additional excitation of YS; the differential
spectrum is shown in Fig. 8-3 (b) for two magnetic field strengths. Note that at a
magnetic field of B = 0 T a small residual magnetic field of a few mT remains. However,
at such a small magnetic field (blue line), one would expect no MW emission from YS.
The observed shift of the NV~ ZPL to higher energies is a result of the temperature
increase in the VTI due to additional illumination of YS with the 2°d laser, which is
about 20 times more intense than the 15 laser. Despite the fact that both samples are
separated by the Torlon barrier and emerged in a flow of cold helium gas, the heating
effect of the 2" laser seems to be significant. Even when the second laser is not focused
on YS, but only on the thick Torlon barrier, a shift of the NV~ ZPL energy is seen,
compare black line in Fig. 8-3 (b). At a magnetic field of B = 2.3 T the differential
spectrum (red line) looks very similar to the 0 T spectrum. Therefore, evidence for an
ESR in Ryab is absent. Additional measurements at magnetic fields ranging from 1.9
to 2.35 T (data not shown) provide no indication of ODMR either. Hence, the observed
energy shifts are most likely just heating effects. Thus, there is no evidence for MW
emission from YS. However, this might be due to the fact that the power of the emitted
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MWs is too small, or that the MWs are mainly emitted in a direction distinct from the
laser excitation axis. Moreover, the frequency range of the emitted MWs could be very
narrow. So, there is no magnetic field at which the energy of the MWs emitted by YS
equals the energy of a transition between the spin states of the NV~ centers in Ryab,
and hence the resonance condition for ODMR is not fulfilled. This is, however, rather
unlikely, since the MW amplification observed in YS is quite wide, compare Fig. 8-1.

Concluding, one can say that there is no evidence for optical induced microwave
emission from defect centers in diamond. However, when seeded with 60 GHz MW, a
strong amplification can be observed at 2.21 T, which can be attributed to nitrogen
impurities. Therefore, defect centers in diamond are still promising candidates for a
solid-state maser operating at room temperature.
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Symbols and abbreviations

Symbol Meaning

«a phase shift of sample rotation angle
Ap amplitude of Fano resonance

arb. u. arbitrary units

B magnetic field strength

B magnetic field

BP diamond crystal ,,Black Pyramid“

°C degree Celsius

C3(v) point group with trigonal symmetry

C carbon (atom)

CB conduction band

CCD charge-coupled device

cps counts per second

CVvD chemical vapor deposition

CW continuous wave

0o zero field splitting

Do1 diamond crystal

Doq point group with tetragonal symmetry
DC7 diamond crystal

AFE, energy difference of ZPLs excited by o™ and o~ polarized light
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Symbols and abbreviations

AFegns energy shift of the NV center ensemble’s ZPL
AFEy zeeman shift

AFEypr, difference of the opposingly circularly polarized ZPL energies
Adgg phase shift of sample rotation angle

Al ZPL intensity change of an NV center subset
e Euler’s number

Eeyx energy of excitation laser

Enw microwave energy

EPR electron spin resonance

ESR electron paramagnetic resonance

Ezp1, energy of the zero phonon line

eV electron volt

) sample rotation angle

do phase shift

fee face centered cubic

FWHM full width at half maximum

g g-factor

gr(s) effective orbital (spin) g-factor

h Planck constant (4.1357 - 1071° eVs)

Hy, ZPL amplification determined by Lorentzian fit
HPHT high pressure high temperature synthesis

Hz Hertz

1 imaginary unit

Lizpr) (zero phonon line) intensity

Tex power density of exciting laser

K Kelvin
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Symbols and abbreviations

Lypr,

Nd:YVO4
NV
Ny~
NVRef

ODMR

P1
Fe
pr
DPex
PL
PLE
Piin
pmw
Foo
ppm
PSB

qr

orbital angular momentum quantum number
luminescence efficiency

wavelength

meter

orbital angular momentum projection
minute

spin projection

Bohr magneton (5.7884 - 107° eVT 1)

nitrogen (atom)

thickness

Neodymium-doped yttrium orthovanadate
nitrogen vacancy

negatively charged (neutral) nitrogen vacancy

diamond crystal ,NV reference*
optically detected magnetic resonance

linearly (polarized) or mathematical constant
single nitrogen defect (center)

magnetic field induced circular polarization
degree of circular polarization

power of excitation laser
photoluminescence

photoluminescence excitation

linear polarization degree

microwave power

optical orientation

parts per million

phonon side band

Fano factor
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Symbols and abbreviations

PNV
Ryab

S

S

S0,1,2,3
U+(_)

SST

VTI

W

wy,

x?y?'z

YS

ZPL

concentration of NV centers

diamond crystal ,Ryabzev2“

spin quantum number

second

Stokes parameter

rigth (left) circularly (polarized)

singlet state transition

Tesla

temperature

time

lifetime

rotation of the polarization plane
Faraday rotation angle

point group with tetrahedral symmetry

Volt

Verdet constant
neutral single vacancy
valance band

variable temperature inset

Watt

width of Fano resonance

width of resonance fitted by Lorentzian function
Cartesian coordinate system axes

diamond crystal ,,Yellow Submarine*

zero-phonon line
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