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PREFACE

This thesis addresses a few theoretical issues in the physics of deep-level defects
in semiconductors. The study of defects in semiconductors has a rich history,
dating back more than a half-century. For a long time, deep-level defects have
been considered detrimental, as they generally deteriorate the characteristics
of the material. Therefore, identifying, understanding, and controlling such
defects is crucial in devising better electronic and optoelectronic devices. On
the other hand, deep-level defects have highly localized atomic-like electronic
states, which are often decoupled from those of the host material. Numerous
experiments demonstrated coherent control and readout of such states in the
past few decades, sometimes even at room temperature. Therefore, these deep-
level defects are interesting quantum systems (called “quantum defects”) with
many potential and already existing applications.

The theoretical groundwork to study deep-level defects was already estab-
lished many years ago. However, quantitative description of specific defects
turned out to be difficult. Most earlier theoretical models have been used to
provide qualitative understanding, as they relied on a simplified picture of the
defect’s electronic and atomic structure. It was only with the advent of modern
electronic structure techniques that a more quantitative description became
possible. In the past three decades, the field has experienced rapid development.
Many issues that have been hitherto difficult to address were tackled. Still,
the development in the field of quantitative electronic structure calculations of
defects has been slower than in the case of, e.g., molecules or bulk solids, and
many questions remain unsolved.

In this thesis, we focus on two particular aspects of deep-level defects: (i) vi-
brational and vibronic properties of isolated defects; and (ii) photoionization of
deep defects. Our goal is to develop practical methodologies to calculate the
relevant quantities completely from the first principles of quantum mechanics.
The quantities are vibrational lineshapes of absorption and emission bands, as
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well as photoionization thresholds and cross-sections. The knowledge of these
quantities is important to understand the physics of known defects, as well as
to identify unknown ones.

This thesis is composed of five chapters. Chapter|I]is an introduction with
the main focus on preferable properties and novel applications of quantum
defects. The nitrogen—vacancy (NV) center in diamond is introduced, as it
is a well-understood example of such a defect. The NV center serves as a
benchmark system for our theoretical analysis. Chapter 2] presents the the-
oretical background used to describe the defect’s vibrational, vibronic, and
spectroscopic properties. Most sections in this chapter contain aggregated the-
ory from classical papers and textbooks. However, Secs.[2.5.3][2.6.3] and[2.6.4]
are original. They present our formulation to describe the multi-mode £ ® e

Jahn—Teller effect at defects with C's,, symmetry. Chapter [3| presents the com-
putational methodology to determine and analyze the vibrational structure of
defects in the dilute limit. We apply this methodology to explain isotopic shifts
of luminescence peaks of the silicon-vacancy center in diamond (Paper [[I'1]).
Chapter ] presents a theoretical investigation of luminescence and absorption
lineshapes in the presence of the Jahn—Teller effect. The methodology is applied
to NV centers in diamond (Paper [T2])). In Chapter[5] we address the photoion-
ization of deep defects in solids. We present a new methodology to calculate
photoionization cross-sections. This methodology is applied to explain the
photoionization mechanisms of the NV center (Paper [T3]]).
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Chapter 1

INTRODUCTION

Point defects are omnipresent in semiconductor materials. They are imper-
fections of local lattice sites in the otherwise purely periodic crystal struc-
ture. Such defects are classified into two broad categories depending on the
ionization energy: shallow- and deep-level defects. Shallow defects can be
thermally ionized at an operating temperature of the device (usually room
temperature) and make the material n-type or p-type conductive. On the other
hand, for deep-level defects, the excitation energy required to release a bound
electron (or hole) to the conduction (or valence) band is much larger than
the characteristic thermal energy. The typical feature of deep-level defects
is strongly localized carrier states, in contrast to more delocalized states of
shallow defects.

Historically deep-level defects were considered undesirable as they inter-
fere with the preferable properties of a material. They impede the doping
behavior, increase non-radiative recombination, and deteriorate the material’s
electronic and optoelectronic properties. However, in the past two decades,
a new viewpoint emerged towards optically active point defects, also known
as color centers. Some of them can occur in small concentrations and ex-
hibit strong and photostable optical transitions. This property permits optical
detection of individual centers and makes such defects suitable systems for
single-photon generation [4]. Furthermore, deep-level defects have electronic
states within the host material’s band-gap and resemble systems like isolated
atoms or molecules. They possess their orbital, spin, and nuclear degrees
of freedom which are sufficiently isolated from the host environment. For
some defects, such states can be initialized, manipulated, and read out us-
ing optical and electrical methods. There has been a lot of progress in the
spin control of isolated color centers [SHS]. Due to weak coupling to the
environment, spins in solids display low decoherence rates (sometimes even
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at room temperature), making it possible to achieve coherent control in the
time scales suitable for quantum technology applications [9]. Together with
scalable device engineering, they are promising platforms for new kinds of
technologies.

A good example of such a “quantum defect” is the negatively charged
nitrogen—vacancy center (NV™) in diamond [10]. It is a stable and bright
defect with a localized spin that can be prepared and read out using optical
excitation and subsequently coherently manipulated using microwave radiation.
This unique set of properties made NV center one of the key platforms to test
and eventually implement various quantum technologies. A lot of success
has already been demonstrated in the field of quantum-enhanced sensing [[11]],
quantum communication [[12], and quantum computing [13} [14].

The success of the diamond NV center propelled the research field of
deep-level point defects in semiconductors, as there are other systems with
similarly useful quantum properties [15]. Indeed, it has been found that other
impurity systems can be used for quantum technological applications [6, 8l [16]].
However, despite many years of research, the physical understanding of deep-
level defects is far from complete. The defect is not an isolated system, as it is
embedded in the matrix of the host material. The presence of surfaces and other
structural and isotopic impurities introduces non-trivial interactions and makes
it hard to disentangle characteristic properties of the defect from those of the
surrounding material. From an experimental perspective, not every property can
be measured directly. Even the identification of a defect’s chemical structure
is a non-trivial task. This is where the theoretical analysis can play a strong
supportive role.

This thesis is about a theoretical description of such deep-level defects.
Here, we focus on the electronic, vibrational, and vibronic structures of defects,
as they are essential for the rigorous quantum-mechanical description. More-
over, these structures determine the color center’s optical spectra, which have
subtle features often unique to the defect. Therefore, the theoretical ability to
predict optical lineshapes should help to identify new color centers. Further-
more, in the case of established defects, modeling of optical lineshapes serves
as a benchmark for theoretical methods and calculations. In this study, we
advance first-principles theoretical methods for describing (i) the vibrational
and vibronic structure, (ii) electron—phonon interactions, (iii) optical lineshapes,
and (iv) photoionization cross-sections of deep-level defects. These methods
are then applied to the nitrogen—vacancy center of diamond to explain its optical
signatures and the photoionization processes.
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Figure 1.1: (a) Atomic structure of the nitrogen—vacancy (NV) center in di-
amond. (b) Experimental photoluminescence spectra at 4 K from Ref. [[17].
(c) Energy level diagram of the NV center.

1.1 Introduction to the NV center

The nitrogen—vacancy color center in diamond is the central defect system
considered in this thesis. It is a well-studied impurity—vacancy complex and has
well-characterized optical features, suitable for benchmark calculations. In this
dissertation, we perform a rigorous analysis of the NV~ center’s vibrational
and vibronic structure, and then, using this data, we describe optical processes
of emission, absorption, and ionization. This section briefly introduces the
electronic structure and the basic physics of the negatively charged NV center.

The NV center is formed when one carbon atom is replaced by a nitrogen,
accompanied by the formation of an adjacent vacancy site, shown in Fig.[T.1]a).
This geometric structure has Cs,, point group symmetry. The NV center is
known to exist in three charge states: negative (NV ™), neutral (NVY), and
positive (NV ™). The negative charge state is most frequently used in quantum
technological applications. The identifying feature of NV~ is its unique spectral
signature of the photoluminescence band, shown in Fig. [I.T(b). The sharp peak
at 1.945 eV corresponds to a purely electronic transition (with no vibrational
excitation) and is known as the zero phonon line (ZPL). The broad vibrational
sideband extends to the lower energy and reflects electron—lattice interaction.
After this band was first reported in 1965 by du Preez [[18], the NV center
became an active subject of investigation and is now one of the most studied
defects in diamond.

The energy-level diagram of NV~ is shown in Fig. c). The ground
state is of orbital symmetry A and is a spin-triplet with Dys ~ 2.87 GHz
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zero-field splitting between ms = 0 and ms = %1 spin sub-levels [10]. The
optically excited state ®E is a degenerate orbital-doublet and spin-triplet with
the zero-field splitting of Deg ~ 1.42 GHz [19]. The spin-conserving transition
345 « 3E is observed to be extremely photostable under off-resonant excita-
tions (~2.3 eV) [20]]. Together with a short decay time (~12 ns), these prop-
erties make the NV~ center an attractive system for single-photon generation.

The optical spin detection and preparation of the NV~ center can be ex-
plained as follows. After the optical excitation to the 3F state, there is a
possibility of non-radiative decay to a spin-singlet level '4; [Fig. c)]. This
transition is more probable if the initial spin state is m; = 41 and weaker
for ms = 0 [10]. Such spin-selective behavior is reflected in the strength of
the photoluminescence signal, as the intensity of optical transition 3E — 34,
is stronger for my; = 0. This mechanism enables an opftical readout of the
spin state [21]]. After the transition to the 14, level, the system non-radiatively
decays to the spin-singlet 'E state and then back to the ground state 2A5. How-
ever, this time, the most probable final state is m; = 0. The overall process
leads to optical spin-polarization, as after a few cycles, the NV~ center has a
preferential spin projection mg = 0. An applied magnetic field splits m, = +1
sublevels of the ground state 34,. Then, the my = 0 and my = —1 spin states
can be chosen to function as a two-level qubit system, which can be manipulated
using microwave radiation adjusted to energy splitting. The coherence times of
this spin system can reach milliseconds at room temperature [22] and seconds
at cryogenic temperatures [23]. However, in modern practical applications, the
qubit is a nuclear spin coupled to the NV center [24].

In summary, the NV~ center is a bright and stable paramagnetic defect,
with spin states which can be optically initialized, manipulated, and read out at
room temperature.

While the NV~ center is the main focus, we also consider the negatively
charged silicon—vacancy center (SiV ™) in diamond [235]]. It is another prominent
defect system with potential applications in quantum technologies. The short
introduction to the SiV™ center is given in Sec.

1.2 Main goals and tasks of the thesis

The first goal of this research work is to develop a theoretical methodology
for describing optical lineshapes and photoionization processes of deep-level
defects. The second goal is the application of these methods to explain the
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vibrational structure of SiV™ and NV centers of diamond and photoionization

mechanisms of NV~. To achieve these goals, we formulated the following

tasks:

6]

2

3)

)

&)

(6)

1.3
@

(1)

(I1D)

av)

V)

Improve the computational methodology for the calculation of the defects’
vibrational structure in the dilute limit.

Develop practical theoretical methods for the analysis of the dynamical
multi-mode Jahn—Teller effect in color centers.

Develop an ab initio methodology for the calculation of photoionization
cross-sections in the supercell geometry.

Explain the isotopic shift of the phonon side peak in the luminescence
spectrum of the negatively charged silicon—vacancy center of diamond.
Model theoretical luminescence and absorption lineshapes of the NV~
center.

Model absolute cross-sections of absorption, emission, and photoioniza-
tion processes of the NV~ center.

Statements presented for the defense

We suggest that the experimentally observed sharp vibrational feature in
the photoluminescence spectrum of SiV™ is an e, -symmetry vibrational
resonance. The appearance of this feature in the experimental spectrum
cannot be explained in the Frank—Condon approximation. We hypoth-
esize that this peak is due to the Herzberg—Teller effect, whereby the
vibration modulates the optical transition dipole moment.
We developed a novel computationally tractable methodology for the ab
initio description of the multi-mode Jahn—Teller effect in point defects.
This methodology improves current theoretical techniques that are based
on the single-mode approximation.
Our ab initio methodology to calculate luminescence and absorption line-
shapes accurately reproduces the NV~ center’s experimental lineshapes.
After the photoionization from the 3E state, NV centers transition into
the metastable A5 state of NVO. This explains electron spin resonance
experiments and has important consequences for the charge dynamics of
the NV center. We determine the threshold for the photoionization to be
1.15eV.
Our ab initio methodology for the photoionization cross-section calcu-
lations explains recent photoionization experiments and elucidates the
charge-state dynamics of NV centers.
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Chapter 2

THEORY AND FORMAL
DEVELOPMENT

Is this the real life? Is this just fantasy?
Caught in a landslide, no escape from reality
Open your eyes, look up to the skies and see

— Queen, Bohemian Rhapsody

This chapter presents a theoretical framework for analyzing electronic,
vibrational, and vibronic structures of deep-level defects. In Section [2.1] we
formulate the theoretical problem of the defect system in the framework of
non-relativistic quantum mechanics. Section [2.2]introduces the crude adiabatic
approximation. Section [2.3]discusses the electronic problem and introduces
density functional theory (DFT), which is our method of choice for electronic
structure calculations. Special attention is given to the excited state calculations
and a Kohn—Sham single-particle picture. At the end of Section[2.3] we present a
molecular-orbital model that supplements density functional theory calculations
and provides an intuitive framework for describing multi-electron states of
deep-level defects. Section [2.4] introduces the methods for the analysis of
lattice dynamics. In the harmonic approximation, lattice motion corresponds
to simple vibrations around the equilibrium configuration. However, when
the electronic degeneracy is present, adiabatic approximation fails, and the
nuclear dynamics result in a complicated motion, which cannot be reduced to
a simple harmonic form. Systems of such behavior are termed as Jahn—Teller
systems. Therefore, Section [2.5]introduces the theory of the Jahn—Teller effect,
which goes beyond the adiabatic approximation. Finally, in Section [2.3] we
discuss the interaction with light and the theoretical approach for describing
the spectral properties of deep-level defects. The concept of electron—phonon
interaction is presented, and general formulae are derived for calculating the
optical spectrum.

21



The content of this chapter mainly aggregates different theoretical ideas
from classical papers and textbooks. Our original contribution is presented in
Sections[2.5.3][2.6.3] and[2.6.4] In these sections, we introduce our approach to
the multi-mode Jahn—Teller problem and derive formulae for vibronic states,

matrix elements, and optical spectrum in the case of £ ® (e @ e @ - - - ) vibronic
coupling.

2.1 The nature of the problem

From the microscopic point of view, pure crystal is an infinite structure that
is periodic with respect to spatial translations. From the theoretical perspec-
tive, such a system is effectively modeled by considering only the unit cell.
The unit cell generates the whole crystal by periodic repetition in space and
completely reflects the structural and symmetrical properties of the entire solid.
However, the defect breaks this symmetry, and theoretical techniques applicable
to periodic structures are partially lost. In some cases, defect-related effects
can be treated as small perturbations to the periodic system. This is often
done for shallow impurities. However, deep-level defects strongly perturb the
surrounding environment and require different theoretical techniques. There
are two approaches to model defect systems: (i) a cluster approach, where the
quasi-infinite system is approximated by a cluster, containing a finite number
of atoms; (ii) a supercell approach, where periodic modeling is applied for
non-periodic systems by selecting the large unit cell with an embedded defect
(see Section [2.3.4] for a more detailed discussion).

In the absence of external perturbations, the behavior of a molecular system
is described by a time-independent Schrodinger equation:

H(r,R)¥(r,R) = E¥(r,R). 2.1

Here we use an abstract notation, where index-free bold symbols denote a set
of electronic or nuclear degrees of freedom, i.e., r = {ry,...,ry,} for elec-
tronic coordinates and R = {Ry, ..., Ry, } for nuclear coordinate (Ne and
N, label the number of electrons and ions). In this thesis, we ignore all rela-
tivistic effects (e.g., spin—orbit interaction). The Hamiltonian H contains all
information about the system and its particle—particle interactions:

H =Ty(r) + Tu(R) + Ueo(r) 4+ Uen(r,R) + Upn(R). (2.2)

The electronic spin can be accounted for by replacing r — x = {r, o}, where o denotes
the spin degrees of freedom.
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In this equation, T., and T}, are electronic and nuclear kinetic energy operators,
respectively:
Ne Nn
. 1 9 . 1 1
To==32 Vi Ti==32 41
i i
Here and throughout the thesis, we adopt Hartree atomic units, where h =
me = e = 47 /eg = 1. The potential energy terms Uee, Uen, and Unn individu-
ally describe electron—electron, electron—nuclei, and nuclei—nuclei Coulombic
interactions:

Z (2.3)
’rz - r]\

1<J

sz R (2.4)
Z]R R

(2.5)
i< il

The direct solution of Eqgs. (2.I)—(2.5) is practically impossible due to its
complicated many-body nature. Therefore, a sequence of approximations must
be adopted to obtain practical results. The correct choice of approximations
should lead to a systematic convergence of the theory towards the truthful
description of the system. The best example of such approximate treatment is
an adiabatic approximation, which effectively separates electronic and nuclear
subsystems. In the next section, we present the adiabatic approximation in the
form used throughout the whole thesis. This form differs from the original
Born—Oppenheimer formulation as it defines the electronic subsystem for fixed
nuclear positions Ry (rather than be dependent on R). Compared to other
traditional forms, this is a rougher assumption and is named crude adiabatic
approximation. However, this simple form is very convenient for a subsequent
treatment of non-adiabatic effects, which is the topic of Section[2.5] Once the
adiabatic form is reached, we can separate the discussion of electronic and
vibrational structures.

2.2 Crude adiabatic approximation

The very notion of the nuclear or electronic configuration of the molecular
system essentially relies on the adiabatic approximation. All adiabatic approxi-
mations are based on the fact that the nuclear masses are much larger than the
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electronic ones. This implies that electron velocity is much larger than that of
the nuclei, and we can separate electronic and vibrational degrees of freedom
without losing much of the accuracy. From many adiabatic approximations, the
crude adiabatic approximation (CAA) [26] is the most straightforwardly applied
in electronic structure calculations of solidsE] Formally, this approximation can
be obtained starting from the exact Hamiltonian (2.2)) of the system:

H(r,R) = T,(r) + T,(R) + U(r,R). (2.6)

In this equation, U= ﬁee + ﬁen + ﬁnn is the potential energy of all particle—
particle interactions [Eqs. 1}1' Let us expand U around some reference
nuclear configuration Ry:

. ou
U(r,R)=U(r,Ro) + Y S

1 oU 5
o + 2 ; ou,,0u,, ‘Ounum +O(u’)
=U(r,Rg) + AU(r,R). (2.7)

Here, u, = R,, — Ryo,, denotes the three-dimensional displacement of nuclei
n about the point Ry ,. The first term of Eq. is a static contribution
independent of nuclear motion. In contrast, the second term in the second line
of Eq. (2.7) contains all the information about nuclear dynamics. In the CAA,
the electronic spectrum ;(r) and energies ¢; are defined as eigenstates and

eigenvalues of the electronic Schrédinger equation:
[T+ U(r, Ro) = ] 4(r, Ro) = 0. 28)

The solution of this equation is discussed in the next section. The exact eigen-
function of the Hamiltonian (2.6) can be expressed in the form of the expansion:

U(r,u) = Z xi(u)i(r, Ry), (2.9)

where y;(u) are functions of nuclear coordinates. Searching for the solution
of Eq. (2.6) in the form of Eq. (2.9), one arrives at the equations for x;(u):

Tux;(u) + Z (3| AU [i) xi(w) = (E — &5)x;(w). (2.10)

Here, (-| - |-) stands for integration over electronic coordinates. The crude adi-
abatic approximation is obtained by ignoring off-diagonal terms in Eq. (2.10)):

(j| AU [hi) = 0, for j # . 2.11)

2Term “static approximation” is also often used.
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In this case, equation (2.10)) attains diagonal form (w.r.t. electronic states), and
the eigenfunction can be written in the adiabatic form:

\I]i(rau) = Xi(u)w’i(ra RO) (212)

Once the electronic problem of Eq. (2.8) is solved, the coefficients x; for se-
lected v); are expressed as the eigenstates of the adiabatic nuclear Schrodinger
equation:

[T+ Viw)] i (0) = Buxiw), @.13)

where F,, = F — ¢; is the energy contribution due to the motion of nuclei and
Vi(w) = (| AU [0, (2.14)

is the potential energy of nuclei in the presence of electronic state 1);. V; holds
all the information required to solve the nuclear equation (2.13)) and is known
as adiabatic potential energy surface (APES). Adiabatic approximation sig-
nificantly simplifies the problem. Instead of solving Eq. (2.1)), which treats
electronic and nuclear degrees of freedom equally, we first solve the electronic
equation (2.§), treating nuclei as an array of fixed point charges. Once the
solution is known, we can calculate the adiabatic potential energy surface (2.14)
and solve the equation (2.13)), which determines the dynamical motion of ions
in the selected electronic state 1);. Usually, close to the equilibrium configura-
tion, such dynamical motion manifests itself as quantum harmonic oscillations.
Thus, one often refers to excitations of the nuclear subsystem as vibrations or
phonons. The formal treatment of the nuclear dynamical problem is presented
in Section 2.4

Approximation (2.11) works well when relatively large energy gaps sep-
arate electronic states of interest and fails when this separation is compa-
rable to phonon excitation quanta [27]]. Thus, the validity of the adiabatic
approximation can be verified by first solving the adiabatic problem and then
comparing electronic energies ¢; with vibrational energies F,. If electronic
states are well separated, the expected CAA error for energy is of the order
(m/M)'/? ~ 2.3 x 10~2 [28]. The particular case of non-validity of the adia-
batic approximation is the presence of electronic degeneracy. For degenerate
states, simple separation of electronic and nuclear parts in the form of Eq. (2.12))
is not possible. Such states are termed to be Jahn—Teller (JT) systems. The
theory of JT effects is the topic of Section[2.5]
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2.3 Electronic structure

The topic of this section is the solution of the electronic Schrédinger equa-
tion (2.8). Despite the simplification of the adiabatic approximation, it is still a
formidable task, especially if one considers large systems where thousands of
electrons are present. Thus, the electronic problem requires the use of approx-
imate electronic structure techniques. The method of choice in this thesis is
the density functional theory (DFT) of Hohenberg and Kohn [29, 30]. It is the
leading ab initicﬂ method for electronic structure analysis of solid-state systems,
as it allows to address systems up to several hundred or even thousands of atoms.
In Section[2.3.1] a short review of the ground-state density functional theory will
be presented. Although DFT is formulated in terms of electron density, a single-
particle picture emerges in the Kohn—Sham formulation of the theory [30].
Thereby, in Section [2.3.2] the meaning of single-particle orbitals is discussed,
and the methodology for excited-state calculations is presented. Section[2.3.3]
reviews different approximate schemes for the exchange—correlation functional,
which is the core part of DFT. The practical implementation of Kohn—Sham
density functional theory is introduced in Section[2.3.4] Finally, Section[2.3.5]
presents the molecular orbital model, which supplements DFT calculations and

allows intuitive interpretation of the defect’s electronic structure.

2.3.1 Density Functional Theory

The central problem of electronic structure theory is the solution of the eigen-
value problem for electrons [Eq. (2.8)]. The explicit form of the potential
U(r, Ro) involves electron—electron interactions Uy, (r) and an external poten-
tial o(r, Rop):

~ A

Ne
U(r,Ro) = Uee(r) + Z d(ri, Ro).

For isolated molecular systems, the external potential corresponds to electron—
nuclei interaction 9(r, Ro) = —>_; Z;/|[r — Ro|. The exact solution of
Eq. (2.8) using traditional wavefunction-based methods is practically impossi-
ble for realistic solid-state systems. Contrary to traditional methods, the density
functional theory solves the electronic problem in terms of the electronic den-
sity p(r), a function of three spatial variables. The electron density measures

3In Latin, ab initio means “from the beginning” (or “from first principles™), implying that
the only input parameters are physical constants.
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the probability of an electron being present at infinitesimal volume element and
is defined as an observable of spatial density operator p(r) = ZZN *o(r —ur;):

p(r) = (¥[p(r)ly)
= Ne/ [(r, 51,%a, ..., xn,)[Pds1 dxg -+ dxp,.  (2.15)
Here x; = (r;, s;) denotes the combination of spatial and spin degrees of free-

dom. The traditional wavefunction based approach relies on the minimization
of the energy expectation value with respect to the total wavefunction ¢:

Ey = min <¢( T4 Ue + i@(ri) ¢> . (2.16)

However, the wavefunction itself is not directly needed to evaluate the ex-
pectation value, as the electron density can be used instead. This statement
is formally proven by two Hohenberg—Kohn (HK) theorems [29], laying the
groundwork for density functional theory.

Hohenberg—Kohn theorems

The first HK theorem establishes the connection between electron density and
the many-electron Schrodinger equation for the wavefunction ¢ (ry, -+ ,rp;).
This theorem states:

First Hohenberg—Kohn theorem [29]. The ground state density py(r) of a
multi-electron system in some external potential 0(r) determines this potential
uniquely.

In other words, if two electronic systems bound with potentials 01 (r) and
02(r) have the same ground-state density, these potentials must be equal up
to a constant. This is a significant result as it points out that the ground state
density encodes all the electronic properties of the system as well as the ground
state wavefunction g itself. This fact enables us to write the ground state
wavefunction vy and energy Fj as functionals of p:

= /p(r)@(r) dr + FHK [p]. (2.17)



In the last line, the functional is split into two parts: the first term [ p(r)d(r) dr
describes the interaction with external potential, while the second term:

Yolp] >

describes the energy contribution from kinetic energy and mutual electron—

Frixlp) = (Yolpl| T+ U

electron interactions. Fik[p] is defined independently of external potential ©(r)
and is known as the “universal functional”.

The second HK theorem lays the groundwork for the variational principle:

Second Hohenberg-Kohn theorem [29]. The functional Ey|p| gives the low-
est energy of the system if and only if the input density is the actual ground-state
density.

Particularly, if the true functional form of Frx [p] is known, the ground-
state density and energy can be determined by minimizing the total energy
functional:

Ep = min E[p]. (2.18)
o

Once this density is known, all other properties can, in principle, be calculated.

In the original paper, HK theorems were formulated for non-degenerate
states and only for particular types of densities. Eq. (2.18) holds only if the
given density is associated with the ground state wavefunction of some Hamil-
tonian H = T + U, + 9/, where 9’ is any local potential. Such densities are
called v-representable densities. This is a troublesome constrain as it is hard
to check whether the given density satisfies the latter condition. Fortunately,
Levy [31] and Lieb [32] reformulated density functional theory in a much
broader and convenient sense. The requirement of v-representability in HK the-
orems stems from the fact that only for such densities we can find a one-to-one
correspondence between density and the ground-state wavefunction (note that
in general, there exists an infinite number of antisymmetric wavefunctions that
give the same density p(r)). Levy [31] noted that from all the antisymmetric
wavefunctions that correspond to po(r), the true ground state wavefunction
minimizes the universal functional Fjjk [p], while Lieb [32] proved that such a
minimum exists. Following these arguments, the whole theory was augmented
using a two-step constrained-search formulation, which extends HK theorems
to include any densities that can be derived from any N-electron antisymmet-
ric wavefunction (N-representability). Such constraint is very weak since it
can be satisfied by any non-negative differentiable function p(r) for which
[ p(r)dr = N [32].
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Kohn-Sham formulation

The practical implementation of density functional theory is done via the self-
consistent Kohn—Sham formulation [30]. In their work, Kohn and Sham [30]
reformulated the variational problem for density in terms of fictitious non-
interacting electrons orbitals qﬁfs, often termed Kohn—Sham (KS) orbitals.
These orbitals constitute the antisymmetric determinantal wavefunction:

1
wKS — d)KS KS . (bKS , (219)
\/m ‘ 1 2 Ne
where | - - - | denotes the determinant made from one-electron wavefunctions:
oS (1) o5S(r1) - PRKD(r1)
S0 gfp| = | T 98D IR
oS (rn,) o55(rn.) -0 RS (raL)

The wavefunction ¢kg is required to produce the correct electron density:
Ne
p(r) = (Wkslpltks) = Y _ 655 ()%, (2.20)
J

where p = ). 0(r — r;) is the density operator. The wavefunction is
not required to correspond to the true wavefunction of an interacting electron
system.

The derivation of single particle Kohn—Sham equations is illustrated as
follows. Let us consider the system of non-interacting electrons, with the
Hamiltonian:

Ne Ne
He=) T+ s(r:). 2.21)
7 7

Its ground state is a single-determinant wavefunction:

¢s "¢Ne|'

1
= = [P102"
VINS! 919
Here ¢;’s are N lowest eigenstates of the one-particle Hamiltonian:

iLs = Tz + QA]s(ri)-

The HK theorems still hold for such system, and the ground state density can
be determined via the minimization of:

Blpl = Tlpl + [ po)in(o)ar, (2.22)
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where

Ne
Tilo) =) | <¢i T > : (2.23)
i
is the kinetic energy of non-interacting electrons. The minimization of Eq. (2.22)
with respect to the total density, under constraint [ pdr = N, yields the
following Euler—Lagrange equation:

) (2.24)

where 4 is a Lagrange multiplier.
For the interacting system, Kohn and Sham suggested rewriting the univer-
sal functional in the form:

Fux[p] = TES[p] + (o] + Exelpo). (2.25)

where Tgs [p] is the kinetic energy of non-interacting KS orbitals [defined as in
Eq. (2.23)]. J[p] is the classical Coulomb interaction of the density with itself:

/ / ) dry drs. (2.26)
r2 — r1|

The final term of Eq. (2.25) is the exchange-correlation energy functional.
Fye [p] is defined to account for the remaining energy contributions:

Exclp] = Tp] — TE[p] + Ueelp] — Jp] - (2.27)
@ (ih)

Here (i) is the difference between the true kinetic energy T and the artificial
kinetic energy of non-interacting electrons Tfs, and (ii) is a non-classical
part of electron—electron interaction. The Euler—Lagrange equation for the
functional of the interacting system now becomes:

I PRI R 2 T
p= |o(r)+ 5p + 5p + 5p

This equation is precisely the same as one obtained for non-interacting electrons
[Eq. (2.24)], except 05(r) is replaced with:

’[)Ks(r) = @(I‘) +




The exchange—correlation potential tx. = 6Fy[p]/dp is the only formally
unknown term, which contains all non-classical contributions. Therefore, for
given Ugs(r), the variational problem is mapped to the solution of one-electron

Schrodinger-like equations:
[+ s (1) | 55 = 6. (2:28)

Here, the potential Ukg is a functional of p, while p is constructed from single-
particle KS orbitals through Eq. (2.20). Hence, the whole problem must be
solved self-consistently as it is done in the Hartree—Fock method. In principle,
one begins with a guessed p (or equivalently, a set of (;st’s), constructs ogs,
and then finds a new p. The process is repeated until the required convergence
is reached. The Kohn—Sham formulation of DFT is formally rigorous. That
is, if 4. were the exact exchange—change correlation potential, the solution of
Eq. would yield the exact ground-state energy and charge densityE] The
main practical complication is the form of EXC (and thus 9y.), which is only
approximately known. However, the search for proper exchange—correlation
functionals is a very active field of research, and increasingly accurate func-
tionals are being developed (see Section [2.3.3] for review on approximate
functionals).

Spin

Another important property for electronic structure analysis is spin. The wave-
functions of the electronic Hamiltonian must be eigenfunctions of spin operators
S? and S.. In the formulation above, Kohn-Sham density was required
to be identical to the total density of the interacting system. There is no distinc-
tion between spin-up and spin-down states of Eq. with this constraint
only. This formulation leads to spin-restricted DFT, where the spatial parts for

both spin counterparts are identical, i.e.:

s = [FS 1), 65 11), 855 11, @55 1),

This formulation is suitable for closed-shell systems, where all spins are paired.
However, this approach could lead to undesirable results for open-shell systems,
where there are unpaired electrons. Most importantly, in spin-restricted DFT,

*However, there is an open question of the v-representability of p in terms of Kohn—Sham
wavefunction. In general, not every p can be expressed as a density of a single Slater determinant.
Nonetheless, from a practical perspective, this assumption holds in most cases, although some
counter-examples can be found.
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the spin density Q,(r) = py — p, (excess of spin-up electrons at a given point)
in principle could be different from the true spin density of the interacting
system [33]]. Therefore, to overcome this problem, the spin-unrestricted formu-
lation of DFT is used [34, 35]. The main idea behind the spin-unrestricted DFT
is to introduce different Kohn—Sham potentials 7 for spin-up and spin-down
electrons to account for contrasting exchange interactions. As a result, two
systems of KS equations (2.28) emerge for each spin component. Resultant spin
densities p4, p| are required to be equal to their fully interacting counterparts. In
this formulation, the exchange—correlation energy becomes a unique functional
of both spin densities. In the case of deep-level defects, paramagnetic states are
often encountered. Thus the spin-unrestricted DFT is the usual choice, as it is in
this thesis. One drawback of the spin-unrestricted approach is possible artificial
mixing of different S? eigenstates (spin-contamination). However, such arti-
facts can be partially avoided if the correct structure of Kohn—Sham wavefunc-
tion (2.19) is enforced. This will be the topic of the last Subsection[2.3.5] where
the molecular-orbital model is used to determine the appropriate form of 1/ks.

2.3.2 Kohn-Sham orbitals and excited-states

In wavefunction-based methods, like Hartree—Fock, single-particle wavefunc-
tions are rather “physical” constructs. The occupied orbitals constitute the true
(approximate) wavefunction, and the energy of the highest orbital is approxi-
mately equal to the first ionization energy of the molecular system (as proved
by the Koopmans’ theorem). These properties strengthen the phenomenological
concept of a “chemical orbital”, which is extremely useful in explaining the
complex reality of molecular structures. In the Hartree—Fock theory, the assump-
tion that a single Slater determinant can describe the electronic wavefunction is
equivalent to the notion that each electron can be represented by an effectively
independent single-particle function (molecular orbital). The presence of other
electrons is felt through averaged Coulomb repulsion and exchange interaction.
Although this picture is not very rigorous, it provides a very intuitive interpreta-
tion of electronic states. If the ground state is a single-determinant configuration,
the excited configuration can be modeled in terms of single-particle excitations,
where electron—hole pairs are introduced. Such an orbital picture is also ben-
eficial for the defect system. It provides a simple and intuitive description of
electronic states in terms of single-electron localized orbitals (see Section[2.3.5).
The main drawback of the traditional Hartree—Fock approach is the assumption
of a single configuration, as not all states are described by a single Slater determi-
nant. Thus, improved methods like configuration-interaction (CI) or many-body
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perturbation theory (MBPT) must be used to describe such correlated systemsE]
However, in such advanced methods, intuitive orbital interpretation is partially
lost. On the other hand, the density functional theory is an exact theory that
should account for the electronic correlation to its full extent. However, the role
of single-particle orbitals still requires clarification. The main questions of this
section are: “what is the meaning of Kohn—Sham single-particle states”, and
“can they be used to model other electronic states beyond the ground state”.

Band-gap problem

From first sight, the single-particle Kohn—Sham orbitals of DFT are just aux-
iliary constructs without any meaningful “physical” information. In the early
days of DFT, the theory was primarily used to determine the ground-state bind-
ing energies and related properties, like potential energy surfaces, geometrical
structure, and force constants. The explicit use of KS orbitals to rationalize
chemical structure was avoided, mostly because it was difficult to extract physi-
cal information from these constructs. The picture started to change in the early
1980s after Janak [36] found a rigorous connection between the ground state
energies of N.- and N, + 1-particle systems in terms of KS eigenvalues. In
Ref. [36], Janak generalized the KS system to include fractional occupations

0 <o < 1:
p= 3 alolSP
i

Such a generalization describes the density and energy of a statistical grand
canonical ensemble [37]. Janak [36]] proved that the variation of the total energy
with respect to orbital occupation «; is equal to the eigenvalue of KS orbital for
N + o; electron system:

0Ey
80@

=&i(N + ). (2.29)

Therefore the KS eigenvalue has the meaning of the chemical potential. This
result uncovered new possible applications of DFT for a broad class of problems,
such as ionization potentials, electron affinities, and work functions of metals.
For example, from Eq. (2.29), it follows that the ionization potential I (the
energy of removing an electron from the system) and electron affinity A (the
energy of adding an electron to the system) for /V electron system can be written

>The term “electron correlation” in principle describes the deviation from a single-
determinant description.
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in terms of KS eigenvalues:
1
I = Eév_l —Eév = —/ EN(aN) day,
0

1
A=E) - ENT! = —/0 ent1(anst)daysr, (2.30)

where ey and € 541 are, respectively, the energies of the highest occupied and
the lowest unoccupied one-electron levels (these are calculated for different
fractional electron numbers). Furthermore, Perdew et al. [38]] showed that for
the exact functional, the energy of the grand canonical ensemble is a piecewise
linear function of fractional occupations, connecting energies at integer electron
numbers. Thus, the equations (2.30) for the exact functional can be rewritten as:

I = —EN(N - (5),
A= —ent1(N +9), (2.31)

where ¢ is a very small positive fraction of electrons. One could further argue
that adding or removing an infinitesimal number of electrons could only make
infinitesimal changes to ensemble density p and thus to the effective potential
¥Ks. Such change should not alter one-electron energies and Eqgs. would
become I = —en (V) and I = —en 41 (N). This argument leads to extremely
simple band-gap expression E; = A — I = en41(IN) —en (V) [39]. In the
early 1980s, the first DFT band-structure calculations were reported. However,
systematic studies showed that with available approximate functionals, fun-
damental band gaps of semiconductors are typically underestimated by 40%.
Perdew and Levy [40] rigorously proved that this inconsistency is not only due
to an approximate form of functional but also has more fundamental ground.
The Kohn-Sham band-gap ega% =en+1(N) — en(IN) always underestimates
the gap width, even with the exact Fx. [40, 41]:

} . (2.32)

N-§

OE
Eg _ Ks 4 { Xc
The second term in Eq. (2.32) comes from the derivative discontinuity of

OEx.
ON

~ Tgap ON
N+46

exchange—correlation potential and should always be present in the Kohn—Sham
formulation of DFT. This is the well-known band-gap problem of DFT [42]].
Apart from this band-gap problem, empirical observations show that the Kohn—
Sham band-structure calculations typically produce band-shapes and density
of states close to the experimental ones. Perdew and Levy [40] noted that
band-gap errors could be reduced by improving orbital-dependent one-electron
self-energies, which lies beyond the standard Kohn—Sham formulation. During
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the past 30 years, many attempts have been made to augment DFT to provide
a better description of the band-gap and excited-state properties. The most
advanced methods are time-dependent density functional theory (TDDFT) [43]],
G'W -approximation [44-46], and embedding methods [47], which combine
DFT with high-accuracy quantum chemistry approaches. Maybe the most
popular is the GW -approximation, where a quasi-particle picture is employed
to calculate the self-energy of interacting electrons. This approach is remark-
ably successful in predicting band-gaps (and electronic excitations in general),
achieving an error of a few percent with respect to experimental data for “simple”
materials [48]]. However, the computational cost of GW and other advanced
methods is still very high, especially if one considers an extended defect system.

Generalized Kohn-Sham scheme

The approach for excited states, which is employed in this thesis, is based
on a generalized Kohn—Sham (GKS) scheme [49]. The idea of GKS is to
reformulate the Kohn—Sham variational procedure differently to give more
physical meaning to single-particle eigenvalues. In the ideal case, the one-
electron band-gap should be equal to the true fundamental gap:

_ _GKS
Eq=c¢gp -

In principle, this reformulation could be achieved within the framework of DFT
by introducing electron—electron interaction into single-particle equations. In
GKS formalism, the density generating wavefunction (2.19) is still a single
Slater determinant of one-particle orbitals qﬁiGKS. Seidl et al. [49] showed
that ground state energy could be written as a functional of such one-electron
orbitals:

Bo [pl{#%S}]] = S[{¢%5}] + RS[o] + / opdr, (233

where p is a functional of {qﬁlC’Ks}. S is an arbitrarily chosen operator, which is
explicitly a functional of {¢SXS}, while R* accounts for the difference between
Fuk and S. In principle, this is a different partitioning of Eq. . The
minimization of Eq. (2.33) yields the following single-particle equations [49]:

O[S HGFS + dref™S + 097K = £FKSeFKS, (2.34)
where A SR*
VR — .
R 5p

is the remainder single-particle potential. Based on the partitioning of Eq. (2.33),
operator O® now may depend on one-electron orbitals. Although this is just a
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reformulation of a variational problem, it allows flexibility in choosing single-
particle equations. For example, if one chooses S to be the kinetic energy
of the Slater determinant, S = 3, (¢%%S|T|¢FKS), the standard Kohn—Sham
formulation is recovered. On the other hand, if § = (®|T" + Uec|®) (where ®
is a single Slater determinant), O will have the Fock operator form of Hartree-
Fock theory, and vr will contain all correlation effects absent in the HF theory.
With the exact functional, the minimization should produce the same ground
state energy and density as in the standard Kohn—Sham formulation (though
a single-particle description is different). However, the exact form of RS (and
thus ) is not known for chosen S, and appropriate approximations should
be used instead. Successful examples of the GKS scheme are meta-GGA [50]]
and hybrid functionals [51]] (see Section [2.3.3]for more detailed discussion). In
hybrid functionals, the exact exchange of Hartree—Fock theory is mixed with the
exchange-correlation of the approximate DFT functional [52H54]]. Such mix-
ture introduces non-local Fock type (integral) operators into the single-particle
equations. The partial motivation behind the hybrid functionals is based on
the empirical observation that HF single-particle band-gaps are overestimated
while KS band-gaps are underestimated. Meta-GGA is another type of func-
tionals, which introduce O° dependence on the kinetic energy density of the
non-interacting system 7 = 3, [(#55S|T|¢FKS)|2. Modern meta-GGA [55]
and hybrid functionals [53]] can improve the predictive power of single-particle
description. For example, screened hybrid functionals predict band-gaps with
15% accuracy and mean deviations of 0.21 eV for solid-state systems [56].

Excited-state calculations

The discussion above shows that the single-particle orbitals have a physical
significance, as they can be used to predict excitation energies (at least as a first
estimation). However, for localized systems, like defects, electronic excitation
could lead to geometrical rearrangement of atoms and some electronic relax-
ation in the vicinity of the defect. Ground-state calculations cannot capture such
effects. For point defects, geometrical relaxation is a very important property
as it leads to electron—phonon coupling, which is one of the central problems
of this thesis. To extract information about geometrical rearrangements (or
excited-state potential energy surfaces in general), one needs to access excited
states in the same manner as the ground states. The practical idea to calculate
excited states comes from the fact that Kohn—Sham orbitals generally provide
a good qualitative interpretation of the electronic structure and can be used to
rationalize chemical description, as is shown by Baerends and Gritsenko [57]].
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This is even more true for the generalized Kohn—Sham scheme, where the
description of single-particle orbitals is improved. Thus, up to some approxi-
mation, the excitation of one-particle states should mimic the true excitation
of the system. This conception forms the basis of the ASCF method [58],59].
ASCF method has formal justification for a subset of excited states. Gun-
narsson ef al. [35]] showed that the variational procedure of density functional
theory could be formulated for the lowest excited states of each orbital and
spin symmetry. In principle, this extended theory should include symmetry
restrictions in the exchange—correlation functional EXC. However, no general
prescription to achieve this is known. A more practical approach is to restrict
the variational principle to Kohn—Sham wavefunctions of a specific symmetry.
This restriction is achieved by considering different electronic configurations in
terms of ground-state KS orbitals (the framework to acquire different symmetry
configurations is presented in Section [2.3.5). Suppose the wavefunction of
certain symmetry is found to have a single-determinant representation. In that
case, the realization is straightforward: on top of ground-state calculations,
the electron—hole pairs are introduced by constraining the orbital occupations
to form appropriate symmetry wavefunction. Such constraint can be inter-
preted as single-particle excitation. However, if the state is a multi-determinant
wavefunction, direct SCF calculation is impossible. ASCF method is widely
employed for deep-level defect calculations [[60H62], and the results with hybrid
functionals produce an excellent agreement with the experiment. In practice,
this approach yields satisfactory results even if applied to states which do not
have formal justiﬁcationsE]

As a final remark, I think it is essential to emphasize that extracting infor-
mation from the single-particle picture of density functional theory is far from
“ideal”. It works in some cases and fails in others. However, more advanced
wavefunction-based methods beyond the Hartree—Fock are computationally
intractable for large systems, which is the case for defects. Thereby, DFT is the
best tool that we have in our hands, and it should be used carefully to predict
properties that go beyond the intended use of theory. However, much of the
“credibility” can be provided by careful comparison with experimental results.
If the theory can predict well-known properties, then it is reasonable to assume
that other predictions are also close to the truth.

®Some justification of this approach can be given in the context of the extended KS formal-
ism [63]. However, a special exchange—correlation potential should be used for the excited states.
As this special component is still unknown, the standard ground-state exchange-correlation
potentials are used in practical implementations.
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Figure 2.1: Jacob’s ladder of density functional approximations [[64]].

2.3.3 Approximate exchange—correlation potentials

The exact exchange—correlation functional FEy is the “holy grail” of quantum
chemistry. However, up to this day, no exact form of this functional is known.
Although By is fairly small compared to the Coulomb and single-particle
kinetic energy terms, it plays an important role in describing chemical phe-
nomena. Luckily, many mathematical features of the exact functional By are
known. In accord with these mathematical features and predictive power, the
whole hierarchy of exchange-functionals can be put in the form of “Jacob’s lad-
der” [64], where functionals of similar capabilities are placed at the same rung
(see Fig.[2.1). The ground corresponds to the Hartree theory, where exchange
and correlation contributions are completely neglected. Higher rungs employ a
more accurate description of exchange and correlation.

Local-density approximation

Originally introduced by Kohn and Sham [30], on the first rung of Jacob’s
ladder lies the class of functionals which employ the local-density approxima-
tion (LDA)E] This approach is based upon the exact exchange energy of the
uniform electron gas. The uniform electron gas is a well-understood model
system, where exchange and correlation are local in character (energy contri-

"In the case of unrestricted spin formulation, it is termed local spin density approximation
(LSDA).
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bution from infinitesimal volume element depends only on electron density
at that point). Therefore, LDA is a good starting point for the approximate
exchange—correlation functional. LDA assumes a small variation of the density
and provides the following functional form of the energy:

FUPA — / 2 (50 ) p(r) dr,

where eU0if — cunif 4 cunif jq the exchange and correlation energy of the

uniform gas. The exchange part is just an analytical result of Dirac [[65] for

unif

uniform electron gas. However, the correlation part ¢

is more complicated.
Usually, quantum Monte Carlo simulations [66] are performed for multiple
intermediate values of density to obtain accurate values of correlation energy.
Despite its simplicity, LDA often provides good structural and vibrational
properties. It works surprisingly well for extended systems, like solids or solid
surfaces. Unfortunately, it performs poorly for binding energies (overbinds)
and activation energies of chemical reactions [39]. Thus, in the early 1970s,
LDA had become a standard tool for solid-state physicists. However, it never

gained much popularity with the majority of quantum chemists.

Generalized gradient approximation

The next step in functional development is the inclusion of density gradient
in the formulation of EXC. This is the second rung of Jacob’s ladder, which
introduces the generalized gradient approximation (GGA) [67-69]. GGA
functionals have the following semi-local generalized form [69]]:

EGGA — /eSSCGA(pT,pi,VpT,Vpi)p(r) dr.

In comparison with LDA, GGA approximations tend to improve many aspects
of calculations. They partially repair the overbinding character of the LDA.
The functional proposed by Perdew, Burke, and Ernzergof (PBE) [69] is the
most used exchange—correlation functional in computational materials science f]
PBE is a non-empirical functional which satisfies the uniform density limit
and several exact properties related to the exchange—correlation hole [69]. It is
highly successful in describing ground state structural properties (geometry,
bulk-modulus, vibrational frequencies) and is extensively used in this thesis for
vibrational structure analysis. However, GGA, as well as LDA, suffers from
the already mentioned band-gap problem.

8In fact, the PBE paper [[69] is among the 100 most cited scholarly articles of all time [[70].
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Meta-GGA functionals

Meta-GGA functionals [55, 71, [72] occupy the third rung. This class provides
fully non-local functionals of density but avoids computationally demanding
integral (non-local) formulation on orbital parts. Generally, in addition to p and
V p, meta-GGA consider kinetic energy density 1, of Kohn—Sham orbitals:

2
,  where o =1, |,

1
Toe = Z ) ’v¢5¢§

1

as a functional ingredient:
ENOA = / ex Mo, pt, Vil Vb, 7, 7)) p(r) dr.

Such functionals are able to satisfy more exact constraints and achieve higher
accuracy in comparison to standard LDA and GGA formulations. Also, meta-
GGA falls under the generalized Kohn—Sham scheme as one-particle operators
are explicit functionals of orbitals. This formulation improves single-particle
description and partially cures band-gap discrepancies by 20%—-50%. More
recent non-empirical meta-GGA functionals [55, [72]] show promising results as
their accuracy is consistent for diverse systems and properties.

Hybrid functionals

The next class of density functionals that are most often used nowadays are
hybrid-functionals, which lie on the fourth rung of Jacob’s ladder. The original
idea of hybrids stems from the fact that exchange is the most dominant part
of the exchange—correlation energy. Thus, coupling the Hartree—Fock theory,
which provides an exact treatment of exchange with density-functional approxi-
mations, could in principle deliver some improvements over standard LDA and
GGA functionals. In the pioneering paper, Becke [52] developed a formally
rigorous approach to couple the exact exchange of the Kohn—Sham orbital
system with approximate exchange—correlation functional. In his derivation,
Becke [52] used the adiabatic connection formula for the exact functional [[73|]
and showed that the exchange—correlation functional approximately could be
expressed as:

1

. 1.
EHH ~ ZEEF + 5E,?CFT. (2.35)
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Here E, is the exchange energy of Kohn—Sham Slater determinant:

P (RS 036
1 o . 1 *
= D) igz:l // ¢ZGKS (r1)¢]GKS (I‘l)ruqbngS (r2)¢]C_}KS (rg) dry dro.

This scheme is widely known as “half-and-half” functional. Although such
simple mixing improved several aspects of standard functionals (especially
atomization energies), it had several deficiencies. In a subsequent publication,
Becke [[74] proposed a semi-empirical approach and defined a three-parameter
hybrid-functional which mixes LDA, GGA, and exact exchange. Parameter
values were determined by an appropriate fit to experimental datasets. This idea
opened the door for new semi-empirical hybrids, which became very popular
in molecular applications. For example, the B3LYP (Becke, 3-parameter,
Lee—Yang—Parr) exchange—correlation functional is one of the most popular
functionals for describing molecular properties.

However, initial hybrid functionals were problematic for solids [75]]. One
problem is computational, as Eq. (2.36)) is hard to evaluate numerically for
delocalized states. Another, more fundamental problem is connected to the
fact that for hybrids, exchange interactions at large spatial separations are
approximately canceled by correlation in narrow band-gap semiconductors
and metals [[75]. To cure these problems, screened hybrid functional of Heyd,
Scuseria, and Ernzerhof (HSE) [53]] was proposed. The main idea was to
separate long-range (LR) and short-range (SR) interactions. HSE functional
splits the Coulomb operator into two parts:

1 erfe(wri;) N erf(wrij)
Tij Tij Tij ’
—_——— —\—

SR LR

where erf and erfc are error and complementary error functions. The parameter
w adjusts the two ranges. Part of HF exchange is only incorporated in the short
range, while GGA-PBE exchange is present in both short and long ranges. The
mixing takes the following form:

Ege(a,w) = B (W) + (1 — a) By P55 (w) + B PBHR (w) + BPP.

The parameter a is a mixing parameter, which determines the part of the exact
exchange of HF in the short range. The standard HSE values are a = 1/4 and
w = 0.2. The most important aspect of HSE is the ability to rather accurately
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predict semiconductor band-gaps. This follows from the fact that hybrids fall
under the generalized Kohn Sham scheme and approximately include derivative
discontinuity [76]. For deep-level defects, HSE functional has become a
“gold standard” as it is able to predict accurate thermodynamic properties and
excitation energies.

2.3.4 Implementation

In this thesis, all the calculations were carried using the Vienna ab initio
simulation package (VASP) [[T7]]. VASP uses the plane-wave basis for single-
particle wavefunctions and PAW pseudopotentials to effectively separate core
and valence electrons. Plane-wave basis implies spatial periodicity of the
system, which is natural to solid-state systems but can also be used as an
approximation for analysis of point-defects. Here we will briefly discuss these
technical topics.

Plane-waves

From a microscopic point of view, extended systems like solids are infinite.
However, for pure crystal, translational symmetry simplifies an electronic
solution by employing the Bloch theorem [78]]. According to the Bloch theorem,
single-particle solutions take the form:

o (r) = " (x),

where k is any vector within the first Brillouin zone of the cell, and uy(r) has
the same translational invariance as potential energy 0kgs. Periodicity of uy(r)
implies that it can be written as a Fourier expansion:

u(r) = Ca(k)e’®r, (2.37)
G

where summation runs over all reciprocal lattice vectors . In practice, summa-
tion (2.37) is truncated by defining the kinetic energy cutoff |k +G|?/2 < Eeus.
This cutoff energy is chosen by performing convergence tests for total energy
or other sought properties. Thus, effectively the problem reduces to the size of
the periodic primitive cell. However, in an infinite system, we must solve for all
continuum values of k, as calculations of charge density and other properties
involve integration over the whole Brillouin zone. The general form of such an

integral is:
1

I = —
(€) Oz JBz

F(k) dk,
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Figure 2.2: A schematic illustration of the supercell method for a point defect
in a solid. The supercell is the area enclosed by the dashed lines.

where F' is a certain function. In practice, such integration is replaced by
approximate summation:

.
—— = W,
OBz JBZ Zk: 8

where wy are weight factors that sum to unity. The most popular method for
the Brillouin zone integration is based on Monkhorst—Pack (MK) scheme [79].
MK method generates an evenly spaced k-grid through the whole Brillouin
zone with equal weight factors. Three integer numbers M; x My x Ms define
the size of the grid and correspond to partitioning along each reciprocal lattice
vector. Convergence tests once again determine the suitable size of the grid.

Supercell approach

When the defect is put into a crystal, all translational symmetry is lost. Yet,
electronic and geometrical perturbations are expected to be well localized
in a finite neighborhood of impurity for deep-level defects. The supercell
approximation is based on this assumption. The supercell itself is an effectively
large periodic cell with an embedded defect (see Fig. [2.2). The volume of a
supercell contains an integral number of primitive (or conventional) unit cells.
This approximation has evident drawbacks known as finite-size effects, which
stem from spurious interactions between defects and their periodic images.
The defect wavefunction can overlap with itself and cause wrong localization
and dispersive behavior of constituent single-particle orbits. Thus, the validity
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of calculated properties must be checked by convergence tests for different-
size supercells. Present-day high-performance computers can tackle periodic
systems up to a few thousand atomsﬂ Usually, the finite-size effects for neutral
defects are eliminated by choosing supercells of several hundred atoms.

On the other hand, for charged defects, long-range electrostatic interactions
decay slowly with the cell size, and some additional corrections should be
taken into account. The energy correction scheme of Freysoldt er al. [80]
is a popular and reliable method for charged defects and is also used in this
thesis. Another issue is related to geometrical relaxation. The cell size restricts
nuclear relaxations to the region contained within a single supercell. Almost
no relaxation occurs in the midway between defect and its periodic image.
However, the relaxation could have a long-range pattern in the dilute limit,
which is not always reflected in finite-sized supercells. We address this problem
in Chapter[3|together with additional issues of vibrational structure and electron—
phonon interaction.

Pseudopotentials

The plane-wave basis is convenient for the description of periodic systems.
However, they introduce some computational problems for the core electrons
and regions close to the core. One-electron orbitals have sharp features close to
the nuclei as they are required to be orthogonal to core states. This situation is
problematic as a huge number of plane waves is required to describe the wave
function accurately. The pseudopotential method is based on two observations:
(i) Most of the chemical properties only depend on the interaction between
some set of valence (outer shell) electrons; (ii) The chemistry is, in a large
extent, determined by the character of wavefunctions at a bonding region,
which resides at some distance from the core. First, the pseudopotential method
effectively removes core orbitals from the simulation as they are almost identical
in atomic and bonding environments. Thus, the core degrees of freedom are
frozen and taken from atomic calculations (frozen-core approximation). The
second simplification is achieved by replacing frozen-core potential with a
smooth pseudopotential, for which outer-shell electrons have smooth behavior
inside the core region. Pseudo-wavefunctions must be identical to true all-
electron wavefunctions outside this core region. In this work, we adopt the
projector-augmented-wave (PAW) method [81]], which has good transferability

Note that this only applies to semi-local LDA and GGA functionals which have good
scalability properties. Hybrid functionals are, by order of magnitude, more expensive.
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properties. PAW method maintains the relation between pseudo-wavefunctions

and all-electron wavefunctions in the form of the linear transformation:

Yps = TYAE, (2.38)

where 7 has an identity character outside the core region. Thus, the pseudo-
wavefunction only differs from the original one inside the augmentation sphere
around the atom. The form of transformation 7 is chosen such that the continu-
ation of pseudo-wavefunctions inside the augmentation region is smooth [81].
Once the transformation is known, all operators for single-particle electrons
are transformed to the new basis. Relation (2.38)) is very important as it allows
the recovery of the true all-electron wavefunctions. This property is useful
for the evaluation of matrix elements between single-particle Kohn—Sham

wavefunctions.

2.3.5 Molecular-orbital model

In Section[2.3.2] when discussing excited-state calculations, we introduced the
ASCF method [58],159]. This method relies on symmetry restrictions imposed
on Kohn—Sham multi-electron wave functions. More precisely, the wave func-
tion is chosen to be of well-defined orbital and spin symmetry. This restriction
is held during the self-consistent minimization of the total energy. Determin-
ing the correct one-electron configuration from which Slater determinants are
formed relies on the so-called molecular orbital (MO) model.

Before numerical ab initio techniques, the determination of the electronic
structure of deep-level defects was a challenging task. Conventional theoret-
ical methods, like effective-mass theory or Greens-function techniques, are
inadequate for localized defects, as the variation of the strongly localized wave-
function and perturbing potential is too great [82]. On the other hand, despite
interaction with the host material, the deep-level defect resembles localized
systems like trapped atoms or molecules. Provided that defect consists only
of a small number of active localized “defect electrons” (which only weakly
interact with the crystal field), a simplified molecular orbital (MO) picture
follows naturally as an intuitive and descriptive model. These assumptions
are justified by the observed localized nature of color centers (e.g., by EPR
experiments) and the notion that the rest of the crystal is covalently bonded and
effectively neutral. Despite its simplicity, the MO model is very illustrative and
broadly used to interpret the electronic structure of deep-level impurities.
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The MO model was first applied to deep-level defects by Coulson and
Kearsley [83]]. They used a simplified picture where the defect system (dia-
mond vacancy) was analyzed using several electrons and sp3-type active bonds.
By utilizing spin and spatial symmetry considerations, these orbitals were com-
bined to form different multi-electron states. Although semi-empirical energy
calculations could not explain all experimental measurements, this approach
became a widely used framework to predict orbital symmetries and spin multi-
plicities of defects [82]. For example, successive application of this model to
the NV~ center by Loubser and Van Wyk [84]] provided a coherent explanation
of electron spin resonance experiments.

In present-day electronic structure methods, the host states are treated on
the same footing as localized defect orbitals. However, the chemistry of a defect
mainly depends on localized orbits that are occupied by electrons. Thus, the
standard ab initio approach to determine excited electronic states is as follows.
First, the ground state calculation is performed, and one-electron states of
localized character are identified as “defect orbitals™. These orbitals are treated
as a MO basis to construct excited state wavefunctions of different symmetry.
If a sought configuration is a single-determinant wavefunction, electron—hole
pairs are introduced by the constrained occupation of Kohn—Sham states. This
approach is widely used in modern-day electronic structure calculations of
point defects (see, e.g., Refs. [85H88]).

Requirements

Once the localized orbitals are determined, the construction of multi-electron
MO states relies on three fundamental requirements:

(i) The total wavefunction must be antisymmetric under a binary electron

permutation.
(i1) The spin part of the multi-particle wavefunction must be an eigenstate of

total spin operators S? and S..
(iii)) The orbital part of the all-electron wavefunction must transform as an irre-

ducible representation of the symmetry point group of the defect [89, [90].

These three principles lay the foundation of the molecular orbital model. The
requirement (i) can be satisfied by applying the antisymmetrization procedure.
Antisymmetrizer A is a linear operator that makes any /N-particle wavefunction
antisymmetric [89]:

_ 1 o(P)
A= i ;(—1) P. (2.39)
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Here, the sum runs over all N! permutations, and ©(P) is the number of
binary transpositions entering the permutation P. If the projection operator of
Eq. is applied to the Hartree-type product of single-particle states, the
result is a well-known Slater determinant:

A(p1(1)g2(2)...6n(N)) = NG : :

$1(N) ¢2(N) -+ on(N)
= |p102...0N] - (2.40)

The permutation operators P entering Eq. (2.39) commute with spin and or-
bital symmetry transformations. Therefore, the total wavefunction satisfying

requirements (i)—(iii) can be put in the form:
W) = A(2(r)x(a)). (2.41)

Here x (o) and ¢(r) are spin and orbital wavefunctions that fulfill requirements
(ii) and (iii). Eq. (2.41) enables a systematic search for well-defined multi-
electron states as the spin and orbit counterparts can be analyzed separately.
In the following content, we will present construction schemes that we use to
obtain correct forms of spin x (o) and orbital ®(r) subsystems.

Spin eigenstates

The spin function x (o) of Eq. (2.41)) must be a simultaneous eigenfunction of
multi-particle spin operators [91]]:

N 2 N
s? = (Z S(z’)) . S.=) S.(), (2.42)
=1 i=1

where S%(i) = S2(i) 4 S7 (i) + S2(i) is the square of the angular momentum
operator, and sums run over all electrons ¢ of the system. The eigenstates of
single-electron operators are:

S (i) ‘Sz = %7m2> =my }Sz = %aml>7
S%(i) |S; = 3,my) = Si(S; + 1) [S; = &, my)
3
=7 |Si = §,mi). (2.43)

The Hilbert space of an N-spin system is a tensor product of spin-1/2 particle
spaces H = H1 ® Ha ® --- ® Hy. The trivial basis of such space is a set
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of pure (uncoupled) states which are written in the form of direct product:
12,m1)|3,ma) - - |5, mn). Such states are eigenstates of S, but they are not
necessarily eigenstates of S?. There are many different methods to obtain
simultaneous eigenfunctions of S? and S, (see, e.g., Ref. [91] for a detailed
discussion).

For open-shell systems with a small number of electrons, the genealogical
construction scheme [91] is a relatively straightforward method, which allows
obtaining spin states by a successive combination of two spin subsystems. For
example, let us consider two spin systems with known eigenfunctions of S?(7)
and S, (i) (i.e.,
The theorem of angular momentum addition states that the resultant eigenstate
of S = (S(1) + S(2))? and S, = S.(1) + S.(2) can only attain values
between |S; — So| and S; + So (differing from each other by 1):

my) for the first system and |S2, mso) for the second one).

SZ’51—S2|,|S1—52‘4-1,...,514-52. (2.44)

Appropriately, one can construct an N-electron state by combining states of
(N — 1)-electron system with one electron of spin-1/2. The resultant angular
momentum value can only differ by +1/2 from the S value of the (N — 1)
electron system. In the genealogical construction scheme, we start from a
single electron and construct multi-electron states, adding one electron at a time.
The “parent” states are tracked and labeled to identify different degenerate spin
states. The coupling is done using Clebsch—Gordan (CG) coefficients of the
SO(3) group. CG coefficients (S1m1; Sama|S, m) connect the states of the
uncoupled basis with eigenstates of S? and S.:

|Sm> = Z <Slm152m2\5, m) ‘Slm1> ‘ng2> . (2.45)
mi+mo=m
The tabulated values or analytical expressions for CG coefficients can be found

in many books (e.g., [89,192])) or online references. The procedure is illustrated
for up to N = 4 electron states in Appendix [B]

Symmetry-adapted orbital wavefunctions

The requirement for the orbital part of the wavefunction [Eq. (2.41)] stems from
group theory considerations (see Appendix |Alfor a brief review of group theory
concepts applied in this thesis). The eigenfunctions must transform as a basis
of an irreducible representation of the point group G of the Hamiltonian [89]:

a) I'7) = Z (Ga) }F7,> )
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where T'(G,,) is a functional symmetry transformation of corresponding group
element G, [see Eq. ], and T WFW(GG) is the matrix of the irreducible
representation I' of a point group G [89, (90, [92].

In the MO model, single-particle orbitals ¢; are chosen to transform as
irreducible representations of the group G. In fact, if the mean-field approach
(like DFT or Hartree—Fock) is used, the single-particle Hamiltonian has the same
symmetry as an all-electron system. Thus, the single-particle wavefunctions
automatically satisfy this requirement@]

Similarly, as in the case of spin, the basis of the direct product of single-
particle eigenstates does not transform as a basis of an irreducible representation
of the point group G. The construction of the symmetric multi-particle wave-
functions follows a similar procedure to the genealogical construction scheme.
Clebsch—Gordan coefficients of the point group G combine the basis of the
direct product of irreducible representations I'; ® I'; into the state with well-
defined symmetry I'7y [[89, 90]:

|Ty) = Z (Civil v [Ty [Tarya) [Tv4) - (2.46)

ViV

The values of CG coefficients can be calculated using computer algebra pack-
ages (e.g., Ref. [93]) or found from tabular data (e.g., Ref. [94]). Once the
CG coefficients are known, the total wavefunction is constructed similarly
to the spin states. First, using Eq. (2.46), the two-electron wavefunctions of
well-defined orbital symmetry are formed by combining two one-electron or-
bitals. Then successive states are formed by adding one orbital at a time. The
procedure is demonstrated for MO states of NV center in Appendix

All electron wavefunctions

Once spin x and orbital ® parts are known, the all-electron wavefunction is
obtained via Eq. (2.41). Product x(o)®(r) yields some linear combination
of various Hartree-type products (i.e., ¢1(r1)¢2(r2) - - - ¢ (rn), where “bar”
denotes spin-down configuration). Application of antisymmetrizer A promotes
Hartree terms to Slater determinants [Eq. @)]. As a result, the final wave
function has a multi-determinant form, which sometimes can be contracted to a
single determinant expression. The search for physical states can be exhaustive
as one needs to consider all the combinations of possible spin and orbital states.
In Appendix [B] we show the derivation of NV states, which originally were
obtained in the thesis paper [I'3].

107f atomic orbitals are used as a basis for the MO model, the group theoretical projection
operators [90,92] are employed to find the symmetric basis of one-electron states.
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2.4 Vibrational structure

This section focuses on the solution of the nuclear Schrodinger equation (2.13)),
which follows from the adiabatic treatment of the molecular system. This equa-
tion determines the dynamical properties of the lattice. First, in Section [2.4.1}
we review the harmonic approximation and introduce the main parameters for
the vibrational structure analysis. In the harmonic approximation, the dynami-
cal motion of nuclei is described in terms of normal coordinates and vibrational
frequencies. In Section [2.4.2] we briefly review the formal analysis of the
periodic systems. The effect of defect perturbation on the vibrational structure
of the bulk is discussed in Section 2.4.3] Here we introduce the notion of
localized and resonant modes. Finally, at the end of Section[2.4.3] we present
the practical supercell approach for first-principle calculations of the vibrational
structure of the defect.

2.4.1 Harmonic approximation

The electronic Shrodinger equation (2.8) in principle can be solved for any
nuclear configuration Ry. In most practical situations, we are interested in
the dynamics of nuclei around the equilibrium geometry. In the classical
picture, such equilibrium geometry corresponds to the minimum of the adiabatic
potential energy surface (APES) [see Eq. (2.14)]. The procedure of finding this
minimum is termed ionic relaxation.

Ionic relaxation relies on the calculation of atomic forces. Once the forces
are known, one can apply minimization techniques (like the quasi-Newton or
conjugate gradient [93])) to find the local minima. For an atomic system, the
nuclear forces on ions are calculated from the Hellman—Feynman theorem [95]]:

Fr, —— a@ei _ <¢i aU (r, Ry)
’ RO,n 8R0,n

where Ry ,, is the coordinate of the n-th ion, ¢; is the electronic energy of

i), (2.47)

state 1;, and U(r, Rg) is the potential energy of the electronic Shrodinger
equation (2.8). The potential energy has two Ry-dependant terms: the potential
energy of electron—nuclear interaction, Uen(r, Ry), and the potential energy
of nuclear-nuclear interaction, Unn(Ro) [see Egs. and ]. From
Eq. (2.47)), it follows that the force explicitly depends on the electron density:
Fu, = [ ot 2ER) o i)

and can be calculated using density functional theory. Hence, in the following
analysis, we will assume that the system is in its equilibrium geometry.
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From Egs. and (2.14)), it follows that the adiabatic potential energy
surface of the nuclear Shrodmger equation (2.13) can be written as:

V; = (| AU, R)[4:)
oU > u, + = Z <"¢z

= Z <1/1i 78
n
where u are displacements from the reference configuration Ry, U is the

Z> u,u, + O(u?),

8U—naum u=0

n

potential energy of all particle—particle interactions, and AU is defined as
AU(r,Rg) = U(r,R) — U(r,Rp). If Ry corresponds to the equilibrium
geometry, the first term of the expansion vanishes. The harmonic approximation
is obtained when only the second-order terms are considered:

vhar (yu Z &, 0,0, (2.48)

In the crude adiabatic approximation, the quadratic coefficients:

= {0 e

ou,ou,,
are second-order derivatives of the APESE-] The matrix ® is known as the force

9%V,
wz-> = —) (2.49)

u=0 u,duy,

constant matrix (or Hessian matrix). The corresponding harmonic Hamiltonian
of the nuclear system is given by:

2
A pP;, 1
H, = En M : + 3 ngm P, Upy,. (2.50)

The direct solution of H, x = Eyx is still a challenging task since nuclear
degrees of freedom are coupled through ®,,,,,. The canonical transformation of
coordinates to the basis where potential and kinetic energy terms have diagonal
forms could simplify the problem. Such transformation is obtained by solving
the classical problem of a harmonic motion, as described below.

Classical solution

The classical equations of motion for Hamiltonian (2.50) are:

My, = Z B U 2.51)
This is the coupled system of second-order differential equations. The standard
ansatz for the stationary solution has the harmonic form:

u, (t) = wy, exp(—iwt). (2.52)

"These coefficients are multi-dimensional analogs of Hooke’s constant.
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Here, w,, is a three-dimensional amplitude vector that describes the shape
of the vibration. Substituting Eq. (2.52) into Eq. (2.57) yields a generalized
eigenvalue equation:

dw = w’Mw, (2.53)

where the mass matrix is defined by HMHmn = Mnémn This equation can
be easily transformed to the standard eigenvalue problem by the introduction of
mass-weighted coordinates/displacements m):

N, =V Mywy,.
In this coordinate system, the equation (2.53) becomes:
Dy = w’n. (2.54)

The matrix D is just a mass-weighted force constant matrix:

A - - . P
D=m oM (orDpn = o), (2.55)
My, M,,
which is often termed the dynamical matrix [96]]. The solution of Eq. (2.54)
yields a set of 3V, orthonormal vectors 7;, and corresponding frequencies wy.
These are the stationary vibrations of the classical system.

Quantum-mechanical description

Once the classical solution is found, we can define so-called normal coordi-
nates Q. [96]:

Qr = Znnnk,n = Z vV My (Rn - ROJL) MNk:n>

M= QrMin; (2.56)
k

where R, is the position of atom n, Ry ,, is its equilibrium position, and Nk
is an eigenvector of dynamical matrix D, that describes the three components
of the mode £ of atom n. The normal coordinates are scalars that represent
the collective motion/displacement of the nuclear system. The second relation
of Eq. follows from the ortho-normality condition -, 0., Mg, =
Ok, which implies that 17,;; = 7, (note index transposition). Canonical

"2The notation || A ||, denotes the matrix element of operator A.
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transformation to normal coordinates transforms the kinetic and potential energy

term into the diagonal form:

2 2
Pn 1 9 1 . 1 22
oM, 2 Zk 0Q7" 2 an mmfntlm =5 Zk Uk

In the basis of normal coordinates, the harmonic Hamiltonian becomes the sum

of one-dimensional harmonic oscillator equations:

1 92 1

H, = HEF, where H* = -~ —— + Zw2Q3. (2.57)
Zk: Y Y2007 2
Since [ﬁff, I—L’f’] — 0 for every k, the eigensolution of H,, can be written in the

multiplicative form:

X(Q) = xi(Q1)x2(Q2) - - - x3n, (Q3n,),

where each x(Q) is found by solving a one-dimensional Schrodinger equa-
tion:
HExie(Qr) = erxn(Qr)- (2.58)

Therefore, each one-dimensional oscillator is described by a quantum number
ng = 0,1,..., and the corresponding energy is ¢, = wi(ng + 1/2). The
vibrational state of the whole system is characterized by Fock state vector

|ning - - - nap, ), and related energy is the sum of harmonic oscillator energies:
E, = g €ny,-
k

The discussion above shows that the vibrational problem can be solved
by diagonalizing the dynamical matrix [Eq. (2.55)]. Once the solutions are
found, the quantum-mechanical vibrational states are described by a set of one-
dimensional harmonic oscillators. However, direct diagonalization is impossible
for extended systems like solids, as we have an effectively infinite number of
degrees of freedom. In the next section, we will shortly revision the solution of
the vibrational problem in the systems with translational symmetry.

2.4.2 Crystal vibrations

For periodic crystals, the translational symmetry is utilized to simplify the
analysis and reduce the computational cost. Crystal is divided into an array of
unit cells. A unit cell is the volume element that generates the whole structure by
periodic repetition in space. Therefore, each atomic position can be described
by two vectors:

R, =R"+R,,
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unit cell

Figure 2.3: Principle scheme of crystal structure.

where R® defines the position of unit cell o, and R, labels the relative posi-
tion within the unit cell (see Fig.[2.3). Accordingly, we label the dynamical
matrix of the periodic system by four indices:

ﬁam,ﬁn = 1A)m,n (Ra’ RB)'

The translational invariance of Hamiltonian implies translational invariance of

the dynamical matrix:
Dn(RY + L, R? + L) = D,,,,,(R*, RP),

where L is a crystal lattice vector. Such symmetry allows to employ the
Bloch theorem, which states that any eigenvector of a periodic operator has the
following mathematical form:

n,(RY) = exp(iqRa)/f’qn' (2.59)

Here, q is any vector, and 74 ,, is a lattice-periodic part. Plugging Eq. (2.59)
into Eq. (2.54) yields:

~ . ﬁ - . @
Z Z D, (R, RP)elR Ngn = w?elaR Tgm-
n B

Finally, the translational symmetry of D allows us to set the coordinate system
to R® = 0, and the dynamical equation becomes:

D(q)i(q) = w(q)*A(q). (2.60)

Here, D(q) is the reduced dynamical matrix:

Dy (@) = Y Dy (0, R 4R’ 2.61)
5

Consequently, we must solve Eq. (2.60) for each q point within the first Brillouin
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zone (FBZ) for the periodic crystal. Solutions outside FBZ are equivalent
because of the relation:

exp (z‘(q + G)Rﬁ> = exp (iqRB> 5

for any reciprocal lattice vector G. In practice, the vibrational structure analysis
of the periodic system is performed along some paths inside FBZ. The exemplar
calculations of the diamond phonon structure will be presented in Section[3.1]

2.4.3 Defect vibrations

When the point defect is present in an infinite lattice, it spoils the periodic
symmetry and, hence, the vibrations of the perfect crystal are modified from
their usual form. As a result, the analysis of normal modes cannot be simplified
in the same way as for periodic systems. However, the simplifying feature of
the point-defect is that the defect is localized in a small region of the volume
in the otherwise perfect lattice. The original theoretical method for the defect—
lattice vibrational analysis was the Green’s-function (GF) approach [97H99].
This method allows qualitative analysis of general properties of defect-specific
vibrational modes. Therefore, in the first part of this section, we will briefly
review some findings of the vibrational structure of the point-defect.

However, the practical application of the Green’s-function method to real
problems is difficult, especially if one needs to obtain accurate geometrical
shapes of vibrations. Therefore, in the second part of this section, we will
present the computational supercell approach for the quantitative analysis of
vibrational modes of the defect.

Localized and quasi-localized modes

Point imperfections may introduce vibrational modes in the frequency region
forbidden to the crystal (e.g., phonon bandgap) or modify the bulk vibra-
tions [98,199]. In the first case, the vibrational modes have large amplitudes
and are strongly localized in the vicinity of the defect. Therefore, they are often
referred to as “localized modes”. The formal analysis of Maradudin [98]] shows
that the amplitude of localized mode is independent of the system size and
decays faster than exponentially with increasing distance from the defect. Due
to a strong electron—lattice interaction, such modes often leave signatures in
the luminescence (or absorption) spectrum. They can also be detected using
infrared or Raman spectroscopy [[L00].

In contrast, if the frequency of defect-specific mode is in the energy band of
the perfect crystal, the vibrational mode has a less localized character [99H102].
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Such “in-band” modes often appear in collections and are qualitatively character-
ized by resonance-type amplitude peaks in the frequency spectrum of perturbed
lattice (e.g., if the vibrational amplitude of the impurity atom is a function
of the frequency, this function has a sharp increase at some resonant value).
Such collections of perturbed modes are often referred to as “resonance modes”
(or “quasi-local modes”). The first theoretical prediction of resonant modes
was made for pure mass defects [[103]. However, they are common features of
impurities that cause a decrease of force-constants. The characteristic feature of
quasi-local mode is that the amplitude at the defect site is of order N, v 2, while
it is independent of the system size for the localized mode [[101]. However,
as the size of the system increases, the number of modes that constitute the
resonance also grows. Therefore, resonances are significant in describing the
electron—phonon interaction, as the collective increase of amplitude in the vicin-
ity of the defect implies a stronger coupling between the lattice and electrons.

Supercell approach

The discussion above indicates that the defect-specific modes are either strongly
localized in the defect neighborhood or resemble pure bulk vibrations with
usually small perturbations in the vicinity of the defect. Thus, a natural idea
for quantitative analysis is to use the sufficiently large defected supercell with
periodic boundary conditions. If the supercell is large enough, the local and
quasi-local vibrations can be effectively contained in the region of one supercell.
This approach is standard for defect vibrational structure analysis (see, e.g.,
Refs. [104-108]]). Although the idea principally is correct, from the practical
point of view, we are restricted to somewhat limited size supercells due to
computational limitations. In general, localized modes are easily captured in
moderate-sized supercells. However, the general features of resonance only
slowly converge with the size of the cell (this will be illustrated in Chapters
and[). For small and moderate-sized supercells, the most troublesome region is
the low-frequency domain of acoustic modes. In the case of diamond NV center,
Alkauskas et al. [109] noted that the correct overall shape of electron—phonon
interaction could only be obtained if the supercell size reaches tens of thou-
sands of atoms. Correspondingly, Alkauskas et al. [109] suggested using the
embedding methodology, where the dynamical matrix of a very large supercell
is constructed from the calculations in computationally feasible moderate-sized
supercells. The development and improvement of this embedding methodology
were one of the major topics in this thesis. This methodology is presented in
Section[3.3]
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2.5 Degenerate states and vibronic structure

The adiabatic approximation [Eq. (2.11)] works well if the separation between
energies ¢; of electronic states 1/; is much larger than the characteristic vi-
brational energy of the nuclear subsystem. However, this approximation fails
when ; belongs to the degenerate set of electronic wavefunctions. In such
a case, instead of the adiabatic wavefunction (2.12)), one needs to consider
wavefunctions of the vibronic form{"|

U => xi(R)¥i(r,R). (2.62)

Here, the summation runs over all electronic states of the degenerate sub-
space. Wavefunction (2.62)) is a solution of the vibronic Schrodinger equation

[Eq. @.10)]:
Trx;(w) + > (1] AU 1) xi(u) = Eyy;(w), (2.63)

where 7 runs over all degenerate states, and £, = EX — ¢; is the energy contribu-
tion to the total energy of the molecular systemErI The non-adiabatic Eq.
results in complex nuclear dynamics, often titled the Jahn—Teller (JT) effect.

Degeneracy is a consequence of spatial symmetry and is a common prob-
lem for point defects. The Jahn—Teller effect in color centers is responsible
for many non-trivial phenomena and impacts optical spectroscopic proper-
ties [110]. However, the theoretical treatment of the JT system is difficult,
especially if the system has many nuclear degrees of freedom. Therefore, the
analysis is often simplified by considering the model of one effective vibra-
tional mode [[106} 110, [111]. This reduction is formally justified for strong
vibronic coupling [112]] but is inadequate for weak and moderate vibronic
strengths. One of the important achievements of this thesis is the development
of a practical methodology for the multi-mode treatment of the JT problem.
This methodology will be presented in Section 4.3.3

This part is organized as follows. Section [2.5.1|introduces the formal theory
of the JT effectE] This theory relies on the group theoretical analysis, which
is shortly reviewed in Appendix [A] In Section[2.5.2] we discuss the practical
approach to the solution of the dynamical JT problem. Section[2.5.3|presents

3«Vibronic” is often used to refer to a combined electronic and vibrational state. Here, we
will use “vibronic” to indicate that the total wavefunction is not simple multiplicative product
U = x.

"“Note that in the adiabatic approximation, only the diagonal terms (t;| AU |v);) are kept.

SOur presentation loosely follows the theoretical analysis of Bersuker and Polinger [27].
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our original treatment of the JT effect in the excited triplet state of the diamond
NV~ center. We show that the JT effect has £ ® (e @ e @ - - - ) coupling in this
system, where e symmetry modes mix two degenerate electronic wavefunctions
of E symmetry. Finally, at the end of Section [2.5.3] we derive a practical
expression for matrix elements of the £ ® (e @ e @ - - - ) Jahn—Teller perturba-
tion. These findings are later used in Chapters 4] and [5] where we analyze the
electron—phonon coupling of Ay ++ E electronic transitions.

2.5.1 Vibronic Hamiltonian

Let us first discuss the symmetry properties of the system. As a starting point,
we choose the reference nuclear configuration Ry for which the symmetry
is highest and the electronic degeneracy occurs. In practice, Ry could be
selected as an equilibrium geometry of some non-degenerate electronic state.
In this configuration, the symmetry of the electronic system is described by
the point group G, a set of all spatial symmetry transformations that keep
the electronic Hamiltonian [Eq. (2.8)] invariant. The fundamental theorem
of group theory [89] states that any eigenstate of the symmetric Hamiltonian
must transform as a basis of some irreducible representation I' of the point
group G (see Appendix [A]for a brief introduction to representation theory).
Moreover, degenerate electronic states always transform as different rows y of
same irreducible representation I". Therefore, we label degenerate electronic
states by |I'y;) = [1);), where ~; identifies different degenerate wavefunctions.

For the description of the ionic motion, similarly, as in Eq. (2.56), we define
the basis of symmetrized coordinates:

Qryy = Z \/ﬁn(Rn — Ron)mnr, 5
n

Here, np, ., transforms as row -y, of some irreducible representation I'y, and
describes the collective displacement from the reference configuration Ry.
Index k is used to distinguish different sets of symmetric coordinates. Such
symmetrized basis can be directly obtained using group theory projection
operators [89,90]. Alternatively, one can use normal coordinates [Eq. (2.56))]
of some non-degenerate electronic state, as they naturally transform as a basis
of irreducible representation.

For specific labeling of irreducible representations, we follow the nota-
tion suggested by Mulliken [94]]: “A” and “FE ” respectively denote one- and
two-dimensional representations (or non-degenerate and doubly degenerate
states). The most trivial representation is totally symmetric representation A;.
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Mathematical objects of A; symmetry are invariant under all symmetry trans-
formations of the point-group (e.g., T(G;)Qq, = QQI)E]

Using symmetrized basis, we expand the matrix element (I'y;|AU|I'y;) of
Eq. (2.63) around the reference configuration Ry:

(Pl AU (r, Q)IT;)
_ZVkakaFk’Yk—i_ ZZ Fk'yk,Fl'leFk'YkQFl’Yl+0(Q3)' (2.64)

Crvg Fk"/k Ty

Here, we have introduced the expansion coefficients:

. OAU(r, Q)

i [0AUEQ)| ’ 2.
Vil < | gy ‘ %>Q 0 (2.65)
82AU(r, Q) >
- P | AU Q) | ' 2.6

Teve,Tive — < GQrk'ykaQFm K Q=0 ( )

These matrix elements are called linear and quadratic constants of vibronic
coupling. The non-diagonal terms of Egs. (2.63) and (2.66)) are essential for the
non-adiabatic description, as they characterize the influence of nuclear motion
on the electronic distribution and vice versa. Following the above notation, the
Hamiltonian of Eq. up to the second-order expansion can be written as:

Frvibr
H;” = E Prmk + E kaQFm

*t3 Z Z W Crve,lin Qrk“/k QFz'yla (267)
Fk’Yk T

where Pr,, = 0/0Qr,, is the conjugate momentum of the coordinate Qr, -, .
In the following analysis, we will factor out the non-adiabatic part of
Eq. (2.67), H'T, that is only present in the case of degeneracy:

v = fy + 7' (2.68)
Here, H describes the zero-order solution in the absence of vibronic coupling
between degenerate electronic states.
Linear vibronic constants

Parameters Vlfi +, are linear vibronic constant (LVC) and have a clear meaning
. ., ZZ . . . . .
when ¢ = j: Vit + 18 the force in the direction of Qr,~, when electrons are in

16We will use lower case letters (e.g., a1, a2, and e) for irreducible representations of normal
coordinates or single-particle states and upper-case letters for multi-electron wave functions.
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the state |I'y;). On the other hand, the off-diagonal LVCs couple degenerate
electronic states when the motion of nuclei is turned on.
Let us look at the symmetry properties of LVC. The operator:
IAU(r, Q)
Xty = 3~
k7K 8Qrk’yk

has the same symmetry as the ionic displacement Qr, -, [27] When all the
terms in the matrix element transform as a basis of the irreducible representation,
we can employ the Wigner—Eckart theorem [90]. This theorem states that for
any symmetric operator Xr, -, , we have:
(Ciyil Xy L5750 = Xg,irj (CivilkvelTi75) »

where X’?;Fi is the so-called reduced matrix element, and (I'y;Tjyi|Tvy;) are
the point groups’ Clebsch—Gordan (CG) coefficients. The reduced matrix
element does not depend on rows of irreducible representations. Thus, it is the
same for all ~;, vj, and 7. CG coefficients depend only on the point group
and can be found from tabulated data [93]] or calculated using computer algebra
packages (e.g., Ref. [1 13]) Therefore, we can write the linear constant of
vibronic coupling as:

Vi = Vo, Tyl Ty;) - (2.69)

If one vibronic constant Vrzfc - is known, all the others belonging to the same
symmetric set k£ can be calculated using the above equation.

Now, let us analyze the matrix element in the case of non-degenerate
electronic states. Group theory tells us that this matrix element is non-vanishing
only if we have a totally symmetric contribution in the direct product of repre-
sentation A1 € ' @ 'y, @ I'. In the case of non-degenerate electronic states, I" is
a one-dimensional representation and I' ® I' = A;. In direct product algebra,
Aj has a role of identity, and I';, can only be A; representation; otherwise,
Vﬁi - is zero. Therefore, for non-degenerate electronic states, the force can
only emerge along totally symmetric directions.

In the case of degeneracy, the matrix element for A; symmetry displacement
is also diagonal with respect to electronic states th = VAl(Sij Therefore, we
split the linear term of Eq. into the sum that contains A; symmetry dis-
placements, and treat the rest as a contribution to Jahn—Teller perturbation HIT.

"1t transforms as the same row of irreducible representation as Qr, -, -

8Note that CG coefficients are directly related to the matrix form of representation. Thus, for
two equivalent representations 7" (G;) = ST(G;)S™*, CG coefficient values generally differ.

This follows from CG coefficient relation (T'y; A1|T'y;) = d;; for “simply reducible”
groups [92].

60



Quadratic constants of vibronic coupling

A similar analysis is applied to the second-order coefficients (2.66). This time,

the operator:
O*AU(r, Q)

Qo = 54— -
EYEL 1Y 8QFk’yk8QFl’yl ’
generally does not transform as an irreducible representation of the point

(2.70)

group G. It is a second rank tensor and a direct product of two representa-
tions, I';, ® I';. The same reasoning holds for the product Qr,~, Qr,,- We
knwo from the discussion above that only the A; part of Eq. con-
tributes to the non-degenerate states. To separate this part, we expand op-
erator (2.70) into symmetric components using inverse Clebsch—Gordan coeffi-
cients (I';v;|I'jv;Tkye) [89L102]:

Oryrin = (Y Dol Qo (Te @ T), 2.71)
F/’Y/
Qryv Qriy = Y (T Tkl ) {Qry ® Qry Yoy 2.72)
F/,y/

Here, Q. (I'y, ® I'y) and {Qr, ® Qr, }1rv, are projections that transform as
rows 7/ of the irreducible representation I

Using the Wigner—Eckart theorem, we define the reduced matrix element
W/ (I'y, ® T'y) of the quadratic vibronic constant as:

(F%\Qw(rk ® rl)\rfm =W (T @T)) <F%r’»/\rfyj> ) (2.73)

If the representation is unitary and real (and for most groups, it can be chosen to
be one by the correct choice of a degenerate basis), the following orthogonality
property holds [92]:

Z (T |Ceveliv) (X" |Cevelin) = Sprrm b (2.74)
Fevelin

Using Egs. (2.71)—(2.74)), we rewrite the second-order term of Hamiltonian (2.67) as:

§ § ij
Wl—‘k’yk T QFk’Yk QFZ’YZ

Trve Tin

= > Wi(Tp @ Ty) (Tul'y [Ty {@r, ® Qry Yoy (275)

Iy Ty

In the second line of this equation, the first sum is over all pairs of symmetric
multiplets of nuclear coordinates, while the second sum runs over all symmetric
components of direct product I'y, ® I';. In this form, we can separate ['y' € A;
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contribution that is also present in the non-degenerate case. To simplify the
notation, we define CG coefficient matrices in the basis of electronic states as
C’p .» such that:

ICr, lli7 = (Tyilr|T;) -

and [|Ca, |l;j = ; plays the role of the unit matrix.

From the above consideration of linear and quadratic terms, it follows that
the zero-order Hamiltonian of Eq. (2.68) contains only A; contributions of
linear and quadratic vibronic constants:

ﬁO :{;Zplgmk—'_ Z VFkQFk

Trve T'reA;
1 N
+ 3 Z Wa,(Ty @) {Qr, ® QFm}Al }CAI- (2.76)
I'nlm

Since this Hamiltonian is diagonal with respect to electronic states, it does not
mix degenerate electronic wavefunctions. Furthermore, we can simplify the

last term of Eq. (2.76]) by noting that:

Z Wa, (Tn @ Ti) {Qr,, ® Qr,, } 4,

I'nl'm
= Z Z Wa,(Tn ® L) (Trnynlmym| A1) QFn'VnQFm'ym

Fn’Yn F'm'}’m,

= Z Z DF"'anFm'YmQFn"/nQFm’Ym (277)

Cnyn Tmym

Here, we used the inverse relation of Eq. (2.72)) [89][92]:

{Qr, ® Qr,}p., = Z (Tl Ty Qryy, Qrymy -
VEN

In Eq. (2.77), matrix D has the same role as the dynamical matrix in the
adiabatic problem. Therefore, we will call it the dynamical matrix of the
vibronic system. The elements of this matrix are called mass-weighted primary
force constants.

The Jahn—Teller part H'T contains all the terms which are responsible for
the non-adiabatic mixing of degenerate states:

H'T = Z VFkQFk'Yk OFk
Cryeg Al

+ Z Z Wr, (I @ T'){@Qr,, @ Qrm}pmk érk. 2.78)

ol Ty ¢A1
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The mixing of electronic states comes from CG coefficient matrices Cr .» Which
are, in the general case, non-diagonal with respect to electronic states.

The selection of HY could seem a bit arbitrary. However, as pointed
out by Bersuker [28]], W4, has a major contribution to the potential energy
curvature 9°E / aQ%k ~, (£ 1s the system’s total energy). In contrast, the second-
order vibronic terms Wr, ¢ o, contribute only as a second-order perturbation.
Thus, the majority of electronic coupling comes from linear vibronic constants.
The second line of Eq. has a small contribution in the case of weak
coupling. As the system considered in this thesis (NV center) has a relatively
weak coupling, we will omit terms W, ¢ 4,, which considerably simplifies the
analysis. However, in the case of strong coupling, second-order contributions
might have a large impact.

A practical approach for calculating primary force constants and linear
vibronic constants is presented in Sections and In the following
analysis, we will assume that these parameters are known.

Zero-order solution

First, let us focus on the zero-order Hamiltonian and its eigenfunctions.
Later these eigenfunctions will be used as the zero-order basis for the Jahn—
Teller problem. Terms Vr,c4, are forces in the direction of A; symmetry
displacement. Practically, we can get rid of them by a suitable choice of the
reference configuration ROEGI Assuming that system has been relaxed along

with A; symmetry coordinates, and by plugging Eq. (2.77) into Eq. (2.76), we
get the Hamiltonian:

N 1 . 1 A
0 2
H” = ) Z PFk'Yk + D) Z ZDFk'Yk:Fl'YlQFk"/kQFZ'W Ca,- (279)
Trve Prve i

This form is equivalent to the harmonic Hamiltonian (2.50). Consequently,
we can follow similar steps and perform a canonical transformation to the
normal coordinates, diagonalizing the dynamical matrix D. As a result, in this
new basis, the Hamiltonian takes a simple oscillator form [same as in

Eq. (2.57)]:

~ 1. 1 A R N
H =" {QP%M + Qw%kQ%m} Cay=Cu, Y HP,., (280
Tkvk Tevie

OSee Sectionfor a practical realization of relaxation along with A; symmetry directions.
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where the previous notation Qr, -, is used for new normal coordinates. Here,
%k -, are eigenvalues of D that describe the frequency of the vibration. Simi-
larly, as in harmonic problem, the solution of the Hamiltonian (2.80) takes the

form:

w

70 = O(Q) |, (2.81)

where nuclear term x(©)(Q) = [T, X4 (@ry-, ) is a product of one-di-
mensional harmonic oscillator states. Each one-dimensional phonon state is
an eigenstate of H e = {3P2 .. +3wp, Q7 }. In conclusion, zero-order
solutions of the Jahn-Teller problem take the form where each degenerate state
IT'y;) has the same vibrational manifold x(*)(Q) described by > T ﬁIQ

EVE"

Jahn-Teller perturbation

As noted above, in this work, we ignore the second-order vibronic coupling
and take the linear vibronic constants as the only contribution to the Jahn—
Teller effect. In this approximation, the non-adiabatic part of the vibronic
Hamiltonian is:

HT= > Vi Qri Oy (2.82)
Prve¢ A

Here, CG matrices C’pk are responsible for the linear mixing of electronic states.
Because of these terms, adiabatic states (2.81)) are coupled, and the nuclear
motion cannot be reduced to a simple harmonic oscillator form.

Decoupling symmetry-breaking contribution

In the analysis above, we showed that the A; symmetry motion of the ionic
system does not couple degenerate electronic statesEr] Luckily, we can separate
the problem for these vibrations from the symmetry-breaking modes, as shown
below. We split the total vibronic Hamiltonian into two parts: H" = f¥br 4
HYr  The first term contains only nuclear coordinates of A; symmetry:

asym*

- 1 1 A ~
A Qu) = 30 {578+ RGO =1, Cn,

T'reA;

2This is because Cr 4, 1s a unity matrix with respect to degenerate electronic states.
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where the summation runs over all A; normal coordinates. The motion, along
with symmetry-breaking directions, is described by:

. 1 1 R .
8 Quon) = 3 {5+ b Qo O+ 7
Crveé A
= HymCa, + H'. (2.83)

As these two operators commute and pertain to different sets of coordinates, the
general solution can be written as a product:

TV = x4 (Qay )3T (1, Qasym) (2.84)

where X4, = [[rca, X is the nuclear harmonic wavefunction of HJ . The
second term:

\IJ;’S;I;H(I-’ Qasym) = Z X'y,(Qasym) |F7i> ) (2.85)
Vi

is the solution of symmetry-breaking part H ;;l;,rm Equations li and |D
describe the general wavefunction of the Jahn—Teller system. If electronic states

are non-degenerate, then by symmetry considerations, H'T =0, and Eq. li
reduces to the adiabatic form:

gadiabatic — Q) ) Xasym (Qasym ) [¥4) ,

0

where X asym is the harmonic wavefunction of Hamiltonian H g,

The symmetry-
breaking displacements Qasym are termed Jahn—Teller active modes (or coor-
dinates). The whole non-adiabaticity is described by Eq. (2.83)), and the JT
problem reduces explicitly to the eigenvalue problem of H ;;g;l. In contrast, a;

contribution is obtained using standard methods of the adiabatic treatment (see

Section[2.4.1]).

2.5.2 Solution

In the section above, we presented the formal problem of the Jahn—Teller active
system. This part will focus on the practical solution of Eq. (2.83), which
explicitly depends on JT active coordinates. To simplify the notation, we
will omit script labels and denote the non-adiabatic part of Hamiltonian by
o=mb

H=H0 4 0" =H,,Ca, + H'T.
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Note that this H contains all the symmetry-breaking displacements and has no
contributions of A; coordinates. The zero-order solution (for H'T = 0) has an
adiabatic form:

oY, = xa(Q) M), (2.86)

where x,,(Q) are eigenstates of #H,, and |I'y;) is one of the degenerate states.
In the harmonic approximation, we label phonon states by Fock-space vectors
Xn(Q) € [nr 4, ..., nry~y)- Each state has vibrational energy calculated
using standard equation E? = erk(% + N1y, )Wy, - The ground state
|0,0,...,0) corresponds to a configuration where all harmonic oscillators
are in their lowest energy configuration. Using the formalism of the second-
quantization, we can define raising and lowering operators by:

af |y ) = My T L L) 2.87)

aFk'Yk|”'an'Yk'”>:m"”nl_‘k'yk_l"'>, (2.88)
where “- - - represents the same configuration. The phonon number operator is
given by:

Lo |-+ Mgy )= aJIr‘k'ykaFk% | My )
= Ny ’nrk7k>

We can express normal coordinates Qr,~, and their conjugate momentum
Pr,, in terms of a}k -, and ar,, using standard relations [114]:

1
Qryy, = m(ahyk + ary);
kVk

N VTN
Pryy, = 2 (aFk'yk - aFk'Yk)‘

Finally, in the basis of zero-order wavefunctions (2.81)), we can write the matrix
element of H° for Jahn-Teller active coordinates as:

. A £70|,.1 / . )
<nF1“/1 N NN I'vi|H ‘nﬁw LGNS FVJ>

1
= 5ij5nn/ Z (2 + npk%) wry, - (2.89)

Trve

Here, boldface n = {nr,,,- - ,nr,~, } denotes the all-phonon configuration,
and 0y, is zero if at least one nr, 4, differs for configurations n and n'.

66



Similarly, the matrix element of Jahn—Teller perturbation H'T can be evalu-
ated to be:

. AT, / . )
<nrl'Yl Dy D[ H T npy, '”nFNvN’F%>

A~ wF
= ZVFkllcrkllij\/Tk
Ik

E T
X < L VTR "arm + argy,
Yk

.. 'ni“m .. > . (2.90)

Using Egs. and (2.88)), we can rewrite the matrix element of phonon
states as:

T /
<. .. 7an’Yk> .. .}ark’}/k + ark'\/k P 7an7k? e
=| I Oyt
Tivi#T ke
X (\/ Ny, T 15("i“mk7”1"k7k+1) T VN — 16(”,rk~,k=”l“mk_1)) )

(2.91)

Egs. (2.90) and (2.91) reveal some useful properties of linear vibronic
coupling. The mode of symmetry 'y directly couples two adiabatic wave-

functions if Hél“k |lij # 0 and corresponding phonon states only differ by a
single phonon excitation:

Ty

The coupling strength is of order V1, . Only such states are intermixed in the first
order of perturbation theory. Higher-order terms enter as (V)" corrections,
where An = ), (n; — n}) is the difference in phonon number. Therefore, for
a weak coupling (Vr < 1), we can truncate the basis up to some number of
phonon excitations An. This makes the problem in principle amenable but still
very difficult from a computational perspective, as the basis size is of order
2NAR For example, in the system of N = 10 modes, truncation up to An = 3
would yield Hamiltonian matrices of size greater than 10° x 10°. In the case
of a defect, the number of symmetry breaking modes N is huge, and the direct
diagonalization is practically impossible due to limited computational resources.

Luckily, in the system studied in this thesis (diamond NV center), the JT
problem has some additional symmetries, which can be utilized to reduce the
computational cost. Therefore, in the next section, we present our formulation
of the JT problem for the diamond NV center.
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‘ e ‘ 3—Z1 Cs, ‘ o1 o9 o3 ‘
Aq 1 1 1 1 1 1
As 1 1 1 -1 -1 -1

Loy | (-3 % -3 ¢ i ¢ 2\ (10
E (01) V3 1 V3 _1 _V3 _1 _1 ( 1)
2 2 2 2 2 2 2 2

Table 2.1: The irreducible matrix representations of the C'3,, point group. E
matrices are represented in the Cartesian (E,, E,) form.

w
w

-
w

2.5.3 Jahn-Teller effect in the NV~ center

This section analyzes the dynamical JT effect in the electronically excited state
3E of the diamond NV~ center [see Fig. b)]. Here, we present our original
analysis of the vibronic coupling and derive practical expressions later used in
Chapters @ and[5]

Symmetry

A short introduction to the diamond NV~ center was given in Section The
point-group symmetry of the defect is C's,, with a threefold rotational axis going
through the nitrogen and the vacancy [see Fig.[[.(a)]. This group has six sym-
metry elements which fall into three different classes. The first class contains
the identity element e, the second class has two C' rotations, and the last class
contains three vertical reflections o; through plains containing the rotational
axis. ('3, point-group possesses three irreducible representations shown in
Table Objects of A; symmetry are invariant under all symmetry transfor-
mations. A, symmetry objects transform as pseudo-vectors and correspond
to rotational motion around the z-axis in the case of vibrations. £ symmetry
objects come in pairs and represent doubly-degenerate electronic or vibrational
states. For two-dimensional F representation, the choice of representation
matrices is not unique. Table 2.1|shows the Cartesian (E,, E,) form, which
is the conventional selection in many articles and textbooksEZ] However, any
other set of matrices 7", related by unitary transformation 77 = UTU !, is an
equivalently good choice.

From Table [2.1] it follows that the degenerate electronic state can only be
of EY symmetry, as it is the only two-dimensional representation. Accordingly,
we label the degenerate subset of electronic states by {|Ey), |Ey)}. Jahn—Teller
active coordinates (modes) transform as As and FE irreducible representations,

22This representation reflects how the basis vectors é,, €, transform under symmetry opera-
tions around rotational axis é..
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and the motion along these coordinates mix electronic states |E,) <> |E,). We
split the JT interaction term (2.82)) into two contributions:

AIT _ 7T | 70T
H" =H,, +H;,
where parts pertaining to different symmetry coordinates are

I:I;g = Z OAQ Vk;a2 ka;azv ﬁiT = Z CA'EW sz;er;e»y‘ (292)
k kye{z,y}

Here, Cr ., are Clebsch—Gordan coefficient matrices for the pair of E electronic
states, ||Cr, |l = (E; Ty yx| E;). In the (E,, E,) representation, they are given
by [[L15]]:

N 0 1 A 1 (0 1 A 1 {1 O
Ca, = , Cp, =— , Cp, = — .
e S I T B T

Operators do not mutually commute, and simple separation of as and
e degrees of freedom is impossible. Luckily, for the NV center, vibronic
contributions of as symmetry are negligible [|1 16]@ Therefore, in the following
analysis, we omit ag symmetry vibronic coupling.

Without ay interactions, the Jahn—Teller problem of NV~ center reduces
to the F ® (e @ e @ -- - ) problem. This notation means that the degenerate
electronic £ doublet couples with a large set of e-symmetry modes. In the
rest of the analysis, we will omit normal coordinate indices “e” for irreducible
representation and write the vibronic problem as:

~o A 1 02 1 5 9
H —CAI Z _5@4_50‘%@]@7 s
kivezy v
HT= )" Cp ViQky. (2.93)
kyyex,y

In Section [2.5.2] we showed that the vibronic problem could be solved by
diagonalizing H"1™ = H9 + H'T in the basis of eigenvectors of H°. The ob-
vious choice is wavefunctions of the type |n1xn1y “ NN MNy; E;). However,
we also noted that this choice leads to huge matrices and is not convenient
for the computational approach, even for a small number of excitations. For
E®(e®@ed---) problems, a more suitable choice of the basis could be made
by additional symmetry considerations.

B1n fact, our ab initio calculations show that they are zero.
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Chiral basis and pseudo-spin

The idea for simplifications stems from the original work of Longuet-Higgins et
al. [117], where the dynamical (E ® e) Jahn—Teller system is analyzed in
terms of a complex basis The extension to the multi-mode problem can be
formulated as follows. The E® (e ® e @ - - - ) vibronic Hamiltonian has an addi-
tional symmetry which can be seen by considering the operator J=Ja+ jph,
where [[118]]:

. 1. . R R
Ja= 56y, Jon=Ca > Lo (2.94)
k

2
Here, J operates on the orbital part of the wavefunction, and &, is the Pauli
matrix. jph is the sum of phonon angular momentum operators:

- 0 0
L k—i<Qk A — Qrya—
- ‘ any Y an:}c ’
which act on a two-dimensional space of degenerate normal modes { Q. Qry }-
It is easy to check that jel and jph commute with the zero-order Hamilto-
nian H 0 Therefore, zero-order wavefunctions can be chosen to be simulta-
neous eigenstates of Ju and jph separately. The eigenstates of the electronic

operator jel are:
1

V2

with corresponding eigenvalues jo = i%. These eigenvalues are usually

|Ex) = — ([Ex) £ i|Ey)), (2.95)

called the electronic “pseudo-spin”. To find common eigenstates of HO and
jph, we perform a canonical coordinate transformation to the basis of “chiral”
(or “circular’’) phonons. Chiral phonons are described by second-quantization
operators [[114]:

ag.+ = ——=\a — 14 ap
k, \/i kx ky I k,

1 .
= — (s + lagy) ,
V2
where aj,; and ay, belong to normal modes Q) ; and (. Defining the number
of right- and left-hand phonons as N4 = a}; G+, we can rewrite the phonon
angular momentum operator as:

Jon=Ca, Y (py — o). (2.96)
k
2By “dynamical”, it is meant that the problem considers non-trivial dynamics of nuclei
which is intimately correlated with the electronic motion.
5[ Ju, H°] = 0 because Ca, is the identity matrix, and [Jyn, H°] = 0 because py in
o' =c ‘4, Hph has rotational SO(2) symmetry for every pair of normal modes {Qxz, Qky }-
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In this new basis, ffo takes the form:

H=Ca Y wp (1+ fopg + fig). (2.97)
k
By comparing equations (2.96) and (2.97), we see that two quantum numbers
can describe mutual eigenfunctions of both operators for each pair of degenerate
phonons k:

Nk = Nk + Ng—,
lk = Np+ — Ng—.

Here, ny, corresponds to the total number of k-phonons, while I, is the eigen-
value of operator ﬁzk = (Ngs — ng—). Therefore, the common eigenstates
of Hy, Ju1, and jph can be labeled as |n1l; - - - nyly; E+). Finally, we rewrite
the JT interaction part in terms of creation and annihilation operators of chiral
phonons:

) -
2 =3 Ky ( 0 Gt + ak—) , (2.98)
k

ag— + CLL_ 0.

where, following the notation of O’Brien [119]], we define the dimensionless

vibronic constants:
Vi

=
\/ 2wy,
Note that Hamiltonian (2.98)) is explicitly written in terms of | E) electronic
states.

We can check that .J = J 4 Jpn commutes with H'T and thus with the total
vibronic Hamiltonian This implies that vibronic states can be classified by

Ky = (2.99)

quantum numbers of J. For eigenstates of HPO, these numbers are calculated as:
J=Ja+ Y I
k

Finally, using standard relations for creation and annihilation operators and
some algebra, we derive the expression for matrix elements of HIT:

(i i )
= \/52 Kpwidy 1,41 H 5n}"i 5%’
k J#k

X [ n’“;lk 6n;€nk—1 + \/deknk—i-l] : (2.100)

2Note that separately jel and jph do not commute with £'T.
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Such a choice of the basis allows decoupling the problem for different J values
since matrix elements only couple states described by the same quantum
number j. Therefore, we can solve the Jahn—Teller problem of diagonalizing
Hy + H'T for each value of j separately. This simplification is very useful for
numerical analysis of vibronic states, as it reduces computational complexity.

However, for solid-state systems, we still have a large number of vibra-
tional modes, and the diagonalization of H° 4+ AT s still a difficult problem.
Section[4.3.3] will present our methodology, where a continuum of modes is re-
duced to a finite set of effective modes. Such simplification makes multi-mode
problems in principle tractable.

Perturbative treatment

Equation (2.100) makes the perturbative analysis tractable. In Appendix [C|
we provide a general solution up to the second-order correction. In the first
order of degenerate perturbation theory, energy correction to HO is zero, and
the vibronic ground state is given by:

1
Vgt =—— |([00; B3) — V2 K;|00,np=1,1,==%1,00; E=) | .
L (r WA 2

Second-order perturbation yields energy expression:
2
Efﬂ?i = [wklng +1) — 2KFw (1 £ 1)) - (2.101)
k

For each value of ny, phonon angular momentum [, can take (ny + 1) values
in the range —ng, —ng + 2, ..., ng. Thus, zero-order adiabatic solutions have
degeneracy of order D = 2] (i + 1) (factor 2 comes from electronic degen-
eracy). From Eq. (2.101)), we see that linear vibronic interaction lifts phonon
degeneracy in the second-order of perturbation theory, and each level becomes
twofold degenerate for each j,; = £1 value. The ground state wavefunction up
to second-order correction is:

oy = A( 00; E1) — V2> Ky [00,mp=1,l,=+1,00; Ex)  (2.102)
k

+v2) K300, n,=2,1;,=0,00; E-)
k

+V8Y > KKy 100, mp=1,1;=1,00,n,=1,1,=—1,00; Ex) )
k q#k

where A = (1+23, K2 +2Y, K} +8Y > gtk KIZKC?)_I/Q is the nor-

malization factor.
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Figure 2.4: The behavior of the vibronic states for £ ® e coupling. (a) Energy
levels in the range K2 = 0-4. (b) Energy levels in the range K? = 0-0.2
(dashed lines represent perturbative solution). Values for K2 = 0 correspond
to the uncoupled states of energy F = w(n + 1).

2.5.4 Jahn-Teller effect for (F ® ¢) coupling

In the above sections, we presented the formal development for the analysis
of the Jahn—Teller systems. Here we will illustrate the effect of vibronic
coupling in the presence of a single degenerate mode. The model of single-
mode provides a quantitative understanding of vibronic coupling. Moreover,
for strong coupling, the multi-mode problem can be approximately reduced to
a single effective mode [[112].

Figure [2.4(a) shows the energies for the lowest vibronic states (n < 4)
as K? value changes from 0 to 4@ K? = 0 corresponds to the uncoupled
case, and energies of vibronic states are those of the two-dimensional harmonic
oscillator [w(n 4 1)]. The ground state is doubly degenerate for all K values
and is always lowered in the presence of vibronic coupling. The first excited
state is a fourfold degenerate for X' = 0 and splits into two doubly degenerate
branches for finite values of K. In Figure 2.4(b), we compare energies of the

second-order perturbation theory:
Ept =wn+1) —2K*(1+1),

with the results of the direct diagonalization. The perturbative equation works
well for weak coupling strengths (K2 < 0.05). However, it is inadequate for
larger strengths. Later we will show that the coupling strength is K2 ~ 0.5 for
the diamond NV center, and the perturbative treatment does not work.

2"Diagonalization of vibronic Hamiltonian was performed using a basis limited to a maximal
number of excitations nmax = 15.
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2.6 Spectral properties

In this part, we present the semi-classical theory of optical absorption and emis-
sion in semiconductor materials. In Section[2.6.1] we begin by deriving standard
equations for transition rates and cross-sections. The main parameters of this
theory are position (or momentum) matrix elements calculated between molec-
ular wavefunctions. In Section we first consider the evaluation of matrix
elements for non-degenerate adiabatic states. We show that in this case, the
problem decouples into the calculation of overlap integrals between vibrational
states and the calculation of electronic matrix elements. At the end of Sec-
tion[2.6.2] we present the equal mode approximation, which significantly simpli-
fies the evaluation of vibrational overlaps and leads to a standard Huang—Rhys
theory of electron—phonon interaction. Section [2.6.3|presents our original work
where we consider Ay <+ F triplet transitions of the diamond NV center. We
derive an expression for a matrix element when one of the states is a degenerate
E® (e®e---) Jahn-Teller system. Finally, in Section[2.6.4] we derive spectral
equations for optical transitions, which are later used in Chapters @ and [5

2.6.1 Interaction with light

The rigorous description of light—matter interaction requires theory where the
electromagnetic field is treated on the same footing as the quantum system.
However, the majority of experiments can be successfully described by a semi-
classical picture In this picture, the light is treated as a classical wave and
the system of interest as a quantum object. Here we adopt this formulation.

In the presence of the classical electromagnetic field, the Hamiltonian of

the whole system can be split into two parts:
H=Hy+

where ﬁg is the Hamiltonian of the molecular system [see Eq. ], and H 118
the interaction term due to the presence of the electromagnetic field. Depending
on the gauge fixing formulation, Hj can be written in terms of position or
momentum operators. In the position formulation, the interaction term is [82]:

H == quaraB(ra), (2.103)

where E is an electric field, the sum runs over all charged particles a (electrons
and nuclei), r, is a three-dimensional position vector, and g, is the particle’s

28 Actually, there is only a handful of experiments where a more sophisticated description is
required.
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charge. Alternatively, in the momentum formulation, the interaction term can
be written as [120]:

4a
Hy=— 7A(ra)pm

m
a a

where A is a vector potential, m,, is the mass of the particle, and p, is the
momentum operator.

In the semi-classical description, we treat the electromagnetic field as a
monochromatic wave of the form:

A = Agncos (kr — wt)
1 . .
= S Aon (ellrmet 4 emilamen)) = A¥ 4 A, (2.104)

where 1) is a unit vector parallel to A, and Ay is the amplitude. The usual
analysis of the time-dependent perturbation theory [121]] shows that the first
term A is responsible only for absorption. On the other hand, the second term
A~ induces only stimulated emission.

In the following analysis, we will focus on the position formulation of
Eq. (2.103). First, we note that an electric field can be expressed in terms of the

vector potential:

+
E* = —% = +iwA*. (2.105)

Combining Eqs. (2.103)), (2.104), and (2.105), we write the interaction term as:

Here, the top sign of “+” (or “F”) should be taken for the absorption process
and the bottom sign for the emission. In the first order of time-dependent
perturbation theory, transition rate (average number of events per unit time) for
the harmonic perturbation is calculated using Fermi’s golden rule [121]]:

N . 2
! W )| 0( e — By F ),

WH(w) =21 w(T) )<\I/fm
| (2.106)

where |¥,.,) and |V..,) describe states in the ground (subscript g) and ex-
cited (subscript e) electronic manifolds. Quantum numbers n and m label
vibrational (or vibronic) excitations, and w,, (T") are statistical weights for vibra-
tional/vibronic levels of the initial electronic state. In this thesis, we always as-

sume a low-temperature limit and calculate transition rates for 7' = 0 K. In this
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limit, statistical weights are non-zero only for the lowest vibrational/vibronic
states wy, (0) = 0. Therefore, the transition rates for absorption and stimu-
lated emission are:

2, 2
Wabs(w) _ 7TA20LU Z‘n< en Zq2 izkrar go>‘2

X (5(Eem — FEg0— w), (2.107)
wARW? e 2
Wst(w):_ ; Z‘ﬂ< eo‘ch ikara gm>}

X 8(Ee — Egam + w). (2.108)

If electronic states are non-degenerate, wavefunctions are written in the crude
adiabatic form of Eq. (2.12). On the other hand, in the presence of electronic
degeneracy, the vibronic form of Eq. should be used instead. In both
forms, electronic wavefunctions v;(r, Rg) are independent of nuclear motion,
and matrix elements of the nuclear position operator are equal to zero:

(e (R): )] (R); y(r) ) ~ (|t} = 0

Therefore, the summation over a in Egs. (2.107) and (2.108)) should be carried
only over the electronic indices (and g, = e = 1 in the Hartree atomic units).

For the defect system, the wavelength of the electromagnetic field is much
larger than the spread of localized charges. This property allows adopting
dipole approximation, where e*?kT« — 1 in the long-wavelength regime. After
this approximation, the matrix element simplifies to transition dipole moment:

<‘I/e;n|r“1’g;m> = <‘I’e;n‘ Zra|qjg;m>v
a

where r = ) r, denotes the dipole operator of the electronic system.

Another simplification is achieved if one considers an ensemble of ran-
domly oriented defects. For a statistical ensemble, instead of calculating
1n - (Weupn|r|Wy.m)|?, one calculates the statistical average over all possible
orientations of the interacting system. Let us rewrite the transition dipole
moment in the form:

(Wesn|r|Wgim) = Tenygm T,
where:
’ren;ng = ’<‘Ije;n|r‘\pg;m>’2- (2.109)
Here, 7'cp;gm 1s a complex scalar that determines transition strength, and t is

a 3D unit vector parallel to the matrix element. Using this notation, we can
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express averaging over all symmetrically equivalent configurations as:
AVE ([ (Weinr Wgim) ) = B renigml®,

where averaging factor:

B = Avg(|n - %),

involves only unit VectorsFE]
For an isotropic material, every direction is equally probable and 5 = 1/ 3
As for the case of diamond NV center, the N-V complex can be formed along
with one of four tetrahedral directions of diamond [see Fig. a)]. In a
statistical ensemble, each direction has an equal probability. Averaging over
four possible directions yields the same value as for isotropic case 5 = 1/3.
Taking into account all the considerations above, we can write optical

transition rates as:

7w A2w?
Wabs(w) = _5 ; Z ’ren;gO‘z 5(Een - g0 — W)v (21 10)
7 A3w? 9
War(w) = =B > Ireoigml? 6(Eeg — Egm + w). (2.111)

Next, we want to rewrite A% in terms of experimentally controllable values.
For a solid-state system, the amplitude Ag can be written in terms of energy
flux I (w) [82]:

ST
2 _

Here, n is the refractive index of the material, and « is the fine structure constant.
Substituting this value into Egs. (2.110) and (2.1TT)), we get:

4l 9
Wabs(w) =-p I(W) Z ‘Ten;gO| 6(Een - EgO - w)’ (2.113)

n

Ao
Wa(w) = —f~—1(w) > Ireogml’? 6(Eeo — Egm +w). (2114

¥Formally, Avgf(r) = (1/9) >, f(Ga'r), where G, is a symmetry transformation, and
g is the number of transformations.

3This value is obtained by integrating over surface area 2 of unit sphere § = Q* S1n-
NP
r|=dsS.
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Alternatively, in the momentum formulation, we can derive similar equa-

tions:
W) = 622 10) S Ipengol? 6(Fen — o —), 2119
abs\W) = o2 w a Pen;g0 en g0 — W), .
W) = 872 10) S Ipeogml* 6(Feo — Bym ), 2.116)
st\W) = w2 w - Pe0;gm e0 gm T W), .
where

2

|pen;gm|2 = ‘<\I/e;n s (2.117)

Zpa‘\pg;m>
(0%

is the momentum matrix element.

Cross-sections

The transition rate W describes the number of events per unit time for a single
defect. It is not easy to measure this value directly. However, in the case of
absorption, one can measure the attenuation of light as it passes through the
material. The key parameter for this process is the absorption cross-section o.
The cross-section o of a single absorbing unit relates the photon flux ® and the
transition rate WW':

W(w) = o(w)®(w).

The photon flux is related to the energy flux by ®(w) = I(w)/w, and the
equation for absorption cross-section becomes:

42 aw

Oabs (W) = ﬁ

- > rensgol*8(Een — Ego — w). (2.118)

The absorption cross-section is related to the Beer—Lambert law of attenua-
tion:
I(z) = I(0)e™ %,
where [ is the energy flux of electromagnetic wave in distance z from the
surface, and « is an absorption coefficient. If the density of absorbing units is p
and the light passes in the direction z, then the change in the photon flux (and
energy flux) is:
dq)w (Z) de (Z)
dz dz

By integrating this equation, we obtain the Beer—Lambert law in terms of

= _paabsq)w (Z) =

= —pOabsly (Z) .

cross-section:
I,(z) = I,(0)e P7abs
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which relates the absorption coefficient with the cross-section and the density
of absorbing units:

QO = POabs-
The cross-section for stimulated emission is equivalent to Eq. (2.118):

4 aw

ost(w) = —f > revigm!*0(Eeo — Egm +w). (2.119)

m

However, this time the intensity is increased as the light passes through the
sample.

Spontaneous emission rate

Spontaneous emission results from the electromagnetic field vacuum fluctua-
tions and cannot be explained using a semi-classical model. In principle, the
rate equations should be derived using the theory of quantum electrodynamics.
However, one can use the thermodynamic analysis of Einstein to obtain cor-
rect formulas by considering conditions of thermodynamic equilibrium [122].
In Einstein’s theory, the rates of two-level transitions are written in terms of
Einstein coefficients (B12, Ba1, A21):

Wb, = Biap(w),
W31 = Bap(w),
WP = Aoy (2.120)

Here, p(w) is the energy density, given by Plank’s law of black body radiation:

1
plw) = F@) T =1
w3n3
Flw) = 203

The Einstein coefficients for absorption and stimulated emission are related
by [122]:
Bs192 = Biag1, (2.121)

where g7 and g9 are degeneracy factors, respectively, for the ground and the
excited states. The rate of spontaneous emission is related to B coefficients
by [[122]:

WP, = Ay = %BlgF(w). (2.122)
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From Eq. (2.110) it follows, that the transition rate for two-level absorption is:

4
wabs, = —5—1( Y|r1z)?. (2.123)
The energy flux is related to the energy density by I(w) = p(w)c/n, where
c¢/n is the speed of light in the material. Using equations (2.120), (2.122),
and (2.123)), we arrive at the expression for the two-level spontaneous emission
rate:

g1 4anw
2—>1 - ﬁi

|ron|? . (2.124)

For a multitude of final states, equation @]) transforms to a spectral form:

danw?
Wep(w) = B2 > reogml? 8(Eeo — Egm +w). (2.125)

2
g2 C -~

From an experimental point of view, Wy, (w) describes the number of photons
emitted in the solid angle 47 per unit energy per unit time.

2.6.2 Matrix elements: non-degenerate case

The primary parameters for spectral equations (2.118)), (2.119), and (2.125) are
transition dipole elements |r'ep;gm | (Or momentum matrix elements |Pen; gm 2).

This section focuses on evaluating these parameters when wavefunctions |¥g.,,,)
and |¥..,,) are non-degenerate. We will drop this restriction in the next section,
as the transition to a doubly degenerate electronic state of diamond NV center
will be considered.

For non-degenerate electronic states, the adiabatic form of Eq. en-

ables to separate vibrational and electronic degrees of freedom:

[rensgml? = (Xeznlxgm)|” |(e|r|t5g)]” (2.126)
*[(Weplug)|”. (2.127)

In the context of Born—Oppenheimer adiabatic approximation, such separation

|pen;gm|2 = [{Xesn

is known as the Franck—Condon approximation. However, for crude adiabatic
approximation, this separation is a natural consequence of the selected adiabatic
form. Electronic matrix elements |(¢c|r|thg)[? (or |(1e|p|ty)|?) determine
the strength of interaction and are required to calculate the absolute values
of cross-sections or lifetimesEr] The overlap integrals between vibrational

3The ab initio methodology for evaluating these matrix elements will be presented in
Chapter 5] where we consider absolute cross-sections of absorption and stimulated emission
processes.
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wavefunctions |(Xe.n|Xg:m)|? are called Franck—Condon (FC) factors. FC
factors determine the lineshape of optical transition and are responsible for a
vibrational broadening of emission and absorption spectra. The evaluation of
these factors will be the topic of the rest of this section.

Franck-Condon factors

The evaluation of |{X f.|Xi:m)|* is a computationally challenging task for
systems with many degrees of freedom. This complication can be illustrated
as follows. In the harmonic approximation, the vibrational wavefunction is a
product of one-dimensional harmonic oscillator states ., (see Section @:

Xi;n(Qi) = HXi;nk (Qz,k)
k

Each one-dimensional state X;.,, is described by frequency wj.j, normal coordi-
nate ();., and quantum number ny,. The frequencies and normal coordinates are
determined by diagonalizing the dynamical matrix, which encodes the adiabatic
potential energy surface (APES) close to the equilibrium (see Section [2.4.1]
for more details). However, the electronic transition induces a change in the
shape of the APES. This change implies a different vibrational structure. That
is, the frequencies wy.;, and normal coordinates () . are different from those
of the initial state. New normal coordinates Qy are intermixed with old ones
by so-called Duschinsky transformation [[123]]:

Q; =JQ; +AQ.

Here J is a non-diagonal matrix that mixes normal coordinates of both elec-
tronic states. Because of this mixing, Franck—Condon factors are highly multi-
dimensional integrals. Practically, such integrals can only be evaluated for
systems that have a small number of nuclear degrees of freedom.

Equal-mode approximation

To overcome the computation problem (presented above), we adopt the equal-
mode approximation [124] First, we express APES of initial and final
electronic states in terms of normal coordinates of initial state Q = Qi

32There is no universally accepted notation for this approximation.
31n the Appendix of our paper [T2]], we show that choosing the normal coordinates and
vibrational frequencies of initial states is the best approximation.
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Within equal mode approximation, the change of the APES, as a result of the
optical transition, is assumed to be linear in normal coordinates:

AV(Q) = V4(Q) quczk, (2.128)
where
= 227(Q),, ) .129)
9Qr |q=o Noqe 1M/ g

are the same linear vibronic constants of Eq. 2.65. Here AU is the potential
energy due to the motion of nuclei [see Eq. (2.7)]. The potential energy surface
for the final state can be written as:

Vf(Q) = V;(Q) + Z Qka;al-
k

The harmonic Hamiltonian (2.57) for the final electronic state becomes:

N 1 6 1

1o 1, ( g )2 a
= 5 +owi | Qe+ — o5,
- (2 0Q: 27" w? 2w?
where wy, and @)y, are frequencies and normal coordinates of the initial electronic

state. We see that in the equal mode approximation, each one-dimensional
harmonic potential is displaced by the value:

qdk
AQr = —5
Wi

In addition, the energy of each oscillator is lowered by the factor:

1
Ay = —gt/(2u}) = —5AQRE. (2.130)

This change of potential energy surface for a single (), is illustrated in Fig.
The coefficients AQ)y, describe the change of the equilibrium defect geometry
and can be written in terms of direct nuclear displacements:

AQk =Y VMuAR,my,, (2.131)

where AR,, = R.,, — Rj;; is the change of the equilibrium position of atom 7
between the initial and the final electronic states.
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Figure 2.5: Effect of optical transition on one dimensional harmonic potential
in the equal mode approximation. Line V¥ shows the harmonic potential of the
initial electronic state, while ka shows potential after the optical transition.

In the equal mode approximation, one-dimensional vibrational states of the
final electronic configuration are related to the vibrational states of the initial

electronic configuration by:

X fimp (Qk) = Xisng (Qk - AQk’)

For the ground vibrational state, one-dimensional overlap integrals have an

elegant analytical expression [[110]:

S
| (X0, (Qk) Xy, (@ — AQ)) = nikl exp(—S), (2.132)
where AQ2
_ WAl
Sk = T (2.133)

is the partial Huang—Rhys (HR) factor. The partial HR factor has a statistical
interpretation as the average number of k-type phonons created during an
optical transition [125]]. Finally, the FC factor for all-phonon wavefunction is:

S
|(X finlxi0)]* = H nik' exp(—Sk). (2.134)
!

This form is convenient for the practical calculation of spectral lineshapes, as
will be demonstrated in Section
Symmetry considerations

Now, let us take a look at the electron—phonon coupling from a group theoretical
perspective. Expansion coefficients ¢; of Eq. (2.128)) are the same linear
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vibronic constants introduced in the Jahn—Teller problem [see Eq. (2.63)]. In
Section |2.5.1} it was shown that for non-degenerate states, LVCs are non-zero
only for A; symmetry displacements. Therefore, it follows that AQ), is non-
zero only if it represents a totally symmetric mode. Following this argument,
we can write:

Ol = TT G @k = AQ0) X (Q)) T Ongimg- (2:135)

k€A q¢ Ar
The last product of Eq. (2.135)) reveals a fundamental fact: an optical transition
between non-degenerate electronic states can only excite vibrational modes of
a1 symmetry. Otherwise, in the first order of theory, the transition probability is

ZEro.

2.6.3 Matrix elements: degenerate case

In the above section, we saw that for non-degenerate electronic states, only
totally symmetric a; modes participate in the optical transition. This behavior
results from symmetry properties: the nuclear displacements due to electronic
transition can only occur along totally symmetric directions if both electronic
states are non-degenerate. However, for degenerate states, the vibronic inter-
actions modify nuclear motion along with symmetry-breaking directions, and
contributions of other modes become influential.

Here, we illustrate this effect by considering the triplet transition of the
diamond NV~ center [see Fig. c)]. The ground triplet state of the NV center
is an orbital singlet of A symmetry. Since the electronic state is non-degenerate,
the wavefunction can be written in the adiabatic form:

‘\Pg;pr> = Xgp( Qa1 ) X5r (Qe) |[A2) - (2.136)

In this equation, we separated the a; and e symmetry components of the
vibrational wave functionEf] We need two sets of quantum numbers, p and r,
to describe the vibrational states of these components. To avoid confusion, the
index “e” for “excited” will be used as a subscript, and the index “e” to label
the e irreducible representation will be used as a superscript whenever both
indices appear on the same symbol. The excited state is an orbital doublet of E
symmetry, and the general expression of its vibronic states is:

‘\Ile;st> = Xgé (Qa1) ‘(I)et> . (2137)

*For the diamond NV center, az symmetry contribution is omitted because a» symmetry
modes do not contribute to the vibronic interactions. This is explained in Section[2.5.3]
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Here |®.,) is the solution of £ ® (e ® e- - - ) vibronic HamiltonianE]

|Pet) = Xef (Qe) [E4) + Xer (Qe) [E-) -

The matrix element between these triplet states can be written as:

2 2 2
(et e[ Wgpr) | = [ IXGR) | (e[ A2)]
The first term |{x¢i[Xxg5) |2 is a Franck—Condon factor which can be calculated
using Eq. (2.134). The second term can be expanded in the following form:

(et |r[ G Az (2.138)
= [(XEF IXGr) (Bl Az) + (X7 |G ) (B [r] Ag)[*

Let us rewrite the position operator r in terms of Cartesian components:
I =7,€; +ry€, +r.e,.

If we choose the coordinate system such that €, corresponds to the rotational
axis of the C'3,, point group (and the symmetry axis of the NV center), then
Tz, Ty, and r, respectively transform as F,, I, and A; irreducible representa-
tions. Now, let us rewrite electronic matrix elements in the basis of Cartesian

representation [see Eq. (2.95)]:
1
V2

From group theory, it follows that:

1
(Eplr|Ag) £ i—(E,|r|As). (2.139)

<Ei‘r“42> = V2

(Eilr|Az) =0,

fori = {x,y}, because A; ¢ (F ® A; ® Az) = E. This result implies that
light polarized along the axial direction of NV cannot induce triplet optical
transitions. Furthermore, from the Wigner—Eckart theorem, it follows that:

(Ei|rj|Az) = po (Ei; Ej|Ag) (2.140)

where 11 is the reduced matrix element@ and (E;; E;|Ay) are Clebsch-Gordan
coefficients. In the Cartesian representation, CG coefficients are given by:

1 {0 -1
(Es; Ej|Ag) = 7 <1 . > . (2.141)

»See Section for a more detailed discussion.
3 Physically, uo is simply the transition dipole moment.
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Using Eqs. (2.140) and (2.141)), we can rewrite Eq (2.139) as:

(Ei|r|Ag) = <E \ry\A2>ey¢z (Eq|ry|Az)é,. (2.142)

V2 V2
Substituting Eq. (2.142) into Eq. (2.138) yields:

(et (Qe)s A = [(Bulry [ A2) [ [| Ot e + | O]

Finally, we can write the matrix element of triplet transition as:

K est‘ |\11ng>‘
= |(Belry| A2) [ (et ) [| O + [kl ] - 2143)

The last term in square brackets comes from vibronic interactions in the degen-
erate electronic state.

2.6.4 Spectral functions

Calculation of emission and absorption spectra requires evaluating sums over
all vibrational/vibronic states of the final electronic manifold [see Eqs. (2.118)),
(2.119), and (2.125)]. The direct calculation is complicated as there is effectively
an infinite number of such states. The exact calculation can be simplified by
considering the Fourier transform of the spectral function of electron—phonon
interaction [[109]. We begin this section by defining the spectral function of
electron—phonon interaction for transitions involving non-degenerate electronic
states. We show how these functions can be directly obtained from the spectrum
of Huang—Rhys parameters. In the second part, we present our original analysis,
where we extend the definition of the spectral function of electron—phonon
interaction when one of the states is a degenerate Jahn—Teller system.

Spectral function for a; modes

We define the spectral functions of electron—phonon interaction for a; modes
for absorption and emission process, respectively, as [109]:

Al (w Z\ (XX 28 (BzpL + €2 — €2 — w), (2.144)
A ( Z‘ Xes ‘ 5(EZPL + el —eop — w). (2.145)

Here, Ezp1, is the zero-phonon line (ZPL) of optical transition. This line
corresponds to the energy difference between the lowest vibrational/vibronic
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level in the excited state and the lowest vibrational/vibronic level in the ground

state:
Ezpr, = (ge — €4) + (egg — €g0)- (2.146)

Here, €. and ¢, are energies of the electronic Schrodinger equation (2.8)), and
€ep, and €g;, are energies of the vibrational (or vibronic) subsystem.

For the non-degenerate case, vibronic interactions are negligible, and only

a1 modes contribute to the electron—phonon interaction [see Eq. (2.135)]. There-

fore, the total spectral function of electron—phonon interaction A(w) equals the

spectral function of a; symmetry modes (A {emabs} = =A% ). In this case,

{em,abs}
we can write spectral equations (2.118), (2.119), and (2.125)) in terms of A(w):

2
Tabs(w) = —BM o | (et thg)|* Agpe (W), (2.147)
Ust(w)z—647r awlwe\r!wgﬂ Ay (W), (2.148)
Wap(e) = BL 39 )2 A (). (2.149)

The evaluation of spectral functions (2.144)) and (2.143)) is simplified if one
considers their Fourier transform to the time domain, commonly denoted as the

generating function [126]:

G{abs,em} (t) = /A({I;b&em} (W)eiwt dw. (2.150)

In the equal mode approximation, the FC factor is given by Eq. (2.134), and the
spectral function of electron—phonon coupling for emission is:

Aal Z kH - _Sk(5<Esz — Z n;w; — w)
n kcA;

The sum runs over all possible configurations of n = {n1,ng,...,ny}. The
Fourier transform of this expression yields generating function

Gem(t) = exp [—iEZth — Say + /ei“’tSa1 (w) dw] , (2.151)
where:
w) =Y Spd(w — wy), (2.152)
keA;

3"The trick here is to use the integral form of the delta function.
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is the density of electron-phonon coupling (also called Huang—Rhys spectrum),
and:
o0
Say = / Say (W) dw = > S, (2.153)
0 ke Ay
is the total Huang—Rhys factor due to coupling to a; modes. Similarly, for the
absorption process, the generating function is:

Gabs(t) = exp |:—iEszt — Sa1 + /e_thSal (w) dw:| . (2.154)

Once the generating function is known, the spectral function can be obtained
via the inverse Fourier transform:

Ag, (w) ! / et G (t)e M dt. (2.155)

:% .

Here, we include additional Lorentzian broadening term e ~/!l. This term
accounts for other homogeneous and inhomogeneous effects, which are not
treated explicitly in theory. In practice, the value of -y is adjusted to reproduce
the experimental broadening of the ZPL line.

Spectral function for ¢ modes

If at least one of the states is degenerate, symmetry breaking modes (other
than ay) start to participate in the electron—phonon interaction. Here, we focus
on the Ay +» F transition of the diamond NV center (however, the analysis
can be readily extended to the case of other vibronic systems). To account
for vibronic coupling, we extend the definition of the spectral function of
electron—phonon interaction by:

Afemabs) (W) = / A‘{lém’abs}(w—w')Afem’abs}(w’)dw’. (2.156)

The contribution of a; modes is given by equations (2.144)) and (2.143)). The
spectral functions pertaining to e symmetry modes are chosen to recover the

form of Eqs. (2.147)—(2.149):

A (@) = D7 1O o) [P+ 106 ) ] 0o — e — ), @.157)

T

(@) = D [0 Do) [P+ [0 [xGo) ] (et — ek —w). 2158)
t
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These spectral functions require the evaluation of (x5 IXg0)- In Section
we showed that the solution of the vibronic problem produces wavefunctions in
the form: |®¢;) = |x ) EL) + |xo) | E—) where:

IXei) = D Coionityomnt, In2l1, - nNIN) (2.159)

nl

The coefficients C;_m Il AT€ determined by diagonalization of vibronic
Hamiltonian H = H° 4+ H'T [Eqgs. (2.97) and (2.100)].

In the zero-temperature limit, overlaps for emission spectrum (2.157) are

calculated between the lowest vibronic state of the optically excited electronic
state |>E) and all the vibrational states of the electronic ground state |>A5). The
lowest vibronic state is always the one with the pseudo—spirﬁ j= j:% [27].
Therefore, in the case of luminescence, one has to diagonalize the Hamiltonian
for either the j = % orthe j = —% “channel” (the two states are degenerate).
In the case of absorption, overlap integrals in the spectral function (2.158|)
are calculated between zero-phonon state |00. .. 0) of the electronic ground
state [2A5) and vibronic states of the electronic excited state [*F). Overlaps will
be non-zero only for vibronic states in the [*E') manifold that contain the con-
tribution of the zero-phonon state |00 . .. 0). This phonon state is only present
in vibronic states with j = i% [117], and therefore in our diagonalization
procedure, we again need to consider either only the j = % or the j = —%

“channel”.

8See Eq. l) for the definition of the “pseudo-spin”.
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Chapter 3

VIBRATIONAL STRUCTURE OF
DEFECT: ab initio APPROACH

Good, good, good, good vibrations (oom bop bop)
She’s giving me the excitations (excitations, oom bop bop)
I'm pickin’ up good vibrations

— The Beach Boys, Good Vibrations

The vibrational structure is an essential component for the complete de-
scription of quantum mechanical states of deep-level defects. It is revealed
in the optical spectrum of color centers and plays an important role in other
physical processes of the defect (e.g., non-radiative transition, spin—phonon
coupling, vibrational averaging of the fine structure, etc.). This chapter focuses
on the ab initio theoretical description of the vibrational structure of defects in
lattices. For adiabatic states, the vibrational structure completely determines
the nuclear dynamics. In contrast, for non-adiabatic degenerate states, it serves
as a zero-order solution for the more complicated Jahn—Teller problem.

The content of this chapter is organized as follows. Section [3.1|starts with
the analysis of the pure bulk vibrational structure. There, we discuss the cal-
culation of interatomic force constants and show the performance of density
functional theory in the case of diamond. In Section[3.2] we review the standard
supercell approach for the defect vibrational structure calculations. We illustrate
this approach for the diamond NV center and show that in computationally ac-
cessible supercell sizes, the vibrational structure of the defect is not sufficiently
converged.

For this reason, in Section [3.3] we present our embedding methodology for
the vibrational structure analysis in the effectively dilute limit. Section[3.3.2]
illustrates the embedding methodology for the ground state of the diamond NV~
center. Section [3.4]presents our theoretical study of isotopic shifts of negatively
charged silicon—vacancy (SiV™) in the diamond. Finally, in Section we
conclude our results and present key statements for the defense.
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3.1 Lattice vibrations of diamond

Diamond is the host lattice for two defect systems considered in this thesis
(NV and SiV centers). Therefore, we begin this chapter by analyzing the
vibrational structure of diamond. Here, we introduce a standard methodology
for calculating interatomic force constants and test the performance of the
density functional theory for the description of the vibrational structure of bulk.

3.1.1 Finite-difference approach

The vibrational structure of the periodic system is found by solving the eigen-
value problem of Eq. (2.60) for different values of q. The central parameter is
the reduced dynamical matrix (2.61)):

. LS
Dum(q) = ) | ——ee ™
i) =5

Here, @?fn are elements of the Hessian matrix (interatomic force constants),
which are second-order derivatives of the adiabatic potential energy surface
[see Eq. (2.49)]:
B
af _ 82V(R) _ aF”U

mi;ng = v 3.1
™ OR:0R). OBy,

Indices ¢ and j denote Cartesian directions, and Ffj is the force along direction
j exerted on atom n in the primitive cell 5.

For a practical calculation of interatomic force constants, we use the finite-
difference approach [127]E] This approach relies on the short-ranged character
of interatomic interactions in a semiconductor material. Such character implies

that if two atoms are sufficiently far apart (RS, — RJ| > 1), the correspond-
ap

ing Hessian matrix element vanishes (®,,;.,.—0). Therefore, in a practical
approach, we choose a large supercell where the distance between periodic
images is larger than the extent of interatomic interactions. The Hessian matrix

is calculated by approximating Eq. (3.1):

B
af o AFn]
ming _ARa '7

where AF@ is the force difference due to atomic displacement AR ..

!This method is also known as the “frozen” phonon approach.
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3.1.2 Symmetry considerations

The calculation of the Hessian matrix requires a large number of displacements;
however, this number can be reduced by employing symmetry properties. From
the second-order derivative form of Eq. (3.1), it follows that the Hessian matrix
is symmetric:

B
Bing = P (32)
The crystal lattice has a translational symmetry which also implies:
Bpinj (R RY) = i (R + LR + L), (3.3)

where L is a lattice vector. Eq. significantly simplifies the evaluation of
force constants, as one needs to consider only pairwise interactions where one
of the atoms resides in the reference primitive cell. Furthermore, the point
group symmetry implies:

Oy j (R, Ri) = 8t Sjr @i (SR, SR, (3.4)
ij
where S is any 3D transformation of a point group.

According to these symmetry properties, one can choose a reduced set of
Hessian matrix elements. Symmetrically equivalent elements are recovered by

the application of Egs. (3.2), (3.3), and (3.4).

3.1.3 Phonon structure of diamond

Here, we present our calculations of the phonon structure of diamond using PBE
and HSE exchange—correlation functionalsE] First principle calculations have
been performed with the Vienna ab initio simulation package (VASP) [[77].

Lattice relaxation was performed using a conventional cubic cell with
eight carbon atoms. We used the projector-augmented wave approach with
a plane-wave energy cutoff of 500 eV. The Brillouin zone was sampled us-
ing the Monkhorst—Pack [95] 8 x 8 x 8 k-point mesh. Table shows the
results for PBE and HSE functionals. The electronic bandgap (E,) is signifi-
cantly underestimated in PBE (4.12 eV) compared to the experimental value
of 5.48 eV [128]]. This result illustrates the bandgap problem discussed in
Section The bandgap is much closer to the experiment in the hybrid
HSE functional (5.36 eV). However, we observe that PBE provides a better
description of the lattice constant and the bulk modulus.

%See Section for introduction to exchange—correlation functionals.
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E, a B wl  wX) w)

PBE 4.12 3.574 (+0.20%) 430 (—0.19%) 160.5 147.6  154.2
HSE 5.36 3.548 (—0.53%) 470 (+0.61%) 169.9 155.1 161.1
expt. 5.48% 3.567% 443° 166.7 149.2° 153.0°
@ Reference [128]]

b Reference [129]
¢ Reference [130]

Table 3.1: Calculated Kohn—Sham bandgaps E, (eV), lattice constants a (A),
bulk moduli B (GPa), and highest phonon frequencies (in meV) at high-
symmetry points in the diamond. Experimental values [128H130] are listed for
comparison. For the lattice constant and bulk modulus, the deviation from the
experimental value is indicated in parentheses.

180 — : 180
160 — 160
= 140 140
g 120 J120
% 100 100
§ 80 80
g 60 60
= 40 40
20 20

Figure 3.1: Phonon dispersion curves of diamond calculated using PBE (black
lines) and HSE (gray lines) functionals. Experimental values are taken from
Ref. [130].

Phonon dispersion curves were calculated using the PHONOPY software
package [131]]. This package generates atomic displacements taking into ac-
count symmetry considerations for a given periodic cell. Each displacement
requires the separate self-consistent calculation of Hellman—Feynman forces.
Once the forces are calculated, PHONOPY builds the Hessian matrix and
solves the dynamical equation for a selected set of q points.

We use the conventional unit cell with eight carbon atoms as a building
block for supercell construction. For example, the cubic supercell of size
N x N x N contains 8 N3 atomic sites. For force constant calculations, we
chose the 4 x 4 x 4 supercell (containing 512 atoms) and a single k-point
(at ) for the Brillouin-zone sampling. The space group of diamond (Fd3m)
permits a reduction in the number of atomic displacements to just two. We
have used displacements of amplitude AR = 0.01 A.In Fig. the calculated
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phonon dispersion curves are compared with inelastic neutron scattering data
from Ref. [130]. Our calculations depict phonon dispersion for 7' = 0 K,
while experimental data have been obtained at room temperature. However,
this comparison is justified due to the very rigid nature of the diamond lattice:
The phonon energies in diamond change by less than 0.1 meV from cryogenic
to room temperatures [[132]. Both functionals describe the phonon dispersion
comparatively well. However, the PBE functional provides a slightly more
accurate description of the spectrum. The highest phonon frequencies for
high-symmetry points are compared with experimental values in Table[3.1]

3.2 Supercell vibrational modes of the diamond NV~
center

The standard ab initio calculations of defect properties are usually carried out in
a supercell geometry, whereby a single defect is embedded in the periodic cell
of the host material (see Section [2.3.4] for a more detailed discussion). In the
following calculations, we use supercells that are computationally accessible in
the DFT approach.

3.2.1 Electronic structure

We start our analysis by presenting first-principle electronic structure calcula-
tions of the ground 3A, and the excited 3F triplet states of the diamond NV~
centerE] Calculations were conducted using PBE and HSE functionals and the
same computational parameters as for diamond phonon dispersion curves. The
defect supercell is a 4 x 4 x 4 cell with a single diamond NV center.

Ground state

For the ground state, lattice geometry relaxation was carried out, preserving
Cs, symmetry until Hellman—Feynman forces were less than 0.001 eV/A. The
spatial localization of Kohn—Sham orbitals was determined by calculating the
inverse participation ratio (IPR) [[133]]:

IPR = </|¢(r)4dr>1. (3.5)

3Density functional theory calculations of the ground and the excited states of the NV center
have been reported previously. For a review, see Ref. [86].
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Figure 3.2: Defect-level diagrams of the NV~! center as calculated using
(a) PBE and (b) HSE functionals. Diagrams show Kohn—Sham single-particle
defect levels for the ground state 3A5. Shaded areas correspond to the va-
lence band (VB) and the conduction band (CB). Dotted arrows show optical
excitation.

We define the localization factor 5 = Q/IPR for a supercell of volume (2,
which yields the value of 1 for fully delocalized wavefunction (¢ = 1/ VQ)
and higher values for more localized states. The localized “defect orbitals”
were identified by selecting Kohn—Sham states with 5 > 1 (more prominent
than the average value of bulk states). Irreducible representations of single-
particle orbitals were found by applying group theory projection operators [89]].
Calculated Kohn—Sham defect level diagrams are shown in Fig. [3.2(a) for PBE
and Figure [3.2[b) for HSE functionals. In both spin channels, there are three
localized defect levels in the bandgap: fully symmetric a; level and a doubly-
degenerate e level. All the orbitals are occupied in the spin-majority channel
(left), and only the a; orbital is filled in the spin-minority channel (right). Such
ground state configuration is A symmetry triplet state:

‘3142;771S =1) = |la1arezey], (3.6)

where | - - - | denotes the Slater determinant. This single-particle picture corre-
sponds to the molecular-orbital model of Lenef and Rand [[134]. The difference
between the highest unoccupied e level and the lowest occupied a; level in the
spin-minority channel is 1.87 eV for PBE and 2.94 eV for HSE.

Excited state

In the defect-orbital picture, the excited triplet state 3E is obtained by promoting
the electron in the spin-minority channel from the a; level to one of the e levels
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(as depicted by dotted arrows in Fig. ﬂ Resultant configuration corresponds
to the F, or £, symmetry wavefunction:

|Ey;ms = 1) = |a1ege €yl ,

|Ey;ms = 1) = |arezey€s| . (3.7)

We model this state using the ASCF method whereby orbital occupations of
localized states are constrained to match the wavefunction form of Eq. (3.7)[]

The excited 3E state has an orbital degeneracy of nominal aleiey and
alemeg configurations. Itisa £ ® (e @ e---) Jahn-Teller (JT) system (see
Section [2.5.3). Therefore, some additional considerations should be made
regarding the lattice geometry relaxation along with the symmetry-breaking
directions. DFT calculations directly solve the electronic problem, treating ions
as classical motionless point charges. This means that the kinetic energy of
nuclei is zero, and the effective Hamiltonian of £ ® (e @ e- - - ) system
is just a potential energy term:

X 1 . .
U = Z |:2W}%Q27CFA1 + VkCI‘EW Qk7:|

kve{z,y}

= Z i (Q2, + Qi) Cra, + Z Vi 3.8)

Qk’y kax
ka _Qky ’

where k runs over all doublets of e symmetry coordinates. Since both terms in
Eq. (3.8) commute, we can diagonalize the vibronic term to find two potential
energy surfaces:

1/2
Z ViVir (QreQurrz + Qkka’y)] :

kk'

A 1
U:t = Z 5(")13 (Q%x + Q%y) +
k
(3.9

Energy minimization in DFT self-consistent calculation follows the lower-lying
branch of Eq. (3.9). It can be determined that the minimum of this potential
occurs at coordinates [27]:
V2 2K}
(Qmm) (len) — 711 — 7]47 (310)
w
k

Wk
where V}, is a reduced matrix element of vibronic coupling [see Eq. (2.69)], and

K, is a dimensionless vibronic constant [see Eq. (2.99)]. The corresponding JT

*See Appendix [B.4|for molecular orbital states of NV~ center.
5See Section for introduction to ASCF method.
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relaxation energy is [27]:
1 vlc2 2

From Eq. (3.10) it follows, that the minimum of DFT calculations is not a single
configuration but a continuum of configurations (e.g., in polar coordinates
Qrz = pr sin ¢ and Q. = pg, COS Py, the minima corresponds to pg = Vk/w,%
and any value of ¢;). Eq. will be important for the analysis of Jahn—
Teller coupling (Sec. 4.3.1), as it allows to determine constants of vibronic
coupling (V}, or K}) by measuring lattice relaxation in density functional theory

calculations.

3.2.2 Primary force constants for the excited state

The excited state is a JT active system, and the complete analysis requires
solving the vibronic problem. This chapter will focus on the zero-order adiabatic
solution and leave the treatment of non-adiabatic effects for Chapter 4} For

the zero-order description, we need to calculate the dynamical matrix of the
vibronic system [see Eq. (2.77)]:
DF'n'YnaFm’Ym = Wa, (Fl ® Fn) <Fn’YnFm'}’m‘A1> . 3.11)

Here, W4, (I'y ® T'y,) is the reduced matrix element of (F;|Q4, (I'y, ® I'yy)| Ej)
[see Eq. ], and Q 4, (I',, ®T,;,) is the A; symmetry component of a second-
order derivative of potential energy [see Eq.(2.70)]. To separate A; contribution
from the quadratic vibronic constants Wrv.,/¢4,, we propose the following
ab initio approach. In DFT calculations, we take the electronic configuration
with fractional orbital occupation aleiﬁeé'? Such electronic configuration
approximates a mixed state of degenerate configurations a; 6:565 and a; e%ey.

The density matrix of such an electronic system is given by:
1
p =5 ([Ba) (Bol +[Ey) (Eyl).

In this configuration, any calculated value of observable operator 0 corresponds

to the ensemble average:
(0) = Tr(pO) = % ((E:|O|E.) + (Ey|O|Ey))
If O transforms as a totally symmetric irreducible representation A, then{
(Oa,) = (Bu|Oa,| Ex) = (By|Oa, | Ey).

SThis follows from CG coefficient relation (' Yn A1|Tmym) = 10T, Srvon -
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On the other hand, if O transforms as non-trivial irreducible representation
Iy ¢ Aj, then CG coefficients (I'y,v,I"v'|T',y,) = 0 (in the Cartesian

representation of C3, group) and <OAF,,Y,¢ 4,) = 0.

15,15
xz Yy >
calculated values of linear and quadratic vibronic constants [see Eqs. (2.69)

and (2.73)] are:

From consideration above, it follows that for orbital configuration a; e

(Ei Xryy | Ei),  if Trye € Ay

, 3.12)
0, if Tpyr & Ax

Vka = <XFk7k> =

and

<E¢‘QF17/(Fn X Fm)’EZ>, if F/"}// € A1

<QF’ /(Fn ® Fm)) =
! 0, if T ¢ A,

(3.13)

First, from Eq. (3.12)), it follows that the relaxation using electronic occupa-

»e,® optimizes the geometry only in the direction of A; symmetry

coordinates[] Therefore, after the relaxation, forces along A; symmetry direc-

tion aie

tions are zero, and geometry retains the Cs, symmetry.
Furthermore, from Eq. (3.13)), it follows that the quadratic constants of

potential energy expansion are nonzero only for A; projection if we use the

1.5
Y

approach (as for the adiabatic case) computes only primary force constants that
enter the Eq. (3.11)). This consequence is very important for the methodology
of vibronic structure analysis, as it provides a practical method to calculate the

aieldeld orbital configuration. As a result, applying the finite-difference

dynamical matrix of the vibronic system.

3.2.3 Vibrational structure

The vibrational structure of NV~ has been calculated using electronic configura-
tions a%exey and ale;5e;'5,
interatomic force constants were obtained using the finite-difference approach
with displacements of amplitude AR = 0.01 A All the vibrational modes

have been characterized according to the irreducible representations of the Cs,

respectively, for the ground and excited state. The

point group. This has been done by using character projection operators [90]:

S *
Pr = ZF Z X1 (Ga)T (Ga),

"This is because diagonal terms of linear vibronic constants Vﬁi -
of normal coordinate Qr, ~, .

8This time, the number of symmetry-independent displacements is 574.

are forces in the direction
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where sr, is the dimension of the irreducible representation I', g = 6 is the
order of the group, G, is the group element, and 7'(G,,) is the symmetry trans-
formation matrix for vibrational mode. If the vibrational mode is unchanged
after the application of Pr (i.e., the scalar product (n;, - Prn;,) is unity), then
the mode is identified as a basis of irreducible representation I'.

Modes were also characterized by their spatial localization. A bulk phonon
is fully delocalized, and many atoms participate in particular vibration. How-
ever, as discussed in Section [2.4.3] point defects usually change the vibrational
structure of a solid. Sometimes, the defect gives rise to localized or quasi-
localized modes, which often induce observable spectroscopic signatures. To
quantify the localization of vibrational mode, we calculate the inverse participa-
tion ratio (IPR) similar to electronic wavefunctions Eq. (3.5)):

1
> Mhin

where 7)., is the three-dimensional displacement of atom n and niln =

IPR;, =

(> n,%.m)Q. IPR essentially describes onto how many atoms the given mode is
localized [[109], i.e., if M atoms vibrate with equal amplitudes, IPR = M. We

also define a localization ratio 3y [[109]:

Ny

Br = PR,

where NN, is the number of atoms in the cell. (3, estimates the inverse of a
fraction of atoms in the supercell that vibrates for a given vibrational mode.
Br = 1 when all atoms in the supercell vibrate with the same amplitude and
B > 1 for localized and resonant modes.

Quasi-localized modes: ground state

Let us first start with the vibrational structure of the ground state. Figure 3.3
shows calculated localization ratios (3j) using PBE and HSE functionals. The
vibrational frequencies in the HSE calculations are slightly shifted to higher
energies. This difference stems from the fact that interatomic interactions are
stronger in HSE, as reflected in the difference of lattice constants (see Table[3.1).
The shaded region shows the region of most probable 3 values for pure bulk
vibrations. These values are within 3o (o = 0.22 for PBE and 0.20 for HSE)
deviation from the mean value of bulk IPRs (~1.56 for both functionals). Both
functionals provide clearly pronounced a; and e symmetry resonant modes
in regions 60—65 meV and 80-85 meV. We also see some small resonances
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Figure 3.3: Localization ratios of ground state (®A5) vibrational modes of NV,
calculated with (a) PBE and (b) HSE functionals. The shaded area shows a
region of bulk localization ratios within 3o deviation from the mean value.
Note that the y axis has a logarithmic scale.

forming in the high-energy domain (~140 and 160 meV in PBE and ~150
and 170 meV in HSE). Larger localization implies possibly stronger electron—
phonon interaction as the amplitude of the vibration is localized in the vicinity
of the defect. The calculated resonant peaks (for both a; and e symmetry
modes) can explain many features of the luminescence phonon sideband (see
Fig.[3.4). For example, let us take the quasi-local mode of frequency 63 meV (in
PBE). This resonance is clearly pronounced in the luminescence spectrum (see
Fig.[3.4), as it generates 3 increasingly broad phonon replicas and quantitatively
explains overall lineshape. Furthermore, from Fig. 3.4 we see that other PBE
resonances at approximately 140 and 155 meV almost perfectly correspond to
other small features of the luminescence sideband.

Quasi-localized modes: excited state

Calculated localization ratios for the excited state are shown in Figure [3.3]
As for the ground state, PBE and HSE yield quantitatively similar results. In
comparison to the vibrational structure of the ground state, the excited state
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Figure 3.4: Luminescence lineshape of the diamond NV~ center (from
Ref. [[17]]). Phonon replicas of sideband are compared with ground state local-
ized modes of 4 x 4 x 4 supercell calculations (see Fig. [3.3).
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Figure 3.5: Localization ratios of excited state (°E)) vibrational modes of NV,
calculated with (a) PBE and (b) HSE functionals. The shaded area shows the
region of bulk localization ratios within 30 deviation from the mean value.
Note that the y axis has a logarithmic scale.
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Figure 3.6: Absorption lineshape of the diamond NV~ center (from Ref. [135]).
Phonon replicas of sideband are compared with excited state localized modes
of 4 x 4 x 4 supercell calculations (see Fig.[3.5).

yields more localized resonances in the high-energy region. One can assume that
these modes might be excited in the process of optical excitation. Comparing
phonon replicas of the absorption lineshape with PBE result [see Fig. [3.6(a)],
one could identify resonant modes at 63, 130, and 163 meV as the possible
sources of observed phonon replicas.

However, this time, such quantitative analysis does not completely explain
the asymmetry between luminescence and absorption lineshapes. The most
prominent difference is ~10 meV splitting of the first phonon replica. This
double-peek structure is a famous property of the diamond NV center [136]]. The
origin of this double-peak is still a subject of some debate. It was often attributed
to the Jahn-Teller effect. However, Davies and Hammer [[136] obtained the
same polarization for the double peak and the ZPL in their uniaxial stress
measurements. This implicates that the double-peak is associated with totally
symmetric a; modes. Davies and Hammer [[136] attributed this splitting to
tunneling of nitrogen between identical positions of vacancy. However, Gali
et al. [[104], in their ab initio study, calculated the potential energy barrier
to be greater than 4 eV, which is about two orders of magnitude larger than
proposed by Davies and Hammer [[136]]. Abtew et al. [[111], in their ab initio
study, analyzed the dynamic Jahn—Teller effect in a single effective mode
approximation. They attributed the splitting of the first phonon replica to the
third and the fourth excited vibronic states of symmetry A, and . However,
more detailed analysis shows (not presented here) that the transition to E level
is forbidden. This can also be deduced from Figure [2.4] The dimensionless
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vibronic coupling constant obtained by Abtew et al. [111] is K? = 0.35. The
E vibronic level corresponds to the first level of j = 5/2. As discussed in
Section in the zero-temperature limit, the excitation can only occur to
vibronic j = 1/2 states. Therefore, the transition is forbidden and does not
explain double peak splitting.

3.2.4 Discussion

The results above demonstrate that the vibrational structure of defects calculated
in the supercell geometry can help to explain general features of optical line-
shapes. This is particularly true for the luminescence spectrum of the diamond
NV~ center. However, localization ratios are not strictly physical quantities,
and the direct comparison with an experiment should be taken cautiously. First
of all, higher localization does not assuredly lead to a stronger electron—phonon
interaction, as this interaction depends on other parameters and symmetry
properties (see Section [2.6]and Chapter [] for more details).

Furthermore, in such moderate-sized supercells, calculated resonant modes
are still not sufficiently converged. Let us take the ground state vibrational
structure as an example. In Fig. each resonance contains only a few
strongly localized modes, which are scarcely distributed in a small region of
frequency. If the size of the system increases, the number of contributing
modes should also increaseﬂ In the continuum limit, each resonance should
contain an infinite number of modes distributed in some frequency domain. For
calculation of optical lineshapes, the continuum limit can be approximated by
smoothing spectral densities of a finite system (e.g., by replacing J-functions of
Eq. (2.152) with Gaussian of small width). However, as noted by Alkauskas
et al. [109]], such small supercells are not sufficient for calculations of high
accuracy resolution. For example, the lowest frequency mode in 4 x 4 x 4
supercell is ~35 meV (see Figs. [3.3]and [3.5). The resulting calculations of
optical lineshapes can therefore not contain any contributions of lower energy
modes. In contrast, the optical lineshapes (see Figs[3.4]and [3.6) clearly show
contributions of phonons down to zero frequencies.

We postpone the calculation of optical lineshapes to Chapter ] In the
following sections of this chapter, we focus on the vibrational structure of
defects.

°Note that the amplitude of each mode is of order N, /? and decreases with the system

size (see Sec. @I)
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3.3 Embedding methodology

We solve the issue of small supercells by the use of the embedding methodology.
This methodology enables to compute defect vibrational modes for supercells
N x N x N with N > 5 for which direct ab inifo calculations are too ex-
pensive. Such methodology was first introduced by Alkauskas et al. [[109],
where the vibrational structure of NV~ ground state was calculated to model
the luminescence lineshape. The improvement of this methodology was one of
the primary goals of my doctoral years

3.3.1 Description and justification

The embedding methodology relies on the fact that interatomic interactions
in semiconductors are short-ranged. When the atom is displaced from the
equilibrium position (as it is done in the finite-difference approach), the induced
force on the neighboring atom decays fast as a function of a distance from the
displaced atom. This property enables us to construct a Hessian matrix of large
supercell as described below.

First, we use the translational symmetry of a pure bulk and construct the
bulk Hessian matrix of a large supercell. Let us assume that the cutoff radius,
r¢1, defines the range after which interatomic interactions in solid become
negligible. If the distance between two atoms in a large supercell is smaller
than 7.1, we take the value of the Hessian matrix element from the matching
pair in a small supercell. Otherwise, the Hessian matrix element is set to zero.
Once the bulk Hessian is constructed, we embed defect interactions in a finite
neighborhood of impurity, as shown in Fig. This procedure relies on the
assumption that the presence of defect only perturbs interatomic interactions
for atoms close to the defect. More precisely, we modify the Hessian matrix
elements ®,,,,, only if both atoms, n, and m, are separated from impurity sites
by a distance smaller than a cutoff radius 7.

While the procedure is relatively straightforward, it requires some additional
corrections related to the symmetry properties of the Hessian matrix (see
Section[3.1.2). Setting matrix elements beyond a certain radius to zero breaks
Newton’s third law:

Cpisnj = — D Prin;- (3.14)

m#n

1%We developed a software package for defect vibrational structure calculations in large
supercells. This code will be made open-source and available for other researchers who work in
the computational field of point defects.
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Figure 3.7: Illustration of the embedding methodology for defect vibrational
structure calculations.

Breaking this “acoustic sum rule” could introduce a small force on the en-
tire system. This could affect the results for low-frequency acoustic modes.
Newton’s third law could be enforced by setting each matrix element ®,;;.,;
(diagonal in the atomic index n) to the right-hand side of Eq. (3.14). However,
this correction for i # j can break the symmetry property of the Hessian
matrix for n = m. To ensure that (i) the symmetry properties of the Hessian
matrix are preserved, and (ii) frequency of acoustic modes at the I" point are
equal to 0, we set ®,,;.,,; to the right-hand side of Eq. (131_4[) only in the case
when Cartesian components are the same, ¢ = j.

3.3.2 Vibrations of the diamond NV~ center in the dilute limit

Here we present the vibrational structure calculations of the NV~ center using
the embedding methodology.

First, we tested the range of interatomic interactions in diamond by cal-
culating the PBE phonon dispersion lines in the 4 x 4 x 4 supercell. Fig.
compares dispersion lines of two calculations: black lines (“full””) were calcu-
lated using the full Hessian matrix from the 512-atom bulk supercell, while
for gray lines (“trunc.”), Hessian elements were set to O for atoms separated
by more than 4.2 A. The maximum difference between the two sets of results
is 2.3 meV, which implies that the Hessian matrix is indeed short-ranged, and
the accuracy of 2 meV could be achieved by taking the cutoff radius r.; > 5 A.
Therefore, for bulk interactions, we chose r.; = 7 A. In the case of Te9, WE
used a slightly smaller value, .o = 5.6 A, to reduce the overall computational
cost in hybrid HSE calculations.
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Figure 3.8: Calculated phonon dispersion of bulk diamond. In “full” we have
included the full Hessian matrix, while in “trunc.” Hessian matrix elements of
atoms separated by > 4.2 A are set to 0.

The embedding procedure was applied to construct defected supercells
up to N = 20 (64 000 atomic sites). The calculation of vibrational modes
in such large supercells requires diagonalization of dynamical matrices as
large as 192 000 x 192 000. Since these matrices are sparse, with only ~0.5%
of nonzero elements, for diagonalization we used the spectrum slicing tech-
nique [137]] based on the shift-and-invert Lanczos method, as implemented in
the SLEPc [138]] library. Parallelization was done using an interface to the
MUMPS [139] parallel sparse direct solver.

Figure[3.9(a) shows PBE localization ratios 3} calculated in the 20 x 20 x 20
supercell for the diamond NV center’s ground state (°E). In contrast to the
4 x 4 x 4 supercell [Fig.[3.3[@)], we can clearly see the emergence of broader
resonances. For example, in the 4 x 4 x 4 supercell, we identified ~63 meV
mode as a possible source for three phonon replicas. However, calculations in
a large supercell yield a broad resonance in the range of 60—80 meV, which
is shifted towards higher energies. Also, the first e symmetry resonance is
shifted towards lower energies and has a peak at 55 meV. We also see highly
localized modes of a; symmetry at the edge of the diamond phonon structure.
Results calculated using the HSE functional are shown in Fig. 3.9(b). In
comparison to PBE calculations, HSE yields slightly higher frequencies and
stronger localization. However, as in the previous calculations, the general
features are qualitatively similar.

Fig.[3.10] shows localization ratios of vibrational modes in the excited state
3E. In comparison to ground-state calculations, we see a slightly different vibra-
tional structure. For example, the first a; resonance is broader for the excited
state in comparison to the ground state, which could explain the asymmetry
between the first phonon replica in absorption and emission spectra.
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Figure 3.9: Localization ratios of ground state (*A5) vibrational modes, calcu-
lated with (a) PBE and (b) HSE functionals in 20 x 20 x 20 supercell.
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Figure 3.10: Localization ratios of excited state (3E) vibrational modes, calcu-
lated with (a) PBE and (b) HSE functionals in 20 x 20 x 20 supercell.
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Figure 3.11: (a) Atomic structure of the silicon—vacancy (SiV) center in dia-
mond. (b) Low temperature (20 K) experimental photoluminescence spectra
(plot taken from Ref. [142]). Inset shows the fine structure of the ZPL.

3.4 Isotopic shifts of negatively charged

silicon-vacancy

This section briefly presents our theoretical study of the vibrational structure
of silicon—vacancy (SiV) center in diamond [T1]]. Our findings explain sev-
eral experimental observations and solve the contradiction between previously
calculated and measured isotopic shifts in Refs. [140] and [141].

3.4.1 Introduction

The SiV center is formed by removing two neighboring carbon atoms and plac-
ing a silicon atom between two vacant sites [see Fig.[3.11|(a)]. This configuration
is of D34 point group symmetry. SiV center is a bright photoluminescence de-
fect with ZPL energy at 1.681 eV. The luminescence spectrum [see Fig. [3.T1[b)]
is mainly dominated by the ZPL peak, which contains ~70% of the total emis-
sion [[142]. It has been established that the luminescence corresponds to a
negatively charged defect [[60]].

A recent experimental study by Dietrich et al. [141] showed that phonon
replica at 64 meV [peak B in Fig. 3.T1|(b)] displays an isotope shift that is
proportional to the inverse square root of the silicon mass for three different
Si isotopes (?2Si, 298i, 3°Si). Downward shifts for 2?Si and 3°Si isotopes were
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Figure 3.12: Defect-level diagrams of the SiV ™ center. Diagrams show Kohn—
Sham single-particle configurations for (a) the ground state QEg and (b) the
exited state 2E,,. The spin-majority channel is denoted with upward arrows and
the spin-minority channel with downward arrows. Shaded areas correspond to
the valence band (VB) and the conduction band (CB).

1.02 meV and 2.21 meV. Earlier first-principles calculations [140] indeed found
resonant mode with similar energy (56.5 eV). However, calculated isotope shifts
were substantially smaller (0.62 meV for 298i and 1.24 meV for 2°Si). This
calls for a deeper analysis of the vibrational structure of SiV. Therefore, here we
provide novel ab initio calculations of vibrational structure and discuss isotopic

shifts of quasi-local modes.

3.4.2 Electronic states

The defect-level diagram of the ground state of SiV™ is shown in Fig. a).
It is a spin-doublet single determinant configuration 2Eg. In the molecular
orbital picture, the excitation is achieved by promoting an e, electron from a
spin-minority channel to an unoccupied e, state. The resultant wavefunction
has an orbital configuration of 2E,, symmetry, shown in Fig. b). Both
electronic states are twofold degenerate and are dynamic Jahn—Teller systems.
In this study, we avoid complications associated with the Jahn—Teller effect and

. . : 2 3/2
use fractional electronic configurations of €2, ¢> egé e% for the ground state

uzCuy
and eifei/fegmegy for the excited state. As in the diamond NV center, such
fractional configurations avoid vibronic interactions and describe the zero-order
Hamiltonian of the vibronic system.

DFT calculations were carried using VASP code [77]] and HSE exchange-

correlation functional [S3]]. We used the PAW approach with an energy cutoff
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of 400 eV. The Brillouin zone was sampled at the I" point to ensure that the
symmetry of electronic wavefunction is correctly described. The cubic 3 x 3 x 3
supercell (216 sites) was used for actual defect calculations. The calculated ZPL
energy for the transition QEg — 2B, is Ezp1, = 1.72 eV. This value compares
favorably with the experimental value of 1.681 eV.

3.4.3 Vibrational structure

The vibrational structure was calculated using a 216-atom supercell and the
same parameters as described above. We used the embedding methodology to
model the vibrational structure of supercells N x N X N upto N =9 (5832
sites). All the vibrational modes were characterized according to the irreducible
representations of the Dsg point group (A1g, A1y, A2g, A2y, Eg and E,,).

The localization ratio factors [ calculated in 5832-atom supercell are
shown in Fig. a) for the ground (2Eg) state and in Fig. b) for the ex-
cited (°E,,) state. We see that for vibrations of a1g, A1y, A24, and e, symmetry,
localization ratios are similar to values of bulk modes. Therefore, there are no
clearly pronounced quasi-local modes of these symmetries. The situation is en-
tirely different for as,, and e,, modes. For as,, modes, we see clearly pronounced
resonances at ~(40-50) meV in the ground state and at ~(50—60) meV in the
excited state. As shown in our paper [T'1], these resonances are irrespective
of the size of the supercell. Analysis of the vibrational shapes shows that in
these vibrations, the movement of the Si atom along the symmetry axis is
predominant. For e,, symmetry modes, there are pronounced resonances at the
~(50-70) meV in the ground and excited states. The e,, resonance is about two
times broader compared to the ag,, peak.

To identify the peaks of a9, and e, resonances, we combine results from
different-sized supercells. Figures a) and (b) show combined as,, and e,,
localization ratios (from N = 3,4, 5,6, 7, 8 and 9 supercells), respectively, for
the ground and excited states. We loosely draw envelope functions to make the
interpretation of our results easier.

At the low-temperature limit, the ground state vibrational structure should
be reflected in the luminescence spectrum of the defect. However, direct
comparison of calculated frequencies with phonon replicas of lineshape should
be taken cautiously due to the possible complex nature of electron—phonon
interactionE] The first resonance in Fig. a) is an a9, symmetry peak at
~43 meV. This mode might be the source of the first phonon replica of the

1See Section V of our paper [TT] for a more detailed discussion.
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Figure 3.13: Atomic localization ratios of ground (QEg) and excited (°E,,) states
of the SiV™ centerin 9 x 9 x 9 supercell. The y axis has a logarithmic scale.

(b) excited

0 J il I

\
\
\
\
\
\
1
\
\

\
\ | | | |

/1 63.2 meV

/
7\
! \
! \
! \
! \
! \
! \
| \
i A

20 40 60

80 100 120 140 160 180 20

Phonon energy (meV)

40 60 80
Phonon energy (meV)

100 120 140 160 180

Figure 3.14: Combined localization ratios of ground (2Eg) and excited (*E,,)

states of the SiV™ center from N = 3,4, 5,6, 7,8 and 9 supercells. The y axis
has a logarithmic scale.

112



102 B he 28Si |
- 298i
. SOSi
10t 1
20 30 40 50 60 70

Phonon energy (meV)

Figure 3.15: Localization ratios for the as,, symmetry quasi-local modes around
energy 43 meV for three Si isotopes. Calculations performed for the 5 X 5 x
supercell.

luminescence spectrum [see A in Fig. mb)]. The second e,, peak is located
at ~60 meV. Again, this vibrational mode could be associated with the second
phonon replica of the luminescence spectrum [see B in Fig. 3.11|(b)].

The energies of corresponding a9, and e, peaks in the excited state are
~56 meV and ~63 meV [see Fig.[3.14(b)]. These peaks are shifted towards the
higher energies in comparison to the ground state. The increase of vibrational
energies in the excited state can be explained by the electronic structure of the
SiV center. The optical excitation corresponds to transferring the electron from
a more delocalized orbital e, to a more localized orbital e, [83]. This increases
the electron density around the Si atom and thus the vibrational energies.

3.4.4 Isotopic shifts

Dietrich et al. [141] reported isotopic shifts a5 /29 = 1.016 and Qag /30 =
1.036 of sharp phonon replica at 63.8 meV [see B in Fig. [3.11(b)]. These
isotope shifts closely correspond to the “ideal” shifts of \/m = 1.018
and 1/30/28 = 1.036 (i,e. Q ~ 1/,/mgi). However, as noted above, in the
previous ab initio calculations [140], isotopic shifts were substantially smaller.

To explain this discrepancy, we first focus on ag,, vibrational resonance of
the ground state in the energy range 20-70 meV. Figure [3.15|shows calculated
localization ratios for the 5 x 5 x 5 supercell for Si isotopes with Mg; =
28,29, and 30 a.m.u. For each isotope, five vibrations contribute to the quasi-
local mode. The vibration with the largest 8 has energies 46.40, 46.11, and
45.88 meV for 28Si, 2°Si, and 3Si isotopes, respectively. The isotope shifts
for this most pronounced mode are wog/wog = 1.006 and wag /w3y = 1.011.
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They are much smaller than the experimental values of 1.018 and 1.036 [141]].
However, as can be seen from Fig. shifts of a single mode do not explain
the behavior of a resonance. As we increase the isotope’s mass, we see changes
in frequency and localization for individual modes. Most interestingly, the
localization of lower-frequency modes tends to increase, while localization
of higher frequency modes tends to decrease. We explain the isotope shift of
the whole resonance as follows. As the localization ratios redistribute when
we change the mass of the Si atom, we associate 3 with the weight of the
contribution of each specific vibration of resonant mode. Then we determine
the energy of quasi-local mode (2 as a weighted average of all the modes that
contribute to this resonance:

O = 2k Phek (3.15)

SokBk
If we now weigh the contribution of localized modes, we get average energies
Qog = 44.81 meV, Qo9 = 43.90 meV, and 235 = 42.88 meV. The isotope
shifts are a5/29 = 1.021 and Qog/Q30 = 1.045.

We performed a similar analysis for all considered supercells and e,, sym-
metry resonance. We find that the frequency of the most pronounced mode in
the resonance has a considerable cell-to-cell variation (qualitative results are
presented in our paper [I'1]). As we increase the supercell’s size, the frequency
of the mode oscillates around the average value with amplitude ~1.5 meV for
small supercells and becomes smaller for larger supercells. However, for the
averaged frequency [Eq. (3.15)], the oscillations are smaller, and convergence is
much faster. Using this procedure, we determine frequencies of the quasi-local
modes as the asymptotic value of Eq. (3.15)). In addition, we quantify the width
~ of quasi-local mode as:

4 = > Br(wi — Q)
2k Br .

Table [3.2] shows our theoretical results for both as,, and e,, resonances. We

also include our analysis of the vibrational modes in the excited electronic
state (°E,,). We find that excited-state resonances likewise exhibit nearly “ideal”
isotopic shifts.

3.4.5 Discussion

In this section, we briefly discuss how our theoretical calculations compare
to experimental measurements. The SiV™ photoluminescence band has two
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Theory: vibrational resonances

State symmetry Qog (meV) v (meV) Qog/Nog  Nag/Ns3p
QEg a2y 434 1.9 1.018 1.035
ground ey 60.1 6.1 1.021 1.039
B, a2y 56.1 3.9 1.016 1.033
excited ey 63.2 6.5 1.017 1.036

Experiment: PL phonon sidebands

State symmetry Qog (meV) v (meV) Qog/NQag  Nag /N30
2Eg a9, (Ref. [143]) 63.8 ~b5 1.016 1.036
42 >25 ND ND

Table 3.2: Main results of Ref. [T1] compared with the experiment. Theory:
calculated frequencies 2, widths ~ (both for the 22Si isotope), and isotopic
shifts of quasi-local As,, and E,, modes in the ground and excited states. Values
of frequencies (widths) are given to two (one) significant digits. Experiment:
energy (2, width, and isotopic shifts of vibrational sidebands in the photolumi-
nescence (PL) spectrum. All experimental data from Ref. [141] except where
indicated. ND = “not detectable”.

prominent phonon side peaks at 63.8 meV and 42 meV (with respective widths
v ~ 5 meV and v > 25 meV [141]) [see Fig. 3.11(b)]. In Ref. [141], a
clear isotope shift of 63.8 meV peak with respect to the ZPL line was re-
ported. The 42 meV peak did not show any noticeable changes upon isotope
substitution. However, as noted in the same paper [141]], the lack of change
could have been related to difficulties measuring small differences of broad
peaks. Also, it was suggested that the 63.8 meV phonon replica was due to ag,
vibration [141} [143]].

We focus on the ground state vibrational structure, as it should be revealed in
the phonon sideband of the luminescence lineshape. On par with the experiment,
our calculations suggest the existence of two resonances, one at 43.4 meV and
another one at 60.1 meV. Although these values clearly agree with experimental
values of 42 and 63.8 meV, there is a large discrepancy regarding the width of
these resonances (see Table [3.2). Also, in our calculations, both resonances
undergo isotope shifts 1/,/msg;, while experimental measurement shows only
a shift of narrow higher-energy peak. Furthermore, contrary to Refs. [141}
143]], our calculations indicated that a narrow peak at 60.1 meV is due to e,
vibrations.
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We expect DFT calculations to work well regarding the vibrational struc-
ture of the defect. This will be illustrated in Chapter |4, where we present
high accuracy optical lineshapes of NV center calculated using the vibrational
structure of DFT calculations. Therefore, we tentatively suggest that the ex-
perimentally observed 63.8 meV peak is, in fact, of e, symmetry and not ag,,.
In this case, our calculations agree with the experiment regarding frequency,
width, and isotopic shift of the resonance (see Table [3.2). Furthermore, we
hypothetically propose that calculated as,, resonance does not appear in the
PL spectrum, and experimental phonon replica at 42 meV is not related to
quasi-local modes.

Furthermore, we note that in the adiabatic approximation, only a1, modes
are expected to participate in the optical transition. These modes have no
pronounced optical signatures in the PL spectrum. In the case of JT cou-
pling, our group-theoretical analysis shows that only e, modes participate in
the vibronic coupling. Therefore, an optical transition between degenerate
states should involve such symmetry modes, leaving the appearance of e,
resonance unexplained. This requires alternative coupling mechanisms. We
tentatively hypothesize that the appearance of e,, modes could be explained
by the Herzberg—Teller effect [144], whereby vibration modulates transition
dipole moment. However, quantitative interpretation of the luminescence
lineshape of the SiV center requires a more detailed study of optical transi-
tions.

3.5 Summary and conclusions

This chapter presented an ab initio methodology to calculate the vibrational
spectrum of deep-level defects in the dilute limit. We applied this methodology
to the nitrogen—vacancy (NV) and silicon—vacancy (SiV) centers of diamond.
The main achievements of the study presented in this chapter are summarized
as follows:

1. We presented a practical ab initio methodology for calculating primary force
constants for the Jahn—Teller active system using fractional occupation of
single-particle states (Sec.[3.2.2).

2. We have developed a parallel code (suitable for high-performance calcula-
tions) for an embedding procedure, which allows calculations of vibrational
modes for deep-level defects in the dilute limit. Using this code, we modeled
the vibrational spectrum of defects in supercells as large as 64 000 atoms.
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3. We have studied the vibrational spectrum of the negatively charged SiV
center in diamond using density functional theory calculations (Sec. [3.4)).
This work was published in the dissertation paper [I'l]. The main findings
of this study are:

a) We have found two pronounced vibrational resonances of ag, and e,
symmetry.

b) We presented a new methodology to calculate isotope shifts of vibra-
tional resonances.

¢) We assume that the observed experimental feature in the photolumines-
cence spectrum at 63.8 meV is a quasi-local mode of e,, symmetry.

d) We hypothesize that the appearance of the e,, mode in the photolumi-
nescence spectrum could be explained by the Herzberg—Teller effect.

Thesis Statement (I)

We suggest that the experimentally observed sharp vibrational feature in the
photoluminescence spectrum of SiV™ is an e, -symmetry vibrational resonance.
The appearance of this feature in the experimental spectrum cannot be explained
in the Frank—Condon approximation. We hypothesize that this peak is due to the
Herzberg—Teller effect, whereby the vibration modulates the optical transition
dipole moment.
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Chapter 4

LUMINESCENCE AND ABSORPTION
LINESHAPES OF DIAMOND NV~
CENTER

Nobody knows where you are
How near or how far
Shine on you crazy diamond
— Pink Floyd,
Shine On You Crazy Diamond

This chapter presents our first-principle calculations of optical lineshapes
of triplet transition in the diamond NV~ center [T2]. The main goal of this
study is a high accuracy description of electron—phonon interaction utilizing
density functional theory calculations. The chapter is organized as follows. In
Section [4.1) we formulate the general problem of the calculation of optical
lineshapes. In Section #.2] we present our analysis of the electron—phonon
coupling to a; symmetry vibrational modes. Section {.3]discusses the vibronic
coupling to e symmetry modes and proposes a practical methodology to solve
the multi-mode E ® e Jahn—Teller problem. The luminescence and absorption
lineshapes are presented and compared to the experiment in Section Fi-
nally, Section 4.5|summarizes our results and discusses possible sources of the

remaining discrepancies between experiment and theory.

4.1 General formulation

The general theory of optical lineshapes has been presented in Section[2.6] In the
triplet transition of the diamond NV center, only a; and e symmetry modes par-
ticipate in the electron—phonon interaction. Therefore, the main parameters are
respective spectral functions of electron-phonon coupling, A% (w), and A¢(w).
These functions are defined by Eqs. (2.144)) and for the luminescence
process and Eqgs. (2.143)) and (2.138)) for the absorption process. The overall
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spectral function A(w) is a convolution of both contributions [see Eq. ].
Once the spectral functions are determined, the emission probability and ab-
sorption cross-section are calculated using Egs. and (2.149). In this
study, we will not deal with absolute intensities and cross-sections but rather
normalized lineshapes. Those are given by:

Lem(w) = Niw3 Aen (w), (4.1)

for emission and
Ly (W) = N2WAabs (CU), (42)

for absorption. Here, N1 and Ns are normalization constants. Therefore, the
central task of this chapter is the evaluation of Eqs. (4.1)) and (4.2).

4.2 Coupling to a; modes

As a first step, let us focus on calculating spectral functions, A% (w), that
describe the coupling to totally symmetric a; modes. Since the Jahn—Teller
effect in the excited ®F state of the NV~ center is not strong [T11]], this spectral
function governs the general features of optical lineshapes.

The methodology for the evaluation of A% (w) has been discussed in Sec-
tion [2.6.4] 1In short, we adopt the equal mode approximation, which sim-
plifies the calculation of the Fourier transform of spectral function G(t) =
[ A(w)e™" dw [see Eq. for luminescence and Eq. for absorp-
tion]. Evaluation of G(t) involves the calculation of partial Huang-Rhys factors
Sy, and resultant densities of electron—phonon coupling S, (w) [see Egs.

and (2.152)]:

Sk = WkAQI%7
2

Sar (W) = Y Skd(w — wp). (4.3)
keA,

Here, wy, is the angular frequency of the mode k, and AQ)y, is given by equa-
tion (2.131)). Calculation of AQy, requires the knowledge of shapes of vibra-
tional modes, n7;,, as well as the change of equilibrium geometry between the
ground and the excited state, AR = R? — R(g).

After determining HR factors, we replace delta functions d(w — wy) in
Eq. with a small-width Gaussians to obtain smooth density S, (w) through-
out the whole vibrational spectrum.
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4.2.1 Vibrational modes and lattice relaxations

Section[3.3.2] of the previous chapter presented the vibrational structure calcula-
tions for triplet states of the diamond NV center. We showed that for an accurate
description of the phonon structure, one needs to use very large supercells, as
the vibrational modes and resonances are poorly described in small-sized su-
percells, especially in frequency regions where the density of states is low.
Therefore, we used the embedding methodology to obtain vibrational modes
for supercells up to 64 000 atoms.

However, we encounter a similar problem for the lattice geometry relaxation,
AR, caused by the optical transition. Relaxations have the lattice’s periodicity
in supercell geometry, and the cell’s size restricts the lowest spatial Fourier
component. Therefore, in moderate-sized supercells, the geometric relaxation is
smaller than the actual relaxation of an infinite system. We address this problem
by noting that within the harmonic approximation, A, can be alternatively
expressed in terms of atomic forces:

1 F,
AQg = (,7% ; ﬁ’?k;a- 4.4)

In this equation, F, is the force on atom « induced by the electronic transition.
As only atoms in the close neighborhood of defect experience the change in
the force, F,, decays much more rapidly with distance from the defect center
than ARQEI Therefore, we calculate AQy, using forces directly calculated in
moderate-sized supercell (in this case, 4 X 4 x 4) and vibrational modes of the
embedded supercellE]

4.2.2 Results: luminescence

We calculate spectral functions for the emission process using vibrational modes
of the ground state and forces induced by the transition 3E — 3A2E] As a first
step, we calculate spectral densities of electron—phonon coupling S,, (w) for
different-sized supercells and check the convergence of lineshapes. Fig.

'Once atoms start to move under the influence of these short-ranged forces, the resulting
displacements AR, become long-ranged.

>We tested that the contributions to the spectral density of electron—phonon coupling are
already converged if we ignore the forces for atoms further than 7 A from the defect site.

3In the equal mode approximation, the state’s choice for vibrational structure is ambiguous as
both states should have the same structure. However, this is not the case in actual calculations, as
the frequencies of both electronic states differ. Our paper [T2]] shows that the best approximation
for the zero-temperature limit is choosing the final electronic state for vibrational modes and
induced forces.
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Figure 4.1: Convergence of spectral densities Sy, (w) (in units 1/meV) due to
coupling to a; phonons with respect to the supercell size. Supercells range in
size from 4 x 4 x 4 (512 atomic sites) to 20 x 20 x 20 (64 000 sites). Total
Huang—Rhys factors for each supercell are also given. The insets enlarge the
high-frequency part. Gaussian smearing with varying o was used, as explained
in the text.

shows how the spectral density S,, (w) converges as a function of the supercell
size. The results are obtained using PBE functional. The J-functions in Eq.
were replaced by Gaussians of variable width. This artificial smoothing was
chosen to obtain smooth function in low energy regions (where the density of
phonon states is still low) and high resolution in the high-frequency tail (where
the density of states is high). Our benchmarks show that choosing o to vary
linearly from o = 3.5 meV forw = 0to 0 = 1.5 meV for the highest-energy
frequency results in a smooth lineshape without introducing any artifacts. This
smearing procedure is used for all spectral densities of this chapter.

From Fig. (.1} we see that for the high-frequency phonons (>120 meV) the
spectral densities are already converged for the 8 x 8 x 8 supercell. However,
large supercells are needed for a high-resolution description of spectral densities
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Figure 4.2: (a) Spectral densities S, (w) (in units 1/meV) due to coupling
to a; phonons for luminescence, calculated with PBE and HSE functionals.
Huang—Rhys factors are also given. The inset enlarges the high-frequency part.
(b) Spectral functions A, (w) [in units 1/eV, Eq. (2.144)] for luminescence
calculated using PBE and HSE. The ZPL energy is set to the experimental
value.

for coupling with low frequency (<60 meV) phonons. This is the essence of
our embedding methodology.

PBE and HSE spectral densities for the 20 x 20 x 20 supercell are shown
in Fig. 4.2Ja). We see that the functionals provide slightly different results.
HSE yields 30% stronger electron—phonon interactions (as can be seen from
the total HR factor). In accord with the vibrational structure analysis of
Sec. the most prominent features are shifted towards higher phonon
energies.

Corresponding PBE and HSE spectral functions A,, (w) are shown in
Fig. .2]b). These functions were calculated using Eqs. (2.I51)) and (2.153).
For a better comparison with the experiment, we used the experimental value
of the ZPL energy Ezpr, = 1.945 eV and v = 0.3 meV. Since the actual
lineshapes contain additional contributions from e symmetry phonons, we leave

the direct comparison with the experiment to Section 4.4

123



x 1072
sk _pBE
~ Sa, =2.60 i

6 HSE \/\ ~J
5\ Sal =3.59 1 \I/ |L

0
100 120 140 160

ol 0 AT

0 30 60 90 120 150 180
Phonon energy (meV)

—PBE
4r HSE

w)

0 L 1 L 1 L 1 L 1 L
1.9 2.0 2.1 2.2 2.3 2.4

Energy (eV)

Figure 4.3: (a) Spectral densities S, (w) (in units 1/meV) due to coupling to
a1 phonons for absorption, calculated with PBE and HSE functionals. Huang—
Rhys factors are also given. The inset enlarges the high-frequency part. (b)
Spectral functions A,, (w) [in units 1/eV] for absorption calculated using PBE
and HSE. The ZPL energy is set to the experimental value.

4.2.3 Results: absorption

The calculations of spectral function .S, (w) for the absorption process require
vibrational modes and forces of the excited state. Forces F, should be calcu-
lated using an orbital configuration of the excited state at the geometry of the
ground state. However, in DFT calculations, there are issues related to the con-
vergence of electronic structure calculations for degenerate states. Therefore, to
avoid these issues, we calculate these forces indirectly, using Harmonic relation:

Fo = /My Y wing.AQk, (4.5)
k

where wy and 7y, are calculated in the 4 x 4 x 4 supercell of diamond, and
AQ)y, is given by Eq. (2.131) (see Sec. VI.C of our paper [T2] for a more
detailed explanation).

Figure a) shows spectral densities .S, (w) for absorption in the case
of the 20 x 20 x 20 supercell. There are slightly larger differences between
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the shapes of spectral densities calculated in PBE and HSE in this case. PBE
calculations produce a broad peak at ~60 meV, which shifts to ~70 meV in
HSE calculations. Corresponding spectral functions were calculated using
Eq. (2.154) and are shown in Fig. #.3|b). The comparison with the experimental
spectrum is left for Section[4.4]

4.3 Coupling to ¢ modes

In the case of diamond NV center, the coupling to e symmetry modes occurs
because of the dynamic Jahn-Teller (JT) effect in the 3F state The spec-
tral functions A°(w) of e symmetry modes are given by equations
and (2.157), respectively, for the emission and absorption process. To find these
spectral functions, we must first solve the vibronic problem for the excited state
3E (see Section for a formal introduction to the vibronic problem).

4.3.1 Calculation of coupling parameters

In Sections [3.2]and we already discussed the zero-order solution of the
vibronic Hamiltonian for the diamond NV center. Section presented our
formal analysis of the JT problem in the ®E state and derived the expression for
the matrix element of JT perturbation H'T [Eq. ]. Calculation of these
elements requires the knowledge of linear vibronic constants (2.65)). In this
section, we present a novel ab initio methodology to calculate these vibronic
coupling constants.

While discussing actual DFT calculations of the JT system in Section [3.2.1]
we showed that the relaxation along symmetry breaking coordinates follows the
surface of the potential energy term of the vibronic Hamiltonian [see Eq. (3.8)].
The minimum of this potential is given by equation (3.10). This equation
enables the determination of V}, and thus K once AQ) is known:

wrAQ3

2
Kk!: 2 5

(4.6)
where:
AQj = AQ7, + AQR,.

Here, components AQ), and AQy, belong to e symmetry modes and are
calculated using Eq. (4.4), as in the case of a; relaxation.

“The dynamical nature of the JT effect was confirmed by the ~T° broadening of the
ZPL [145].
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Figure 4.4: Spectral density S.(w) (in units 1/meV) due to coupling to e
phonons for (a) luminescence and (b) absorption, calculated with PBE and HSE
functionals. Results are for the 20 x 20 x 20 supercell. The total strengths
Se = [y Se(w) dw are also given.

Comparing Eq. with Eq. (2.133), we see that parameter K ,3 plays a
similar role to the partial HR factor S, of coupling to a; modes. Therefore, in

analogy to Eq. (2.152)), we define a spectral density of coupling to e symmetry
modes:

Se(w) =Y Kjd(w — wp),
k

where the summation runs over all doublets of e symmetry. The integral of
Se(w) quantifies the strength of JT coupling in a system:

S, = / Se(w) dw = ZK,%
0 k

The Jahn-Teller interaction is considered weak for S, < 1 and strong in the
case of S, > 1 [27].

The spectral densities of coupling to e symmetry modes for the 20 x 20 x 20
supercell are shown in Fig.[4.4] Both PBE and HSE functionals yield very sim-
ilar results for vibronic coupling. Furthermore, lineshapes and total strengths
of the vibronic coupling are very alike for the ground and excited states. From
S, values, we see that the JT interaction is of medium strength (S, ~ 0.5).
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4.3.2 Luminescence and absorption processes

The solution of the vibronic problem HVP* = A% 4+ AT [see Eq. (2.93)] yields
the vibronic wavefunctions in the form:

[Der) =[x 1) + |xa) | E-),

where t labels different vibronic states. Nuclear components | Xeit> are ex-
pressed in the basis of vibrational harmonic oscillator states of the zero-order
Hamiltonian H°:

IX5) = Z C oty mnt, M0, NI 4.7)
nl

Note that we use a chiral basis for the description of phonon states (see
Sec.[2.5.3)). The calculation of spectral functions A°(w) in the zero-temperature
limit requires the evaluation of (x2|y.,) for the absorption process and (x| x,,)

for the emission process [see Eqs. (2.157) and (2.158))].
In the zero-temperature limit, overlaps for the luminescence spectrum are

calculated between the lowest vibronic level of the excited electronic state |°E)
and all the vibrational states of the electronic ground state [345). On the other
hand, for absorption, overlap integrals are calculated between zero-phonon
state |00 . .. 00) of the [3A2) manifold and vibronic states the [3E) manifold. In
Section [2.6.4] we showed that for both processes, the relevant vibronic states
are ones with the pseudospin value j = +1/2, which significantly simplifies
the computational effort.

As for the a1 coupling, we adopt the equal mode approximation (Sec.
and choose the vibrational modes and frequencies of the ground state for the
Iuminescence and those of excited manifold for the absorption.

4.3.3 Methodology for multi-mode Jahn-Teller coupling

Now, let us summarize the general methodology for treating the JT problem
for the diamond NV~ center. First, in Section we reformulated the JT
problem for the 3F state in terms of chiral phonons and showed that the problem
could be decoupled for different pseudo spin values j. While discussing optical
matrix elements, we showed that we only need to consider vibronic states of
j = £1/2 in the zero-temperature limit. Therefore, the matrix of vibronic
Hamiltonian involves only the zero-order basis |nily, ..., nyly; Ex), where
> il + jer = £1/2. In constructing the basis set, we limit the total number
of vibrational excitations to specific number n¢o = ) 1. By increasing this
number, we can track the convergence of the final result. For a set of lowest
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vibronic states, this convergence is easily achieved in the case of diamond NV
center, as the vibronic interactions are weak.

However, we are still facing a huge computational problem: in the case of
the NV center, we have an extremely large number of e modes that participate
in the JT problem. In the actual system, this set is effectively infinite and is
described by the spectral density S, (w). For a discrete number of modes, we
can calculate smooth spectral functions (2.157) and (2.158)) by replacing §-
functions with Gaussians of small width. However, the practical diagonalization
of HO + H'T is impossible for N > 100 modes. To address this problem, we
propose the following methodology.

We approximate the actual spectral density S, (w) with an effective one:

Neff
SED (W) = Krgo(wn —w), 4.8)
n=1

Here, the sum runs over Neg “effective” modes with frequencies w,, and cou-
pling strengths K2. g, is a Gaussian function of width o. For a selected
number of effective modes, N, the parameters K 7%, wp, and o are obtained by
minimizing the integral:

- |
0

During the minimization, we constraint the total value of vibronic coupling to

Se(w) — D (w)‘ dw. 4.9)

the actual one: N
eff

N
K2=) K} =S.
n=1 k=1

For Neg = N, this approach reproduces the result of a full calculation. How-
ever, one can expect that the convergence of the final result can be achieved for
Neg < N, for which the problem is tractable by the diagonalization procedure.

We test the convergence of this approximation by considering NV vibra-
tional modes of the 2 x 2 x 2 supercell (64 sites). Such a system can be solved
by direct diagonalization, as it contains only 62 e vibrational doublets. In
Fig. we show the approximation of S, (w) with s (w) for Neg = 2,4, 8.
We see that in the case of N.g = 8, the approximate spectral density Séeﬁ) (w)
is almost identical to the real spectral density S, (w).

For the diagonalization of the Jahn-Teller Hamiltonian, we restrict ny = 3.
Although such a basis is not completely converged with respect to nyy, it is
sufficient for testing purposes, as we keep the same ny for all calculations.
Fig. shows the resulting spectral functions A.(w) for emission (left) and
absorption (right). We used 6 meV Gaussian smoothing. The effective spectral
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Figure 4.5: Convergence of glef) (w) towards Se(w) when increasing the num-

ber of effective modes Ng. The results are for the NV center in the 2 x 2 x 2
supercell. Spectral densities in units 1/meV.
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emission (left) and absorption (right) as a function of Neg, the number of
effective e modes included in the calculation. The results are for the NV center
in the 2 x 2 x 2 fcc supercell.
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functions S (w) are compared to those calculated from S, (w) that include

all vibrations for the given supercell. We see that the result with Nog = 8
reproduces the “all-mode” calculations very accurately. This result justifies
our methodology for the largest supercell for which the full calculation is
still possible. It is reasonable to assume that this methodology applies to
a more general case, where we have a quasi-infinite number of vibrational
modes.

4.3.4 Spectral functions for absorption and emission

Finally, we discuss the spectral functions A.(w) pertaining to e symmetry
modes obtained from 20 x 20 x 20 supercells. We used Nog = 22 to approx-
imate the actual spectral densities of Fig.[4.4] The results for luminescence are
shown in Fig. In the figure, we compare A.(w) obtained via the solution
of the multi-mode JT problem (labeled “JT”) with the one obtained via the
Huang—Rhys approach (labeled “HR”) of the adiabatic problem. Latter spectral
functions are obtained in a manner completely identical to those of a; modes,
as described in Section 4.2l

Somewhat unexpectedly, the HR calculation yields spectral functions al-
most identical to those of the JT calculation. The agreement between the two
calculations is remarkable, and one is tempted to conclude that there is a deep
underlying reason for this. However, in the Appendix of our paper [T2], we
show that the agreement is to some degree accidental and can only happen in
the range S, ~ 0.5—1.0. We conclude that the Huang—Rhys approach applied
to symmetry breaking modes can lead to errors in the case of smaller or higher
values of S, and should not be applied in the general case.

The spectral functions A.(w) for the absorption process are shown in
Fig.[4.8] In contrast to luminescence, the Jahn-Teller treatment differs substan-
tially from the Huang—Rhys theory. This difference partially stems from the
fact that we need to account for multiple vibronic states, and not just the ground
state, as for the emission process. Compared to the HR function, the JT spectral
function is “stretched” to higher energies.

4.4 Optical lineshapes

This section presents our final calculated luminescence and absorption line-

shapes (obtained via Eqs. (2.156), (.1)), and (4.2)). In Table 4.1 we summa-

rize the calculated Huang—Rhys factors and strengths of the vibronic coupling
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Figure 4.7: The spectral function A.(w) (in units 1/eV) for emission
[Eq. (2.157)] obtained with (a) PBE and (b) HSE functionals. We compare
spectral functions obtained via the solution of the multi-mode Jahn—Teller prob-
lem (“JT”) and via the Huang—Rhys treatment (“HR”).
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Figure 4.8: The spectral function A.(w) (in units 1/eV) for absorption
[Eq. (2.158)] obtained with (a) PBE and (b) HSE functionals. We compare
spectral functions obtained via the solution of the multi-mode Jahn-Teller prob-
lem (“JT theory”) and via the Huang—Rhys treatment (“HR theory™).
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Luminescence Absorption
Sa1 Se Stot Sal Se Stot

PBE 239 052 291 260 051 3.11
HSE 320 056 3.76 359 057 4.16
expt. 3.49¢

@ Reference [[17]]

Table 4.1: Calculated Huang—Rhys factors for emission and absorption.

(Se=> 1 K ,3). We define the total Huang—Rhys factor as Sior = S, +.Se. The
contribution of e symmetry modes to an optical lineshape can be approximately
quantified by ratio S, / S, Which we find to be 14-18 %. Comparing with the
experiment, we see that the total HR factor for emission is overestimated in
HSE calculations and underestimated in PBE calculations.

Luminescence

Figure shows calculated PBE (a) and HSE (b) luminescence lineshapes.
Results are compared to experimental curves from Refs. [17/] and [[109]. The
general agreement between theory and experiment is quite good for both PBE
and HSE functionals. However, comparing experimental lineshapes with the
PBE result, we see that the intensities of the first two phonon peaks are larger
in the calculated spectrum. This is because the total HR factor of PBE cal-
culations is smaller than the experimental one (see Table .I). On the other
hand, the total HR factor calculated in HSE is larger than the experimental one,
rendering smaller intensity of the first three phonon side peeks compared to the
experiment.

However, the peak structure agrees remarkably well with the experimental
lineshape (especially in PBE calculations). This agreement concerns not only
the primary phonon replica at ~65 meV but even the fine structure of the
lineshape (e.g., two small peaks between the second and the third phonon
replica of 65 meV). Peak positions are in agreement with the experiment in
PBE calculations, while HSE tends to overestimate frequencies. This tendency
follows from the fact that PBE provides better values of diamond lattice constant

and vibrational frequencies.

Absorption

The calculated absorption lineshapes are compared with an experiment in
Fig.[4.10] The experimental absorption lineshape is taken from Ref. [135]].
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Figure 4.9: Theoretical normalized luminescence lineshapes (in units 1/eV),
compared with experimental spectra: (a) PBE functional; (b) HSE functional.
Experimental spectra from Refs. [[17] (at 4 K) and [109] (at 8 K). The ZPL
energy of the theoretical curves is set to the experimental value.

Comparing calculated absorption lineshapes with the experiment in Fig-
ure 4.10(a), we see that the intensities of first phonon side-peaks are overes-
timated in PBE and underestimated in HSE. As in the case of luminescence
calculations, we attribute these differences to the general performance of func-
tionals in describing structural lattice properties. The fine structure of the
spectra and the positions of side peaks are better described in PBE compared to
HSE. The experimental absorption lineshape displays the famous double-peak
structure of the first phonon side-peak at ~2.02 eV [136]. While the double
peak structure is not clearly revealed in both calculations, the PBE calculations
accurately describe the double peak’s position and overall shape. This peak is
narrower and slightly shifted to higher frequencies in HSE calculations. Our
calculations show that this double-peak feature is a consequence of coupling
to a; vibrational modes, as revealed in a; spectral function (Fig. @]) We
conclude that the asymmetry of this peak between luminescence and absorption
lineshapes is a consequence of different vibrational structures in the ground
345 and excited 3F states.
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Figure 4.10: Theoretical normalized absorption lineshapes (in units 1/eV)
calculated using the Huang—Rhys (‘HR theory’) and Jahn-Teller treatment
(“JT theory”), compared with the experimental spectrum: (a) PBE functional;
(b) HSE functional. The experiment is from Ref. [135] at 5 K. The ZPL energy
of the theoretical curves is set to the experimental value. The small peak marked
with star “x” in the experimental curve is the ZPL of another center and should
be disregarded in the comparison.

In Fig. .10} we also compare JT treatment with the adiabatic HR theory.
Strictly speaking, the HR treatment for the absorption process is not justified in
the presence of the dynamical JT effect. However, the positions of peaks in both
treatments are reasonably well described, and both lineshapes as qualitatively
similar. This could be attributed to a weak coupling strength and broad spectral
features of the JT effect (see Fig. 4.4). In the case of more pronounced features
of JT coupling, the rigorous treatment could reveal different spectral signatures
compared to an approximate HR approach. However, even in the case of NV
center, we see some distinct differences. For instance, the JT approach better
describes the two features at ~2.15 and 2.24 eV. This improved agreement with
an experiment gives support to the validity of our effective multi-mode JT treat-
ment. Nevertheless, this methodology should be tested for other systems with
strong JT coupling, where the JT effect has more considerable consequences

for optical spectra.
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4.5 Discussion

In this section, we critically review our calculations and methodology, focusing
on the accuracy of density functionals in a quantitative description of the vibra-
tional and vibronic structure of the NV center. First, let us mention some aspects
that have not been addressed or have only been partially addressed in this thesis.

Quadratic JT interactions. First of all, our calculations rely only on the
linear theory of JT coupling. However, it is estimated that quadratic terms
of JT coupling are ~1/3 of the linear coupling in terms of JT energy low-
ering Eyr 106, [111]]. Unfortunately, the inclusion of quadratic terms in the
multi-mode treatment increases the complexity of an already complex prob-
lem. It would be challenging to account for them with current computational
capabilities.

Excited state calculations. The excited 3 state’s electronic structure has
been described using the ASCF approach (see Section [2.3.2)). This approach
does not have the same fundamental backing of rigorous theorems as for the
ground state.

Hessian matrices for charged defects. For a calculation of Hessian matrix
elements, we used moderate-sized supercells (4 x 4 x 4). For a neutral lattice,
such supercells are sufficient for the accurate estimation of force constant.
However, for charged defects, long-range Coulombic interactions extend far
beyond the cell’s dimensions and are not modeled correctly in the supercell
approach. Furthermore, a neutralizing background is introduced in supercell
calculations to prevent the Coulomb interactions from diverging in a periodic
system. These issues may introduce minor errors in the computation of force
constants.

Let us assume that the above aspects affect the calculated lineshapes in a
minor way. In such conditions, one could attribute the remaining discrepancy
between experiment and theory to the accuracy of exchange—correlation func-
tionals of DFT in describing structural and vibrational properties of diamond
and the NV center.

To test this assumption, we first assume that the general shapes of PBE
spectral densities (S,, (w) and Sc(w)) are close to the “truth”, as PBE func-
tional provides favorable agreement regarding the positions of peaks. However,
atomic relaxations are slightly underestimated in PBE, as shown in Table .1}
Let us assume that atomic relaxations projected on all vibrational modes are
underestimated by the same linear factor ¢'/2, and “correct” spectral densities
are Sy, (w) = (Sq, (w) and S} (w) = (Se(w).
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Figure 4.11: Calculated normalized luminescence lineshape compared with
the experimental lineshape (both in units 1/eV). In the calculations, we used
scaled PBE spectral densities S;,, = (S, (w) and S|, = (S,(w), with ¢ = 1.2.
Experimental spectra as in Fig. #.9]

Figure[d.11|shows the calculated luminescence lineshape with ¢ = 1.2. This
value has been obtained via a least-square fit to the experimental luminescence
lineshape and is almost exactly the ratio between the experimental and PBE St
in Table (3.49/2.91 = 1.199). Corrected lineshape agrees with the experi-
ment very well, both in terms of general shape and fine features of the spectrum.

Since ¢ represents the scaling of the geometry relaxation induced by the
electronic transition from the ground to the excited state and vice versa, we fix
the value of ( based on an analysis of the luminescence and use it for absorption
spectrum calculations. Like for luminescence calculations, we scale PBE
spectral densities with (: S}, (w) = (Sa, (w) and S} (w) = (Se(w). Fig.
shown shows the “corrected” result for absorption lineshape. Again, the general
shape is reproduced very well in the calculation. This favorable agreement
supports the hypothesis that PBE calculations produce accurate vibrational
frequencies but underestimate geometry relaxation.

Nevertheless, we can identify small discrepancies in the case of the absorp-
tion spectrum. The calculation shows a small peak at 2.11 eV, labeled by “#” in
Fig.[4.12] This peak originates from a localized vibrational mode just above the
diamond phonon spectrum (less than 1 meV). This peak seems absent in the ex-
perimental lineshape. This localized mode is present in both PBE and HSE cal-
culations (see Fig.4.10). The frequency of this localized mode is very sensitive
to the parameters of our calculations, and its localized nature might be an artifact.
Despite this issue, the calculations clearly agree with the experiment and accu-
rately reproduce the asymmetry between the emission and absorption process.
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Figure 4.12: Calculated normalized absorption lineshape compared with the
experimental lineshape (both in units 1/eV). In the calculations, we used scaled
PBE spectral densities S;,, = (Sq,(w) and S, = (Sc(w), with ¢ = 1.2.
Experimental spectrum as in Fig.[4.10] The observed peak marked “x” is the
ZPL of another defect and should be disregarded in the comparison. The feature
marked “#” in the calculated curve is discussed in the text.

4.6 Summary and conclusions

This chapter presented a computational study of electron—phonon coupling of
the triplet transition in NV~ centers. The main focus was the calculation of
high-resolution luminescence and absorption lineshapes using PBE and HSE
functionals. The main achievements of this study are:

1. We have developed a computationally tractable methodology to account for
the dynamical multi-mode Jahn-Teller effect in optical lineshapes. We have
shown that the Jahn—Teller effect is most important in absorption.

2. Our calculations show that vibrational structure calculated with the PBE
exchange—correlation functional agrees slightly better with the experiment
than the one computed with the HSE functional.

3. We found that within the ASCF approximation, geometry relaxation between
the ground state and the excited state was underestimated in PBE and slightly
overestimated in HSE. Scaling the PBE relaxation with factor ( = 1.2, we
obtained an excellent agreement with the experiment for both luminescence
and absorption lineshapes.

4. We show that the splitting and broadening of the first phonon side-peak in
the absorption spectrum is unrelated to the Jahn—Teller effect. The double
peak structure comes from the coupling to a; phonons.
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In conclusion, our study shows that modern density functional theory calcu-
lations can predict high-resolution optical lineshapes of deep-level defects with
good accuracy. However, certain quantitative discrepancies remain regarding
the description of experimental spectra. Therefore, our study shows that the
continuing development of more accurate functionals, as well as computational
advances for a rigorous treatment of excited states, will be an essential feature
of first-principles calculations for point defects.

The methodology presented in this study advances ab initio calculations
of electron—phonon coupling for defects. It will be useful for the identification
and research of other point defects in solids.

Thesis statement (II)

We developed a novel computationally tractable methodology for the ab initio
description of the multi-mode Jahn—Teller effect in point defects. This method-
ology improves current theoretical techniques that are based on the single-mode

approximation.

Thesis statement (I1I)

Our ab initio methodology to calculate luminescence and absorption lineshapes

accurately reproduces the NV~ center’s experimental lineshapes.
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Chapter 5

PHOTOIONIZATION OF NV :
THEORY AND ab initio
CALCULATIONS

To thrill you with delight,
I'll give you diamonds bright.
There’ll be things that will excite,
To make you dream of me at night.
— The Yardbirds, For Your Love

This chapter presents our theoretical study of photoionization mechanisms
of negatively charged nitrogen—vacancy (NV) center in diamond. We show
that after the ionization from the ®F state, the NV center transitions into the
metastable “A5 electronic state of NV, This model reveals how the spin polar-
ization of NV~ gives rise to spin polarization of the metastable A, electronic
state, explaining recent electron spin resonance (ESR) experiments. We also ad-
dress the question of the photoionization thresholds and absolute cross-sections
using first-principles calculations. To obtain smooth absolute cross-sections,
we develop a novel computational methodology based on the Brillouin zone
integration and band unfolding techniques. The results provided in this chapter
are based on our paper [I3].

The content of this chapter is organized as follows. In Section [5.1] we
give an introduction to photoionization processes in NV~ centers. Section
describes the photoionization mechanisms in the framework of the molecular
orbital model. Here, we identify the final states of NV and give expressions for
photoionization thresholds and cross-sections. Section[5.3]discusses the elec-
tronic structure and introduces computational methods for calculating ionization
thresholds and absolute cross-sections. Finally, in Section[5.5] we present the
results of the calculations and compare them with the experiment.
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5.1 Introduction

Most of the practical applications of the NV~ centers rely on triplet optical
excitation. However, incident light may induce a photoionization process,
whereby an electron from the NV center is excited to the conduction band, and
NV~ is converted to NV? [146-148]. In many situations, photoionization is a
detrimental process for the operation of NV~ and has to be avoided by carefully
choosing experimental parameters. However, in some cases, the deliberate
photoionization of NV~ can also be beneficial. For example, it is used for the
photocurrent detection of magnetic resonance (PDMR) [[149]]. The PDMR can
reach spin read-out rates superior to optical protocols, as the radiative lifetime
limits the latter. Photoionization of NV~ is also used for the spin read-out via
spin-to-charge conversion [[150H152].

Figure c) shows the energy level diagram of the NV~ center: two
spin-triplet states, 345 and 3E, and two metastable spin-singlets, 'A; and 'E.
Photoionization can occur from any of those levels. The most studied process
is the photoionization from the triplet ground state (*A5). The threshold for
this process has been experimentally measured to be ~2.6 eV in Ref. [148]]
or ~2.7 eV in Ref. [[153]]. The second process involves two-photon absorp-
tion [[146H148]], whereby first, the NV center is excited to the 3E state and then,
subsequently, is ionized. This process is essential for a majority of practical
situations, both when ionization is beneficial or detrimental [149, 150, [154]].
Furthermore, the NV center can undergo an inter-system crossing (ISC) to the
spin-singlet level 'A; after the excitation to the 3E state. 1A is a short-lived
state (with a lifetime of 0.1 ns [155])), from which there is a nonradiative tran-
sition to the 'E state. The latter is a long-lived metastable state with a lifetime
150-450 ns [156]. Therefore, ionization from the 'E state is a third mechanism
addressed in this study.

For NV~ center, experimental measurements of photoionization cross-
sections and thresholds are problematic, especially concerning the photoion-
ization from the excited state 3E. The first complication is related to the fact
that light can induce both the transition NV~ — NV (ionization) and NV? —
NV~ (recombination), making it hard to separate the two processes [146H148]].
Furthermore, if the NV center is in the excited triplet state, photoionization
competes with stimulated emission, whereby the center transitions back to
the ground state [154, [157]. To the best of our knowledge, neither absolute
photoionization cross-sections from 345, 3E and 'F states nor photoionization
thresholds from F and 'E states have been measured experimentally.
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Figure 5.1: Photoionization of NV~ center in the single-electron picture.
(a) Electronic configuration of the mgy = 1 spin sublevel of the 34, state.
(b) Electronic configuration of the ms = 1 spin sublevel of the £, component
of the 3£ manifold. Gray arrows show possibilities of photoionization (see text
for a more in-depth discussion).

5.2 Photoionization mechanisms

To explain photoionization mechanisms, we use the molecular orbital model
(see Sec.[2.3.3)), which enables the description of electronic states in terms of
localized single-electron orbitals. In this single-particle picture, photoion-
ization corresponds to NV electron being excited to the conduction band
state. Accordingly, the photoionization threshold (IP) is the energy of the
process, whereby the defect electron ends up in the conduction band minima
(CBM).

5.2.1 Photoionization from 34, state

The ground triplet state (342) is described by the electronic configuration a2e?.

The wavefunctions of spin sublevels ms; = +1 are single Slater determinants
of localized single-particle orbitals. A single-orbital picture of the m; = 1
state [see Eq. (3.6)] is shown in Fig.[5.I[a). In this picture, the photoionization
process corresponds to the excitation of one e electron to the conduction band,
as shown by gray arrows in Fig. a). The final state of NVY is determined
from the remaining configuration of electrons (a3e!). The lowest state with
this electronic configuration is the ground state 2E of the neutral center (see
Appendix [B| for a list of single-particle wavefunctions of NV’). We also
depict this process by using the energy-level diagram of the entire system in

Fig.5.2}
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Figure 5.2: Photoionization of NV~ from 3A4,, 3E, and 'E states. Horizontal
lines indicate the energy of the system: black for NV~ and gray for NV
plus an electron at the CBM. Gray arrows indicate possible photoionization
mechanisms. Ezpy is the ZPL energy of the triplet transition.

5.2.2 Photoionization from >F state

The ionization from the excited triplet state (°E) is presently less understood
than the photoionization from the A, state. The initial electronic configu-
ration of the 3F state is a%e?’. The ms = 1 configuration of this state [see
Eq. (3.7)] is illustrated in Fig. [5.I(b). Again, in this single-particle picture,
the ionization occurs by removing one electron from the e level, as shown
by gray arrows in Fig. [5.1{b). The remaining configuration is a}e?, and the
lowest-energy state with this configuration is the spin-quartet 4, state of NV
(see Appendix . Therefore, the final state of the NV after the photoion-
ization from 3F is the meta-stable state 4, and not the ground state °F, as
previously assumed [[147]. The energy-level diagram for this process is shown
in Fig. the initial state is the 3E state of NV, while the final state is the
44, state of NV plus an electron in the conduction band. From this figure, we
can determine the expression for the threshold of photoionization from the 3E
level:

IPCE) = IP(*A2) — Ezpr + [E (*A2) — E (’E)] . (5.1)

Eq. (5.1) in principle enables determining the threshold for the photoioniza-
tion from the 3F state. Unfortunately, even though the experimental values of
IP(3A5) and Ezpy are known, the experimental difference [E(*A3) — F(%E)]
is not known. Hence, the experimental value of IP(3E) cannot be deduced from
this relationship.
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5.2.3 Photoionization from 'E state

The two components of the orbital doubled 'E are described by multi-determi-
nant wavefunctions (as shown in Appendix [Bor discussed in Ref. [61]]). The
electronic configuration of the 1E manifold is a%e2 (same as for 34 state).
Again, the photoionization process is described by transferring one e electron
is to the conduction band. After this process, the NV center ends up in the 2E
ground state of the neutral defect. Therefore, the photoionization threshold
from the 'E state can be determined using equation (see Fig. :

IP('E) =1P(*A2) — [E ('E) — E (*42)] . (5.2)
The energy difference [E ('E) — E (*A2)] has not been measured directly.
However, the analysis of the intersystem crossing between the E and the '4;
levels, as well as the knowledge of the ZPL energy between the two singlets,

allows determining this energy difference to be about 0.38 eV [158]]. As a
result, IP(1E) is estimated to be 2.2 + 0.1 eV.

5.3 Theory and computational methodology
5.3.1 Photoionization cross-section

The general theory of optical absorption and emission has been given in
Section [2.6] The absorption cross-section of a single transition is given by
Eq. (2.147)). The photoionization process involves many final wavefunctions
that differ in the state of the conduction band electron. It is natural to assume
that the electron—phonon interaction is almost the same for all transitions, as
it primarily depends on geometry relaxation, which is governed by localized
defect orbitals. Accordingly, we write the photoionization cross-section as:

oph(€) = e/ lléph(e')A(e —€)de, (5.3)
oo €
where 42
- T
Gpn(e) =8 o= € 150 (e— Ey), (5.4)
J

is the cross-section in the absence of lattice relaxation (electron—phonon interac-
tion). Here, label ¢ denotes the electronic initial state 1;, and the sum runs over
all final states v;. F;; = E; — E; is the energy difference between the two
states, and 7;; is the transition’s optical matrix element [Eq. ]. A(e) is
the spectral function of electron—phonon interaction. The refractive index of
diamond is np = 2.4, and 8 = 1/3 for an ensemble of randomly oriented
diamond NV centers (for discussion about 3 value, see Sec. [2.6.1]).

143



5.3.2 Electronic structure methods

Electronic structure calculations have been performed within the framework
of density functional theory (DFT). We have used the VASP package [[77] and
PAW method with a plane-wave energy cutoff of 500 eV. Geometry relaxation of
the NV center has been performed using 4 x 4 x 4 (512 sites) diamond supercell
and a single I" point for the Brillouin zone sampling. We have used hybrid
HSE functional [53] for the ionic relaxation and calculations of excitation
energies and thresholds. However, as discussed below, we have to perform
integration on a dense k-point grid in the first Brillouin zone to obtain smooth
and convergent photoionization cross-sections. Unfortunately, such calculations
are computationally too expensive for HSE functional. For this purpose, the
transition matrix elements were calculated using the PBE functional [69]. Our
estimates for few selected transitions have shown that matrix elements differ by
less than 10% for HSE and PBE exchange—correlation functionals.

The energies of excited states 3E and *A, have been calculated using the
ASCEF approach. Electronic structure calculations of the E state have already
been discussed in Section For the total energy calculation of the #4 state,
we used a single determinant wave function with a spin projection ms = +3/2
(as will be discussed below).

5.3.3 Electronic states and optical matrix elements

Here, we discuss the calculation of optical matrix elements r;; entering equa-
tion (5.4)). For estimation of r;;, we first need to specify the final states of the
transition. As mentioned in Section[5.2] in a single particle picture, once the
electron is transferred to the conduction band state, we can identify residual
occupied orbitals of NV®. The lowest energy molecular-orbital configuration
of these single-electron states should correspond to the final state of the NV
center. However, the whole wave function (NV? plus an electron in the conduc-
tion) must have the same spin state as the initial one. Otherwise, the transition
is forbidden. Such wavefunctions are found by combining different spin states
of NV? with a single conduction band electron [Eq. (2.45)]:

’(NV0 + €ch); S, s )
=A > (8 ml;5,ml|S,me) |(NVO); 8", m)) @ |ge,my), (5.5)

/ 11—
mgt+mg=msg

Here, (S',m/; 1, m!|S, m,) are Clebsch-Gordan coefficients for angular mo-

mentum coupling, and A is an antisymmetrization operator. States, described by
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Eq. (5.5), satisfy requirements (i) and (ii) of the molecular orbital wavefunction
(see Sec.[2.3.5). However, we relax the requirement for orbital symmetry (iii),
as the conduction band electron could be of any irreducible representation.
From Eq. , we can estimate the probability to find the NV center in the
spin state |.S’, m}):

2
P(S ,ml) = ’<S’,m;; $.ms — m;‘S, ms>‘
In general, the matrix element r;; and the energy difference F;; have
to be calculated for these many-electron states. However, such calculations
are computationally complicated and require some additional approximations

described below.

Photoionization from the 34, state

Let us first start with the photoionization from the ground state. If NV~ is ini-
tially in the ms = 1 spin state, its wavefunction is a single Slater determinant

}3A2; 1> = |a1G1ez€y] . (5.6)

Here, a number after the semicolon labels the m spin quantum number. Once
an e electron is excited to the conduction band state, the remaining lowest-
energy configuration of NV should be spin-doublet state 2E. For this transition,
the ionized state is given by:

By 3) ® de) = |arare,y¢c| (5.7)

It is an antisymmetrized product of NV? in the %E state with spin sublevel

ms =%, [*E, /i 5) = |a1die,,|, and a spin-up electron in the conduction
band with orbital wavefunction ¢..

We simplify the calculation of optical matrix elements by assuming that all
single-electron orbitals are the same in the initial and the final states. Conse-
quently, the excited state differs from the initial one by a single occupied orbital,
corresponding to an electron in the e state being excited to the conduction band.
This simplification allows the adoption of the Slater—Condon rule to calculate
matrix elements. For example, the optical matrix element between states (5.6)

and (5.7) reduces to:

= [ (A2 1| By 1) @ desma = D] = [(eglrloe)*, 58)

'See Appendixfor MO wavefunctions of the NV center.
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where (e, /,|r|@c) is a matrix element of single-particle orbitals. In the context
of density functional theory, we calculate these matrix elements between single-
particle Kohn—Sham statesEI

In my = 1 transition, the final state is an orbital doublet. Therefore, we
calculate only the excitation to one of the E states and multiply the final result
by the degeneracy factor ¢ = 2. For ms; = —1 transition, we have an analogous
picture as for m, = 1, with the only difference that the final spin state of 2E is
ms = —1/2. Finally, if the initial spin state is ms = 0, the transition is possible
to both spin states of 2, each with probability \(%, i%; %, i%\(), 0)?=1/2.

Photoionization from the 3F state

For the ionization from the excited state, let us first consider the ms = 1 spin
sublevel with a wavefunction:

PEayyil) = |areseyeyq| -

For this process, the final state is a mixture of ms = 3/2 and ms = 1/2 states

in the NV manifold:

V3
2

|(*A2 ® ¢o); S=1,ms=1) = = |(*A2; 3) ® §c) — % |(*42; 5) ® ¢e)

As aresult, we have 3/4 probability of finding NV in the |*42; 3/2) state and
1/4 probability for the [*A5;1/2) state. To calculate the matrix element, we
first consider the ms = 1/2 component:

1
‘(4142; %) ® ¢c> = ﬁ (|alemey¢c’ + |alé$€y¢c’ + ’aleméyd)c’) . (5.9

From this equation, we calculate the matrix element:

1
<3Ew/y§1‘r’(4A2?%)®¢C> = %<ey/x‘r’¢0>' (5.10)

This value can be related to the overall matrix element as follows. We expand
(*A2; 3) ® ¢.) in terms of well defined spin states:

|(“A2; 3)@0c) = Z (3,3:1118.1) |(*42 ® ¢c); S, me=1)

1
:\g ‘(4A2®¢c);322,m521>_§ ‘(4A2®¢c);521,m321>,

This is a standard approximation used in most DFT calculations that deal with optical
transitions.
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Figure 5.3: Spin physics of the photoionization from the *E state. Numbers
near arrows show relative probabilities of the transition during photoionization.
The ms; = +1 (—1) spin sublevel transitions into either the mgs = +3/2
(—3/2) or the mg = +1/2 (—1/2) sublevel of the A5 manifold with different
probabilities. The ms = 0 sublevel transitions to the ms = +1/2 sublevels
with equal probability. Spin sublevels are separated by zero-field splittings
D(®E) = 1.42 GHz [10] and D(*A3) = 1.69 GHz [159].

Plugging this expression into Eq. (5.10)), we find that

2
Tij = <3Ear/y5 1‘r|(4A2 ®¢c);S=1ms=1)= /3 <ey/w‘r‘¢0>v

and
4 2
i = 3 [eyalr|ée)] " (5.11)
For the ms; = —1 transition, we have a similar picture. Except, in this
case, the final states of NV are m; = —3/2 and ms = —1/2 with respective

probabilities 3/4 and 1/2.
Finally, if NV~ is initially in the mg = O state, its wavefunction is given
by:

1 _ _ _ _
‘3Ew/y50> = E (’alezey/wey/w> + }aleﬂfey/xey/w» :

The corresponding final state is a mixture of mg = 1/2 and ms = —1/2 spin
states of “As, together with an electron in the conduction band:

1

V2

This time, there is an equal probability to find NVY in the ms = +1/2 spin

}(4142 @ ¢c); Szlums:0> = (‘(4142; %) X ¢30> - |(4A2; _%) ® ¢c>) .

projections.
Relative transition probabilities between spin sublevels of 3E and %A,
manifolds are summarized in Fig.[5.3]
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Photoionization from the 'F state

The orbital components of the spin-singlet 'E state are multi-determinant
wavefunctions given by [[160]:

1
'Ea) = NG (|ararese:| — larareyey|),
1 Lo _
'Ey) = NG (|ar@iezey| — |arareseyl) .

The final wavefunction of the photoionization from 'E state is:

|CEpy ® c); §=0,ms=0)
1

= ﬁ (‘(2E$/y; %) ® Q_SC> - ‘(QEz/y; _%) ® ¢c>) >

where |(%E, /i —3) @ ¢c) = |a1a1¢c8,/y|, and |(?E,,; 5) © ¢c) is described
by Eq. . Following similar steps as for the 3F transition, we first cal-
culate the matrix element for single component ('E,|r|(*E,; —3) ® ¢c) =
1/v/2{e4|r|é.), and expand the ket in terms of well-defined spin states of NV
|CEw; —5)®¢c) = 75 (|CE2®de); S=1,ms=0)—|*E;@¢c); S=0,ms=0)).
The overall matrix is estimated to be:

rh = [(CBapy ® 60); S=0,ma=0[r|'Ex)|” = |(eayy|l6e) .

Due to the multi-determinant nature of 'E, applying the ASCF method to
calculate its energy is not straightforward. From the theoretical standpoint,
there is no consensus regarding the position of this state above the >4, ground
state [[10]. However, the energy difference [E (1E) —F (SAQ)] = 0.38 eV
was estimated in Ref. [[158]] (as discussed in Section [5.2.3])).

The main focus of this study is the photoionization from the triplet states.
Therefore, for photoionization from the LE state, our calculations will be more
approximate. First, we assume that optical matrix elements are identical to
the photoionization from the 3A5 state. In addition, we will use the same
spectral function A(e) as for the ground state, ignoring the occurrence of the
Jahn-Teller effect in the 'E state. The resulting cross-section is almost identical
to ionization from the 3A, state. The only difference is that the energies that
appear in Egs. (5.3) and (5.4) differ for the two processes.

Calculation of optical matrix elements and transition energies

In the discussion above, we presented how we can evaluate the transition
dipole element r;; in terms of single-particle Kohn—Sham states. In the VASP
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code, these elements are calculated as 7; = <ui\6k\uj>, where u; and u; are
lattice-periodic parts of single-particle Bloch wavefunctions. Equation (5.4)
can also be formulated in terms of momentum matrix elements [120], defined
as pi; = iEijI'ij.

In the formulation based on Kohn-Sham states, F;; in Eq. is the differ-
ence between single-particle eigenvalues of the defect state and the perturbed
bulk state. Due to the bandgap problem of DFT (see Section[2.3.2), the smallest
value of Fj;; does not necessarily correspond to photoionization thresholds
obtained from total energy calculations [IP(*A5) or IP(3E)]. Therefore, we
apply a rigid shift to make calculated cross-sections consistent with thresholds.
The estimates for the 'F state are more approximate. In this case, we use Kohn-
Sham states of the 345 ground state, but the rigid shift of energies corresponds
to the “experimental” threshold IP(1E) = 2.2 eV.

5.3.4 The choice of the charge state

For the computation of matrix elements between single-particle states [Eqgs. (5.8))
and (5.1T1)], we use orbitals from a single self-consistent calculation. However,
there is an issue regarding the choice of the charge state in which single-particle
Kohn—Sham orbitals are calculated. On the one hand, the negatively charged
defect is the one that is being ionized. Thus, performing calculations for the
NV~ charge state could seem a natural choice. However, while the defect
orbitals are represented correctly, conduction band states are not. The final state
¢. should be a conduction band state perturbed by a neutral defect and not a
charged one.

On the other hand, supercell calculations of the neutral NV center should
adequately capture perturbations to the conduction bands but might affect the
accurate description of localized defect orbitals. We can expect that due to
long-range Coulomb interactions, the presence of charge affects localized defect
states to a much smaller degree than those of bulk states interacting with the
NV center. To test this hypothesis, we use the methodology of Ref. [161]] to
estimate overlap integrals between defect levels in the case of the neutral and
the negatively charged defect. Our calculations show that more than 99.6% of
the orbital character of the localized states is preserved when the charge state is
changed. Therefore, we conclude that performing calculations in the neutral
charge state is a much more accurate approximation. This approximation will
be employed in this study.
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5.3.5 Brillouin zone integration and supercell effects

For the calculation of cross-sections, we need to evaluate the sum entering
equation @]) First, let us focus on the matrix element r;; and its calculation
in supercell geometry. In a periodic supercell, all single-particle states have the
Bloch form:

Bic, = €M ()

where k is a vector in the first Brillouin zone of the supercell (label “sc” indi-
cates that the solution is found in the supercell geometry). The Bloch periodic
part *°(r) is normalized within the volume of supercell 2.

Now consider a single defect embedded in a large supercell of volume
Q) = N(g. For this system, delocalized conduction band state can be written
in terms of u;, :

1 .
Prn = ﬁelkr“fﬁn(r)-

On the other hand, the localized defect state is contained within a single super-
cell of volume (2., and we don’t need a normalization factor 1/ VN:

bg = eikruzc(r).

From the equations above, it follows that the optical matrix element of large
supercell r,, is related to the matrix element of small supercell r5° by:

— L WSS rusS () dr = szc(k)
i) = [ (e, () de = 2

Here, we relabeled matrix element r,, (k) = r;; by the final state of conduction
band electron.
Using this result, we can rewrite the summation over the final states v; =

¥, (k) in Eq. as:
I(e) =Y r2(k)6 (e — En(k)).

k,n

_ % S (k)% 8 (e — En(K)). (5.12)
k,n

For a system of volume 2 = N{)., the number of k states in a single band
n is N. Therefore, by increasing the size of uniform k-point mesh N =
M x M x M, we effectively increase the size of the system. In practical
calculations, we replace d-functions in Eq. with Gaussians of width o
and track the convergence with respect to V.
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To converge the cross-section oy (€) for a given supercell, a very dense
k-point mesh is required. Increasing the mesh in self-consistent supercell
calculations becomes computationally very expensive (even at the PBE level).
However, the charge density converges much faster as the k-point mesh is
increased. Therefore, we first obtain the charge density using self-consistent
calculations and the 6 x 6 x 6 Monkhorst—Pack k-point mesh. Then, we compute
matrix elements using this charge density and non-self-consistent calculations
for much denser 14 x 14 x 14 meshes.

The artificial periodicity of the supercell approach causes two undesirable
effects: (i) defect—defect interaction in the periodic system and (ii) fictitious
perturbation of conduction band states. Effect (i) influences single-particle
defect states. To check the convergence of these orbitals with respect to the
supercell size, we calculate the optical matrix element r;; for the transition
between NV center’s a; and e levelsin4 x4 x 4and 5 X 5 X 5 supercellsE]
Our calculations show that matrix elements calculated in these two supercells
differ by less than 3%.

Aspect (ii), however, is more subtle. Periodically distributed NV centers
form a superlattice. Simmilar to traditional semiconductor superlattices, one
could expect the formation of sub-bands and the opening of “mini-gaps”. We
illustrate this by applying the band unfolding procedure [162] for the 4 x 4 x 4
supercell. This procedure maps the k states of the supercell geometry to
the first Brillouin zone of the primitive diamond lattice. Fig. [5.4(a) shows
such unfolded band structure of conduction band states perturbed by the NV ™
cente in the “A, state. One can clearly identify discontinuities in the band
structure. To explain these discontinuities, we show the band structure of
bulk diamond folded onto the Brillouin zone of the 4 x 4 x 4 supercell in
Fig. [5.4(b). The folding in supercell geometry introduces degeneracies at
the band crossing points and Brillouin zone boundaries. Perturbations of
periodically repeated defects remove these degeneracies and open up “mini-
gaps” [Fig.[5.4(a)]. These mini-gaps affect the density of final states and thus
the shape of cross-sections. We also find that the values of optical matrix
elements r;; are also affected by artificial periodicity: we observe small jumps
of rfj across the “mini gaps”. These jumps can be explained using the textbook
picture of the behavior of electronic wavefunctions close to the bandgap in
pristine solids via the formation of standing electronic waves (see, e.g., Fig. 3
in Chapter 7 of Ref. [[78]). The wave function on one edge of the “mini-gap”

3In single-particle picture, this matrix element describes intra-defect transition *As < 2E.
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Wavevector

Figure 5.4: (a) Unfolded band structure of conduction band states perturbed by
the NV center along the I'-X path. The color indicates a relative spectral weight
(dark blue is zero); see Ref. [162] for more details. (b) The band structure of
bulk diamond folded to the first Brillouin zone of the 4 x 4 x 4 supercell along
the I'-X path of the supercell.

has a vanishing weight on the NV center, and r;; of this state tends to zero. The
wave function on the other edge has maximum weight on the NV center, and
r;; attains a finite value for transition to this state. Therefore, we conclude that
artificial periodicity affects both the energies of conduction band states and the
values of optical matrix elements.

To solve the above issue, we use the following ad hoc approach:

(1) Using the methodology of Popescu and Zunger [162], we unfold conduc-
tion band states of the defect supercell to the Brillouin zone of the primitive cell.
Each k-point of the supercell’s Brillouin zone unfolds onto several k-points of
the Brillouin zone of the primitive cell.

(i) We take the k-vector of primitive cell with the highest spectral weight
and find the bulk state n with the same k£ which is closest in energy (typical
differences < 0.08 eV). Then, we replace the energy of a single particle con-
duction band state with the energy of the corresponding bulk state. In such a

way, we restore the density of conduction band states to that of pure bulk.
2

ijo
element r?j with a value averaged in the Brillouin zone of the primitive cell.

(iii) To eliminate the discontinuities of 7., we replace each optical matrix
The averaging is performed for every band n separately, taking the mean of the
points situated closer than 0.57 nm~! in the reciprocal space. This procedure
“smears” the jumps of the optical matrix elements across “mini gaps”. The
overall calculation results in smooth values of o1, (€) as a function of eﬂ

“The effect of such smoothing is illustrated in the Supplemental Material of our paper [T3].
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5.4 Spectral functions of electron—phonon interaction

Here, we present ab initio calculations of spectral functions of electron—phonon
interaction A(w) for photoionization from the ground 345 and excited 3F states.
Since both excitations are of type Ao <> F, we can apply the same formal
theory as for intra-defect transition between triplet levels of NV .

For photoionization from the ground 34, state, we follow the same steps
as for absorption calculations in Chapter 4} we calculate spectral functions
pertaining to a; and e symmetry modes using equations (2.145)) and (2.158).

However, for 3E — A, transition, the Jahn—Teller active system is the initial
state and not the final one. Therefore, for ionization from the 3E state, we
calculate the spectral function of e modes using equation:

) = 32 [ o)+ x| ] e = o - ),
t
where |XZ§> describe the degenerate ground state of the vibronic manifold.

Spectral functions were calculated using PBE vibrational structures of
excited neutral states. Vibrational modes were calculated in 16 x 16 x 16
supercells (32 768 atomic sites) using the embedding methodology discussed in
Section[3.3] The calculated densities of electron—phonon coupling for a; and
e symmetry modes are shown in Fig.[5.5] Fig.[5.5(a) shows spectral densities
for the 34y — 2F transition (photoionization from the ground state 3A45).
Fig. b) shows the spectrum for the 3E — %A, transition (photoionization
from the excited state 3F). As in the case of 34y <+ 3F transition, modes of
az symmetry do not participate in the electron—phonon interaction. In order to
obtain smooth spectral lineshapes, J-functions in S(w) [see Eq. ] have
been replaced by Gaussians with width o = 5 meV. This smoothing determines
the spectral resolution of final lineshapes.

The contributions of a; symmetry modes to the spectral functions, A, (€),
were calculated using the generating function approach and are shown in
Figs.[5.6] The contributions of Jahn-Teller active e symmetry modes were
calculated using the multi-mode Jahn-Teller methodology described in Sec-
tion [4.3.3] For the current calculations, we chose 20 effective modes that
approximate the actual spectral density S.(w). Obtained spectral functions
Ae(€) for the two transitions are shown in Figs. (gray lines). The overall
spectral function A(e) is a convolution of the two contributions, A, and A, .
These are shown as insets in Fig.[5.6]
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Figure 5.5: Spectral densities of electron—phonon coupling S(w) for a; (black)
and e (gray) vibrations: (a) 34, — 2F transition (photoionization from 345);
(b) 3E — *A, transitions (photoionization from 3E).
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Figure 5.6: Spectral functions A(e) (in 1/eV) for optical transitions:
(a) 345 — 2E; (b) 3E — 4A,. Black: the contribution of a; modes, A, (¢);
gray: the contribution of e modes, A.(€). The inset shows the total spectral
function A(e).
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IP(345) IPCE)  TIP('E)

theory 2.67 1.15 -
experiment 2.6, 2.7° - 2.2

@Reference [148]]
bReference [153]]

Table 5.1: Thresholds for photoionization from the 345, 3F, and 'E states
of NV~ (in eV). The experimental results for IP(*4;) are taken from
Refs. [[148,[153]. The value of IP('E) has not been measured directly but
deduced from Ref. [158]] (shown in italic).

5.5 Results

5.5.1 Photoionization thresholds and excitation energies

Let us first consider calculated values for ionization thresholds and excitation
energies. For photoionization from the ground state, we calculate the value of
the threshold to be IP(345) = 2.67 eV. This value is in very good agreement
with the experimental energies of 2.6 eV [[148] and 2.7 eV [153]] (and previous
ab initio calculations [153,[163]]). The calculated ZPL energy of the intra-
defect triplet transition is F(°E) — E(343) = 1.996 eV. Again, this energy
agrees well with the experimental value of 1.945 eV and previous theoretical
calculations [62]]. Furthermore, we calculate the energy difference between
quartet “A5 and doublet ?E states of NVY, E(*4;) — E(?E) = 0.48 eV. As
discussed in Section this energy is not known experimentally. Finally,
from Eq. , we obtain the value IP(3E) = 1.15 eV for the photoionization
from the excited state 2E. The calculated and experimental thresholds for
photoionization from NV states are summarized in Table

5.5.2 Cross-sections
Theoretical models

Before presenting calculated cross-sections, let us discuss some available the-
oretical models of photoionization of deep defects [[120]. Most of these models
use the formulation based on the momentum matrix element p;; = i £;;7; [82.
Therefore, we will use this formulation in the following discussion.

Suppose the conduction band is parabolic close to the CBM. In such case,
the photoionization close to the threshold corresponds to the electron excitation
to the conduction band with the density of states D(FE) ~ (E — ECBM)l/ 2,
In this picture of single-particle excitation, there are two limiting cases regarding
the dependence of the momentum matrix element p;; on the quasi-momentum
measured with respect to its value at the CBM, Ak =k — ECBM.
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Figure 5.7: Photoionization cross-sections from (a) the 34, and (b) the °F states
of negatively charged NV center. Gray lines: cross-sections &, (€) without
vibrational broadening [Eq. ]; solid black lines: actual cross-sections opp, (¢)
[Eq. @]; dashed lines show &), calculated using a constant momentum
matrix element in Eq. and DOS corresponding to a parabolic band (see
text). Insets show the spectral function of electron—phonon coupling A(e).

One limit describes a system where the character of the defect wavefunction
is principally the same as the character of bulk states near the CBM. For this
case, pjj ~ AF [120], and the cross-section is given by Gpn(€) ~ (e — eth)3/2,
where €, is the threshold for photoionization. The widely-used Lucovsky
model describes such a scenario [[164]].

Another limit occurs when the defect wavefunction has a different character
from the bulk states near CBM. This happens, for example, when the defect
state has p character, while the conduction band states have s character. In this
case, pj; is constant for small Ak [120], and one obtains Gpn(€) ~ (e — eth)l/ 2
close to the threshold.

Calculated cross-sections

We first calculate photoionization cross-sections without the electron—phonon
interaction oy, [see Eq. @]. The cross-sections oy, for the photoionization
from the ground A5 and excited *F states are shown respectively in Figs.[5.7(a)
and (b) (solid gray lines). We have replaced § functions in Eq. with
Gaussians of width ¢ = 30 meV. Interestingly, for transitions close to the
threshold, cross-sections follow &, (€) ~ (€ — eth)l/ % dependence. This be-
havior indicates that p?j attains a constant value for the transition close to the
band edge (for more details, see Supplemental Material of our paper [T3]).
Dashed lines in Fig. show &1, (€) pertaining to this constant value of the
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Figure 5.8: Calculated cross-section as a function of photon energy. Solid black
line: photoionization from the excited state *F, oph; dark gray line: stimulated
emission, og; light gray line: intra-defect absorption, oinra; dashed black
line: photoionization from the singlet state 'E. Photoionization thresholds
from 3F and 'E are indicated (estimated error bar 0.1 eV), together with the
experimental values of the ZPL energy for NV~ and NVY.

momentum matrix element and DOS corresponding to a parabolic band. Model
parabolic dispersion was described by effective electron masses m | = 1.66
and m = 0.32, obtained by our theoretical calculations (in good agreement
with experimental ones [[165]). Cross-section 6ph(e) starts to deviate from
the (e — eth)l/ ? behavior for larger energy. This is because the momentum
matrix element begins to differ from the value at the threshold, and the DOS of
conduction band states starts to deviate from the parabolic model. For instance,
small peaks at 3.35 eV in Fig.[5.7(a) and at 1.85 eV in Fig.[5.7(b) correspond
to van Hove singularities at the X -point of the conduction band.

Finally, the convolution of ¢, with a spectral function of electron-phonon
A(w) (shown in insets of Fig. yields actual cross-sections op,;, shown by
solid black lines in Fig. The electron—phonon interaction shifts the weight
of the cross-section to higher energies, and overall lineshape no longer exhibits
the square root behavior close to the threshold.

The most important result of this chapter is shown in Fig.[5.8] We plot
the photoionization cross-section oy (€) from the excited triplet state 3F (solid
black line) together with the calculated cross sections for stimulated emission
from the excited state 3F (o, dark gray line) and the intra-defect absorption
cross-section from the ground state Ay (0jnira, light gray line). Photoionization
cross-section from the 24, state is not shown. We will discuss the relevance of
Fig. [5.8] for the physics of NV centers in the next section.
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5.6 Discussions

5.6.1 Ensembles vs. single NV centers

Cross-sections calculated above are for ensembles of randomly oriented NV
centers. However, some experiments are performed on single NV centers and
depend on the polarization of light and orientation of defects. Therefore, here,
we will briefly discuss how cross-sections for ensembles can be used to obtain
relevant information about single NVs.

Stimulated emission and intra-defect absorption have non-zero dipole mo-
ments only in the plane perpendicular to the N-V axis. They strongly depend
on the orientation of the defect. Usually, in the experimental setup, once a
single NV center is chosen, polarization is rotated in the plane of the diamond
surface to maximize the efficiency of intra-defect triplet excitation. In such a
case, from geometric considerations, one can show that oy and oing are by
factor 3/2 larger than the corresponding cross-section for an ensemble.

In the case of photoionization, an electron is excited close to the conduction
band minimum. The CBM of diamond comprises six different conduction band
valleys. The presence of NV center lowers the point group symmetry to C's,,
and six degenerate single-electron states form linear combinations that result in
two a states and two e symmetry doublets.

In a single-particle picture, all photoionization mechanisms (from 34s, 3E,
and 'F states) involve the excitation of an electron from an e defect level to
a conduction band state. If the final single-electron state is of a; symmetry,
excitation is polarized perpendicularly to the N-V symmetry axis. On the
other hand, excitation to an e state can be polarized in any direction. Our
approximate numerical analysis shows that the average cross-section along
the symmetry axis is about twice smaller than the average cross-section in
the perpendicular directions. Therefore, if polarization is rotated to maximize
the efficiency of intra-defect excitation, one can show that the photoionization
cross-section opy, is approximately by factor ~6/5 larger than the value for
ensembles.

5.6.2 ‘A, state as a state of NV" directly after photoionization

Our finding that after the photoionization from the 3E state, NV center tran-
sitions into the metastable quartet state 44, of the neutral defect has im-
portant implications for the physics of NV charge dynamics. In particular,
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this model might explain the electron spin resonance (ESR) experiments of
Felton et al. [159]. Felton observed spin polarization of the quartet state
4A5 under the continuous illumination of light. This effect can be under-
stood using Fig. [5.3] where transition probabilities from different spin sub-
levels of excited NV~ state 3F to spin sublevels of the %4, manifold are
shown.

If the NV~ center is initially in the ms = £1 spin sublevel, the probability
of the transition to the m, = +3/2 spin state of “A is 3/4, while that to
the ms = £1/2 sublevel is 1/4. On the other hand, if the initial spin state
is ms = 0, *4A5 can be found in one of the ms = =+1 /2 spin states with
equal probabilities. Therefore, one can deduce that if NV is initially spin-
unpolarized, then there is no spin polarization of the %A, state after the ionization
of the NV~ center.

In Ref. [159], the spin polarization of the 45 state was observed only
for laser wavelengths above the ZPL of the neutral NV center, 2.156 eV. For
such wavelengths, the NV center is constantly switching between NV~ and
NVO [146,[148]. Furthermore, under the continuous illumination of light, NV~
polarizes to the mg = 0 level of 345 and thus ®E. Therefore, after some time,
the ionization mainly occurs from the mgs = 0 sublevel, rendering the final
state of NV to be m4 = 4-1/2. The zero-field splitting of “As state separates
ms = +1/2 and m, = £3/2 spin sublevels by D(*4;) = 1.69 GHz [159].
Therefore, the populated m, = +1/2 state of NV gives rise to a strong ESR
signal.

5.6.3 Photodynamics: comparison with selected experiments

Here, we focus on a few selected experiments on charge-state dynamics that
do not require the knowledge of cross-sections for recombination processes
(whereby NV is converted to NV ™) [166-168].

Our theoretical calculations can be directly compared to the experiments of
Hacquebard and Childress [[166], where green (2.33 eV) and infrared (1.62 eV)
picosecond laser pulses were used to track the charge-state dynamics of single
NV~ centers in [111] diamond. The authors modeled their experimental data
to determine the ratio between the cross-section of stimulated emission and
the cross-section of the photoionization from the 3E state. They estimated that
for infrared excitation (1.62 eV) oy /opn ~ 13. We can determine this ratio
from ensemble data (Fig.[5.8)) using our theoretical calculations and prefactors
for single centers (3/2 for intra-defect absorption and 6/5 for photoionization).
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Figure 5.9: The ratio of the photoionization cross-section and the cross-section
for stimulated emission, opy /0, as a function of photon energy.

We obtain a theoretical ratio at the same excitation energy og/ oph ~ 10. The
agreement between theory and experiment is rather good, considering the error
bars of both approaches.

Another set of experiments that our theoretical calculations can explain is
a spin-to-charge conversion with dual-beam excitation in cryogenic tempera-
tures [167,[168]]. In such spin-to-charge experiments, one narrow frequency
laser is first used to excite the NV~ center into one of the selected spin states.
Then, a second laser pulse with the sub-ZPL energy is used to ionize the
3F state. This specific energy range is chosen to avoid disturbances of other
spin states. Irber et al. [167]], in their experiments, obtained effective pho-
toionization using a sub-ZPL laser of energy 1.93 eV. In another experiment,
Zhang et al. [168]] used a laser emitting at 1.17 eV and also observed effective
photoionization.

We can explain the results of Refs. using our theoretical calcula-
tions. Since the polarization of the ionizing pulse was unknown in both studies,
we use data calculated for an ensemble of randomly oriented NVs. For better
comparison, we plot the photoionization cross-section and stimulated emission
cross-section ratio (opp/0st) as a function of energy in Fig.[5.9] There are
two regions where photoionization of 3E is most effective in comparison to
stimulated emission. The first region is between the photoionization threshold
IP(®°FE) = 1.15 eV and 1.3 eV. The second region is between 1.92 eV and the
ZPL of triplet transition Fzpr, = 1.945 eV. These two regions perfectly cor-
respond to energy ranges for which the photoionization was efficient (1.17 eV
and 1.93 eV).
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5.7 Summary and conclusions

This chapter presented the theory and first-principles calculations of photoion-
ization processes in the negatively charged NV center in diamond. The main
achievements and findings of this study can be summarized as follows:

1. We showed that the NV center transitions to the metastable A5 state right
after the photoionization from the 3E state. This model explains the ESR
experiments of Felton et al.[159].

2. We determined the photoionization threshold from the 3E state to be 1.15 eV.
This value was hitherto unknown.

3. We introduced a novel methodology to calculate absolute photoionization
cross-sections for deep-level defects and applied it to NV . This is the first
calculation of absolute photoionization cross-sections for point defects using
modern electronic structure theory.

4. Our calculations rationalize recent experiments of spin-to-charge under
sub-ZPL illumination [[167,[168]]. The calculated ratio of cross-sections of
stimulated emission and photoionization agrees perfectly with the experi-
mental estimation of Hacquebard and Childress [[166].

Thesis statement (IV)

After the photoionization from the 3F state, NV centers transition to the
metastable ‘A, state of NVY. This explains electron spin resonance experi-
ments and has important consequences for the charge dynamics of the NV
center. We determine the threshold for the photoionization to be 1.15 eV.

Thesis statement (V)

Our ab initio methodology for the photoionization cross-section calculations
explains recent photoionization experiments and elucidates the charge-state
dynamics of NV centers.
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Appendix A

ELEMENTS OF GROUP THEORY

This appendix briefly reviews some formal ideas of group theory that are used
throughout this thesis. Here we will focus on key definitions and general con-
cepts with examples for the C'3,, group of the diamond NV centerm The rigorous
theory can be found in many excellent textbooks (see, e.g., Refs. [89, 90, (92]]).

A.1 Group and classes

The geometric structure of the point defects often has some symmetries that can
be described by a set of coordinate transformations (; that preserve geometry
and keep at least one point fixed. The complete set of such transformations
forms algebraic structure G known as a point group. In other words, the
multiplicative structure of G satisfies formal conditions, called group axiomsE]
Identification of the group structure has some practical implications for the
theoretical analysis, as shown below.

Elements in the group can be partitioned into mutually disjoint sets, which
are called “classes” [90]. Each class contains equivalent elements G, ~ Gy,
which are related by conjugate relation:

Go~ Gy & Go = GGG, (A.1)

for some elements G; of the group G. From a geometric perspective, each class
includes similar transformations, i.e., same angle rotations around different
axes [90].

'In this review, we assume that groups of interest are simply reducible groups [92]. This is
the case for most spatial groups in molecular systems.

“These are four conditions: (i) multiplication of two element s yield the third element
in the same group, G.G» = G. € G; (ii) group multiplication is associative, (GoGp)G. =
Go(GrGe); (iii) there exists identity element e, such that G;e = G;; (iv) each element has its
inverse, GiG;l =e.
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(d) oy (e) o2 (f) o3

Figure A.1: The operations of the C3, group elements on the structure of the
NV center. The picture is taken from Ref. [116].

e C’gr Cy o1 o2 03
e e Cgr Cy o1 o2 03
C. ;_ C;_ C 3_ e g3 o1 g9
Cy | Oy e C;’ oy 03 01
g1 g1 g2 g3 e C. ;_ C 3_
o3 |02 o3 o1 C3 e C’;
o3 g3 g1 g9 C. ;_ C. 3_ e

Table A.1: C'3,, group multiplication table.
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Let us take the NV center as an example (Fig.[A.I). Six symmetry opera-
tions keep the geometry invariant: identity operation e (which does nothing),
two 27/3 rotations about the symmetry axis (C’gr ,C3), and three vertical
reflections through planes containing symmetry axis (o1, o2, and o3). The
multiplicative structure of the Cs,, group is displayed in Table[A.T] This table
completely encodes the whole structure of a group. The Cjs, point group has
three classes:

E: {e},
Cs: {CF,C51,

o: {o1,09,03}.

The first class, F, contains only identity element e since GieGi_1 = e for any
G; € G. This class is present in all groups. The second class, C'3, comprises
two 27 /3 rotations, while the third class o consists of three vertical reflections.

A.2  Group of the Shrodinger equation

From the practical perspective of this thesis, the group theory becomes impor-
tant when we have an eigenvalue problem for an operator which is invariant
under some symmetry transformations. This is, indeed, the case for the adia-
batic description of the point defect. For example, the electronic Shrodinger
equation (2.8)) is defined in the reference geometrical configuration Rg. The
point group G of this configuration is a set of geometric transformations G; € G,
for which G;Ry = Rgy. One can check that this symmetry also implies in-
variance of the electronic Hamiltonian H (r) with respect to the same spatial
transformations. That is, if we define the functional transformation 7'(G;) as
T(G;)f(r) = f(G;'r), the invariance is encoded in the following form:

T(Gi)H(r) = H(G; 'r) = H(r). (A2)
From this equation, it follows that it is irrelevant whether T'(G;) appears to
the left- or right-hand side of H (r), that is, T(G;)H) = HT(G;)v, and both
operators commute. The set of all operators which commute with H are said
to form the group of Schrodinger equation. In this case, the group structure is
identical to the point group G of geometric configuration Rg. In a more general
case, there could be other symmetries (sets of operators that form a group) that
are not related to the spatial configuration.
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The harmonic Hamiltonian of the nuclear system also is invariant
with respect to symmetry transformations of the reference system Rg. There-
fore, the implications derived for electronic states also apply to vibrational
states of a nuclear subsystem.

A.3 Irreducible representations

Identification of Hamiltonian symmetry has an interesting immediate result
for an eigenvalue problem. If we apply one of the commuting transformation
operators to the stationary Schrodinger equation (H Un = ently), We get:

T(Gy) {H(0)6n(r) } = H(0) {T(G)on(r)} = 20 {T(Gi)n (1)}

From the above result, we can conclude that any function T'(G;),, obtained
by applying symmetry transformation on eigenfunction 1, is also an eigen-
state with the same energy as the original one. In principle, if all symmetry
transformations are determined correctly, such a procedure should yield all the
degenerate states from a single one [89]@ This result implies that all states of
the same degenerate subspace are connected through linear relation:

where scalar coefficients I';,,, (G;) constitute some M x M matrix (M is the
number of mutually degenerate states). The summation is chosen over the first
index to ensure that the matrices I'(G;) form a matrix representation of a point-
group. By term “representation”, we mean that the multiplicative structure of
matrices is homomorphic to the multiplicative structure of a group:

GaGy=Ge = Y Tni(Ga)Tim(Gs) = T (Ge). (A.4)
l

The functions {#;|i = 1,..., s} used to generate representation I" in Eq.
are said to form a set of basis functions for this representation. Alternatively,
we also say that they transform as a basis of representation I.

For each group, there are infinite possible matrix representations that fulfill
Eq. (A.4). For example, if there are two different matrix representations, I'*

3Exception to this statement could be the degeneracy caused by other hidden mathematical
symmetry, which is not reflected in the spatial structure. Such degeneracy is called accidental-
degeneracy.

166



‘ e ‘ C;' cy ‘ o1 o9 o3 ‘
Ay 1 1 1 1 1 1
1 -1 -1 -1

Lo 1 V3 1.3 _ V3 1 V3 Lo
2 2 2 2 2 2 2 —
E (01) _V3 1 V3 1 _ 1 V3 _1 (0 1)
2 2 2 2 2 2 2 2

Table A.2: The irreducible matrix representations of the C's,, point group. E
matrices are represented in the Cartesian (£, E,) form.

‘ SIS
=
w

and I', we can always form a third representation with a typical element:

reG,) 0

where I'“(G;) and I'*(G;) are matrices representing group element G;. This
new set of matrices will also be a representation, as they satisfy a relation
of Eq. (A.4). The representation I" of this enlarged matrix form is said to be
reducible. This reducibility can be hidden by applying similarity transformation
I"(G;) = ST’(G;)S™* to the set of matrices, breaking the block diagonal form.
Note that I'V(G;) also form a representation since similarity transformation
preserves the homomorphic structure of Eq. (A.4). Such two sets of matrices,
I'(G;) and I''(G,), are then said to be equivalent.

However, there is a special type of representations called irreducible repre-
sentation |89} 90]. The matrices of irreducible representation cannot be reduced
to block diagonal form by any similarity transformation. In the group theory, it
is proven that there is a finite number of irreducible representations for each
discrete group G, and this number equals the number of classes. As an example,
the Cs,, group has only three irreducible representations (A1, As, and E) shown
in Table

Irreducible representations are important because of the following theo-
rem [89): The set of s degenerate eigenfunctions with the same energy transform
as basis functions of a s-dimensional irreducible representation of the group
of the Shridinger equation. In other words, matrices I',,,,,(G;) of Eq.
that connect eigenstates of the same degenerate subspace must be irreducible
representations of the Hamiltonian group G.

From the discussion above it follows, that we can classify eigenstates of
the symmetric Hamiltonian according to their transformation properties. The
dimension of irreducible representation matrices I',,,,(G;) can vary from one
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to an arbitrary number. For example, one-dimensional representations are de-
scribed by scalars, and objects that transform as such representations cannot be
degenerate. The most trivial one-dimensional irreducible representation (that is
present in every group) is totally symmetric A; (identity) representation (or A,
for geometries with inversion symmetry). In this representation, I' 4, (G;) = 1
for every G; € G. Objects of A1 symmetry are invariant for all symmetry
transformations of the group:

T(Gi)pa, = 1ha,, VG €G.

However, each multi-dimensional irreducible representation is not unique
in its numerical form as similarity transformation connects many equivalent
forms. In the context of physical applications, the basis of multi-dimensional
irreducible representation often corresponds to a degenerate subspace of states.
Therefore, similarity transformation just changes the basis of the degenerate
subspace. When a certain matrix form of multi-dimensional representation is
chosen [e.g., Cartesian (F,, E,) representation of Table, we can identify
eigenfunction by its row. That is, if we say that wavefunction ¢, transforms
as row n of irreducible representation I', we mean that Eq. holds for
a specific form of I';,,,(G;) matrices. For example, in the C3, group, when
we say that functions ¢ g, and ¢, transforms as a basis of the irreducible
(E., E,) representation, we mean that:

1 V3

T(C)p, = —5vp, — =5 vE,,

T(C3 g, = \égsz - %¢Ey,

where —1/2, £+/3/2 are the respective coefficients of the C” matrix.

A.4 Projection operators

In the above section, we showed that eigenstates of the symmetric Hamiltonian
could be classified by their symmetry properties. In a general case, any arbi-
trary function can always be decomposed into parts that transform irreducibly.
Formally this is done by using projection operators of group theory [89]:

A~ S x
Pr, = ;F Z I (G)T(Gy),

where sr is the dimension of representation, and g is the order of the group
(number of group elements). Operator Ppw projects any function to the part,
which transforms as row + of irreducible representation I'.
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The projection operators are very useful in many different situations. Some-
times a posteriori, we want to find the symmetry of an eigenstate. In such a
case, we could calculate <1/J\]5rﬂ, |4b) for all P’s and check whether it is equal to
zero or one. This is how we classified vibrational and electronic states obtained
by numerical methods. However, sometimes, we want to solve the eigenvalue
problem by utilizing symmetry a priori. This time we can use projection opera-
tors to symmetrize the zero-order basis into species that transform as irreducible
representations of a point group. As shown in Section such a basis can
help reduce the computational complexity of the eigenvalue problem.

A.5 Irreducible sets of operators

Similarly, as for functions (or vectors), we can define an “irreducible set of
operators” {S’pwh =1,...,s} by the property:

T(Gi)S’FvT(Gi)_I = Z Fv’v(Gi)gﬁ’,
,Y/

where I'./, (G;) are matrices of irreducible representation I'. Such a set of
operators ng is said to transform according to the irreducible representation I".

The Hamiltonian always transforms as an identity representation A; of the
group of Shrédinger equation, since:

forall G; € G.

A.6 Clebsh—Gordan coefficients

Let us assume that we have two sets of functions, {¢raya|va =1,2,..., 54}
and {¢rs.s]ys = 1,2,...,53}, that transform as irreducible representations
' and TP, If we take a product of any two functions raa ¢F,87,3, this product
generally does not transform as a basis of irreducible representation. However,
it is possible to choose linear combinations:

Uy = ) (T TP Dy )vreqe drays (A.5)
yeyP

which transform irreducibly according to representation I'. The coefficients
(T~°TP~P|Ty) are usually called Clebsh—Gordan coefficients for the group.
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These coefficients depend only on the group and form of representation matrices.
They can be found from tabulated data 93] or calculated using computer algebra
packages (e.g., Ref. [113]). The inverse of Eq.[A.5]|can be written as:

YregaPraps = Z (T[T TP~ )W, (A.6)
Y

where (T'y|T'“y*T"#~#) are inverse Clebsh-Gordan coefficients. These Clebsch—
Gordan coefficients are the main parameters for group theory application to
physical problems.

A.7 Wigner-Eckart theorem

So far, we have only introduced the language of the group theory and not much
of practical implications. The most useful expression of the group theory for
physical problems follows from the Wigner—Eckart theorem.

The Wigner-Eckart theorem [92]. Let G be a discrete group of coordinate
transformations. Let T, T8, and T be unitary irreducible representations of
G of dimensions s, sg, and s., respectively, and suppose that ¢ra o (r), and
wrﬁ«,ﬂ (r), are sets of basis functions for T'“ and 8. Finally, let )A(Fava be a set
of irreducible tensor operators of I'°. Then:

(praye| Xrsys|[trs,s) = Cyal'sv5|Tvs) (Gre | Xpslltbps), (A7)

where (¢ra || Xps ||ps) are “reduced matrix elements” that are independent of
v, A8, and ~°.

The reduced matrix element is a scalar that does not depend on rows v,
+8, and 40 of irreducible representation.

From a physical point of view, Eq. represents the matrix element of
some symmetric operator X ré4s (or irreducible set of operators). For example,
this operator could be a position operator of the optical matrix element. Actually,
if we choose a coordinate system of the NV center, such that the é, axis goes
through the symmetry axis of the center, and the €, axis is in the plane o9
[Fig.[A.I](e)], then position operator z transforms as A; representation of Cs,
group, and x, y operators transform respectively as z and y rows of Cartesian
representation (E,, ). From Eq. , it follows that the symmetry alone
allows us to deduce that certain matrix elements are zero and predict connections
between the others.
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If operator X is invariant (transforms as A; representation), then it can be
shown that Clebsh-Gordan coefficients satisfy (I'*y®; A1 |T#~5) = 6paps Oy
and:

(Proqe ‘XAl WFﬁvﬁ> ~ Opapsdyeys-
For the Shrodinger equation of symmetric Hamiltonian, this says that only the
basis of the same symmetry are coupled, and we can decouple the diagonaliza-
tion problem for each symmetry species.

In the case of degenerate states 1ra,« and qﬁrﬁw (where s, > 1 or/and
sg > 1), Wigner—Eckart theorem says that single scalar (¢ra || Xps|[1ps)
describes all matrix elements for a different choice of degenerate states v* and
~8. The only difference is within the Clebsh—Gordan coefficients. Therefore,
we can calculate the matrix element for a single pair of degenerate functions
and deduce others from relation . Also, for some combinations, the
Clebsh—Gordan coefficient will be zero.
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Appendix B

NV MOLECULAR ORBITAL
WAVEFUNCTIONS

In this appendix, using the formal methodology of Section we derive
molecular orbital states of the NVY center in diamond. In Section we obtain
orbital parts of multi-electron wavefunctions that have well-defined spatial
symmetry properties. In Section we obtain spin states of the multi-particle
spin system. Finally, in Section[B.3] we antisymmetrize different products of
orbital and spin parts and deduce molecular orbital wavefunctions of NV,

B.1 Orbital wavefunctions

The geometric structure of the NV center has Cj3,, point group symmetry. From
the electronic structure analysis of NV~ (Sec. , it follows that there are
three localized single-particle defect orbitals in the bandgap: fully symmetric
a; orbital and a doubly-degenerate e orbital (see Fig.[3.2). We use these single-
particle states to construct multi-electron orbital wavefunctions that transform
as irreducible representations of the Cs,, point group. The construction is done
via Eq. (2.46).

To determine Clebsch—Gordan (CG) coefficients entering Eq. @D, we
choose the Cartesian form of irreducible representation matrices of the Cs,
group (Table [2.T). Nonzero CG coefficients for this representation are given by:

i ) 1 0 -1
<A1;F n‘I‘Jm> = 5ij5nm7 <EZ,EJ‘A2> = ﬁ (1 0 ) R
(As; Al Ar) = 1 (B BB = — (01

2,A42|A41) — 1, vy g f 10
1 1 0
E;; Ei|E,) = — , A E5|Ej)
(5 BB, \/§<0—1> (425 ( )
1
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C3y @ C3y | Ay Ay E

Ay A A E
As Ay A E
FE F F AioA0FE

Table B.1: The (s, point group direct product multiplication table.

These coefficients were determined using the GTPACK software package [113].
The direct product multiplication rules of the C's,, point group are given in

Table B 11

B.1.1 Two electrons

Using Eq. (2.46) and CG coefficient values of Eq. (B.I), we obtain the following
orbital configurations for two-electron wavefunctions:

2 B(2 1
o3 = ajay, oo = 7 (exex +eyey)
2 _ 1 @ _
Dy, = NG) (eyex — €xey) q’%z/y = N Cq/y;

2 1 2 1
@%(I) = 7 (ezxey + €eyey), @%(y) = 7 (exer — eyey) . (B.2)
Here, subscript shows the irreducible representation of the resultant wavefunc-
tion, greek letters « and (3 label different wavefunctions of the same symmetry,
and the number in the superscript indicates the number of electrons.

B.1.2 Three electrons

Three-electron molecular-orbital states belong to the NVY manifold. Those can
be found by combing orbitals from Eq. with a one-electron orbital of a;
ore symmetryE] The low-lying states (that contain at least one a; orbital) are:

3 3 1
Dy = E (a1ezey + areyey), <I>(A2) = E (a1eyes — arezey),

3 1 3 71
%EC ) = 7\/5 (a16x€y + aleyex) ) (I)aEi ) = \/i (a16$e$ - aleyey) ’
BB _
g, ,, = M0y (B

Note that for orbital wavefunctions, the order of orbitals is not important as long
as permutations are simultaneously applied to all terms of the wavefunction.

'Note that we normalize the final result.
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B.2 Spin eigenstates

To construct spin eigenstates of multi-particle spin operators S? and S, [see
Eq. (2.42)1, we use the genealogical construction scheme (see Sec. [2.3.5] for
more details) and Eq. (2.45) for angular momentum coupling.

B.2.1 Two electrons

The spin eigenstates of two electrons are constructed by combining two spins.
Those are well-known singlet and triplet states:

0, 072>*7 1) = [11)),
|TT>7 it mg = 1,
13) =91 75 (M) + 111)), ifms =0, (B.4)
|~L\L>> ifms = —1.

Here, we use the notation |S, S,,; P), where P is a list of “parent” states from
which N electron wavefunction was constructed. In this case, 1/2 indicates
that the two-electron state was constructed by adding one electron to the spin
1/2 system.

B.2.2 Three electrons

Adding one electron to a singlet state of Eq. (B.4) could only yield a spin
doublet (S = 1/2). In this case, non-zero Clebsch—Gordan coefficients are

given by (0,0; 3, £33, 7> = 1, and the following spin states are:

)2

S

0,05 3) @ [1) = L= (1141) — [U11)), if g = 4,
10,0, 3) @ [1) = L= (1144) — [L110)) . if mg = —1.
(B.5)

om0 ) -

S

Combining triplet states of Eq. (B.4) with single spin can only yield doublet
and quartet states (S = 1/2 and S = 3/2). Those are:

1 210) — ) — 1), ifmg = 1,
pmsilg) == 2 (B.6)
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and

[T11), if m, = 2,

1 ) )

- (W) + [0 +1114), ifms = 3,
%’m5;17%> - \{g - B 2 , (B7)

= (1) + W) + (1), ifmg = —3,

L), ifm, — —3.

B.3 NV wavefunctions

B.3.1 Ground state

The ground state of NV is a spin-doublet of E symmetry (°F) [[169,[170]. We
obtain molecular-orbital wavefunctions of this state by antisymmetrizing the
product of @%f’/)y and \%, ms; 0, %) states from Egs. and

As an example, let us derive the mg = 1/2 state. First, we multiply orbital
and spin counterparts, and then we promote each term to a Slater determinant,
as shown below:

*Ewpyims = §) = \2«4 (1) = A1) (ararenyy)]

1 _ _
= s (e - fonorca, )

norm | _

I e,
In the last step, we have used the antisymmetric property of Slater determinant
|..b..c..| = —|..c..b...] and normalized the final wavefunction (as indicated by
“norm” above last equality). We use the same approach for all other states

derived below.

The four degenerate wavefunctions of the ground £ manifold are given by:

— . 1
2 ) . ]alalez/y|, 1fms = 3
‘ Em/y’ms> - _ _ . 1

]alalex/y|, 1fms = —3-

Note that we freely chose the sign of normalized wavefunction to highlight the
symmetry between spin states of opposite m signs.

2Spin states \%, ms; 1, %) constructed from triplet wavefunctions are not suitable since they
produce wavefunctions where two same-spin electrons occupy one orbital.
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B.3.2 Excited spin-doublet states

The lowest optically excited state is the electronic 24, state [169, [170]. The

molecular orbital wavefunction for this state is obtained combining @ﬁ(j) and

|3, ms; 0, ) wavefunctions:
’2142 o > 1 (|lar€zey| + |aresey| — 2|arezey|), ifms = %
bl S - .
V6 | (|a1ecey| + [areeey| — 2|are,e.]), ifms=—1.

The second excited doublet state is of the same symmetry as the NV
ground state (°E) [170]. The wavefunction for this state can be obtained by
combining @%Sl orbital wavefunction with doublet spin states. However, CD%SJS)
state [see Eq. (B.3)] contains products where two last orbitals are equal (i.e.,
ajezey). Therefore, spin terms || 11) and |1].]) combined with such products
would yield unphysical states, where two electrons of the same spin occupy one
orbital. By taking a linear combination of Eqgs. (B.5)) and (B.6), we obtain the

third form of the spin-doublet wavefunction:

U ) = 1), ifmg =4,
|5 msic) = —= , (B.8)
’ V2| W) — [ ifmy = 1.

a(3)

Antisymmetrizing product of ® "’ with states of Eq. ll we obtain the

z/y

following form:

la1€zey| + |areyes|, ifms = %, 1=z,

_ _ _ _ . . 1 .
‘ZE;;mS> _ 1 | larecey| + |areye,|, ifms=—35,i=u2x,

V2 lareyey| + |areges|, ifms = %, 1=y,
|a1eyey| + |arez€,], if mg = f%, 1=y.

Although in this representation, the wavefunction is not a single Slater deter-
minant, one can show that it attains single-determinant form in the “chiral”

representation Ey [see Eq. (2.99)]:

)

N[

aje=e ifmg =
‘ZE:t,m5> — | 16F ¥‘7 S

D=

|C_Llé:F€:':‘, lfms — — 5.

The last spin-doublet wavefunction that contains at least one a; orbital is
the 24, state [[170]. This state is obtained combining Eq. li with @i(f’):

N[ =

24),my) = = |a1Esea| + lareyey|, if my =
V2 | |areses| + areyeyl, ifms=—

N[ =
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Conf. Molecular orbital wavefunction

laraiezeyl, ifmg =1,
a%e2 [PAg;my) = % (la1@reqey| + larai€zey|) if ms =0,
|a1aie,eyl, if mg = —1,
1 1 |a1dlexéx’ — |a1(_11€yéy|v ifi =z,
'Ei) = 5 o U
la1a1€zey| — |araregey|, ifi=y,

A1) = T (Jararea8| + arareyey))

S

(|alexeyéy|, ifms=1, 1 =uz,
% (|la1€zeyey| + |areseyey|), ifmg=0,i=ux,
a1€,€,€e ifmy=-11==x

R R ==

laieq€reyl, ifmg=1, i =y,

% (|larezerey| + |arezezeyl), ifmg=0,i=y,

|a1€ze,€yl, ifmg=-1,1i=uy.

Table B.2: Molecular orbital states of the NV~ center from Ref. [160].

B.3.3 Metastable quartet state A,

a(3)

1., orbitals with
x/y

Wavefunctions of the %A, state are obtained by combining ®
quartet spin functions of Eq. (B.7)):

‘a1€x6y|, ms = %7
i m,) = L ([@reaey| + lartsey| + |aredy)), my =1,
I S -
L (Jareaty| + [are28y| + [m1ney)), ms = —1,
‘C_llé:péyL mg = _%

B.4 NV wavefunctions

Molecular orbital wavefunctions of NV~ manifold were deduced in Ref. [[160].
For convenience we present states of Fig.[I.T|c) in the Table.[B.2]
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Appendix C

DEGENERATE PERTURBATION
THEORY FOREF® (eQRe® -+ )
PROBLEM

Let us look at how degenerate perturbation theory applies to the Jahn—Teller
problem. In general, we want to solve the equation:

(H° + \H'T) nl; EL) = Enl; E4), (C.1)

where ) can take on values ranging from 0 (no perturbation) to 1 (full perturba-
tion). Here nl = {nly,...,nylx} stands for vibrational degrees of freedom,
and Ey represents electronic manifold. As it is usual, we expand the solutions
in power series:

Il Ey) ) = )n1<0>;Ei> A ‘nl(l);Ei> + 2@ ‘nl(Q);Ei> T
Ens = EY + AEQL + NEQ. 4+ (C2)

Substituting Eq. (C.2)) into Eq. (C.I) yields a set of equations for different
powers of \:

A0 (70 — B ’n1<0>; Ei> 0,
AW (HO — B ‘nl(l);Ei> — (EY, — T ‘nl(O);Ei>,

A® (10 — B ’nl@); Ei> —(E

Diagonal terms of Jahn—Teller Hamiltonian are zero:
<n1<°>; Ei’ T )n1<0>; Ei> —0.
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From the A! equation, it follows that the first-order energy correction is zero:

EY —o.

n7
The first-order equation for wavefunction becomes:

1

’nl(l);Ei> 50

(1310 ‘nl(l); Ei> BT ’n1<0>; Ei>> (C.3)
The simplification for £ ® (e ® e ® - - - ) problem comes from the symmetry of
Hamiltonian. The eigenstates of vibronic Hamiltonian must be the eigenstates
of jel [see Eq ]. Therefore, the correction term |n1(1); E.) cannot have
contributions from the degenerate subspace of ]nl(o); E.) (note that degeneracy
is between different values of [ and electronic levels |E.)). Following this
argument, we write the first-order correction term:

~7(0). IT|1(0).
’nl(l);Ei>: Z (@I Ex[H nl™; B )
5O _ g0

al©); E¢> .
nl#nl

This equation applied to the lowest energy eigenstate yields:

‘00(1% Ei> = —AV2 Y Ky |Bx) Ing=1, li==1) [ ] Ini=0,1=0) , (C.4)
% 14k

where A = 1/,/1+ 23, K? is the normalization factor. The second-order
correction for the ground state can be derived by considering A\? order expres-
sion:

(ﬁo - E((,O)) ‘00@); Ei> — _fT ‘00“); Ei> +ES), ‘00(0% E,> .
(C.5)
Multiplying this equation from the left-hand side by <nl(0); E.y|, we get an
expression for expansion coefficient:

(n1; B4 |A'T|00W); L)
0 0 ’
EY — EY

<nl(0); Ey ‘00(2); Ei> = —

Note that (n1¥; E-|00®); E.) = 0. The second-order correction takes the
form:

EY — EY

n
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Using Eqs. (C.4) and (2.100) (and after some algebra), we arrive at the expres-
sion for the second-order correction:

’0()(2); Ei> (C.6)
=v2) " K} 00,n,=2,1;,=0,00; E.)
k
+V8Y Y T KiK, 100, mp=1,1;=1,00,n,=1,1l;=—1,00; E4) .
k gtk

Finally, from Eq. (C.5), we can derive the formal expression for the second-

order energy correction:

B, L Bl ATl B

n; (0) (0)
fl#nl By — By

(C.7)

Substituting Eq. (2.100) and summing over all values of nl, we get a general
expression for energy correction:

ED), =3 2Kkun(1 ). (C.8)
k

For the ground state, this expression reduces to:

ED. = 23" K.
k
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SANTRAUKA

1 Izanga
Jei paZiurétume j kristalg geru mikroskopu, pamatytume, kad jis turi labai
tvarkinga perioding atoming struktiira. Taciau kristale visada galime rasti
defekty, kurie paZeidZia perioding simetrijq ir pakeicia kristalo fizikines savy-
bes. Defekty yra jvairiy riisiy, o pati paprasCiausia yra taskiniai defektai. Tokie
defektai sutrikdo artimaja tvarka vieno arba keliy atomy aplinkoje. Pavyzdziui,
kai kuriy atomu gali trukti (vakansija) arba tam tikri atomai gali biiti pakeisti
svetimais (pakaitinis defektas). Puslaidininkiuose taskiniai defektai yra skirs-
tomi j dvi grupes: seklieji (angl. shalow) ir gilieji (angl. deep) defektai. Seklieji
defektai lengvai atiduoda elektronus kristalo laidumo juostai arba juos pasiima
i§ valentinés juostos, taip nulemdami puslaidininkio laiduma ir jo tipa. Tuo tar-
pu, giliesiems defektams energija, reikalinga iSlaisvinti arba pagauti elektrona,
yra daug didesné nei charakteringa iluminé energija. Siy defekty elektroninés
biisenos yra stipriai lokalizuotos ir primena atomy arba molekuliy sistemas. Si
disertacija ir yra apie tokius gilivosius kristalo defektus bei jy teorinj apraSyma.
Ziarint i§ istorinés pusés, gilieji defektai buvo laikomi Zalingais, nes jie
daZnai neigiamai veikia medZiagos savybes, pageidautinas technologiniams
taikymams. Taciau paskutiniy dvideSimties mety bégyje atsirado naujas susi-
doméjimas optiskai aktyviais giliaisiais kristalo defektais (spalviniais centrais).
Visy pirma, tam tikri defektai pasiZzymi stabilia optine spinduliuote. Si savybé
leidzia aptikti pavienius centrus ir juos naudoti kaip pavieniy fotony Saltinius
kvantinés optikos taikymuose [4]. Be to, kai kuriy giliyjy defekty lokalizuotos
elektroninés biisenos gali biiti kontroliuojamos bei nuskaitomos, naudojant
optinius ir/ar elektrinius metodus. Siuo metu didZiausias technologinis progre-
sas yra pasiektas giligjy defekty sukininiy biiseny valdyme [5H8]]. Dél silpnos
saveikos su aplinka puslaidininkio defekty sukiniai turi ilgus koherentiSkumo
laikus (kartais net kambario temperatiroje). Siu savybiy déka galime valdyti
kvant-mechanines koherentines biisenas laiko skalése, tinkamose modernioms
kvantinéms technologijoms [9]]. Tokie defektai daznai vadinami tiesiog ,.kvan-
tiniais defektais®.
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Sioje disertacijoje tiriamas neigiamai jkrautas azoto ir vakansijos komplek-
sas deimanto kristale, kitaip vadinamas NV~ centru [[10]. Sis gilusis defektas
yra optiskai aktyvus ir pasiZymi stabilia optine spinduliuote. NV~ centro su-
kininés busenos gali biiti paruoStos (inicializuotos) ir nuskaitytos naudojant
lazerio spinduliuote, o véliau ir koherentiSkai valdomos mikrobangomis [21]].
Sukiniy koherentiskumo laikai siekia milisekundes kambario temperatiiroje [22]]
ir net sekundes kriogeninése temperatiirose [23]]. Siy savybiy déka deimanto
NV~ centras tapo viena i$ pagrindiniy sistemy, taikomy tirti ir realizuoti jvairias
kvantines technologijas [9]]. Daug sékmingy eksperimenty yra pademonstruota
kvantinés metrologijos [11], kvantinés komunikacijos [[12] ir kvantinés kom-
piuterijos [13] [14] srityse. Sie pasiekimai jkvépe ieskoti kity defekty, tinkan¢iy
kvantiniy rei¥kiniy tyrimui bei technologijy kiirimui [13]. Siuo metu yra aptik-
tos ir kitos sistemos, turin€ios panasias kvant-mechanines savybes i NV cent-
ra [6,18,116]. Viena i§ jy yra neigiamai jkrautas silicio—vakansijos (SiV ™) centras
deimante [[16} [171], kuris taip pat yra teoriSkai nagrinéjamas disertacijoje.

Giliyjy defekty tyrimai reikalauja daug eksperimentiniy ir teoriniy pastangy.
Visy pirma, defektas kompleksiSkai saveikauja su ji supancia kristalo aplinka,
kurioje apstu kity struktiiriniy ir izotopiniy defekty. Todél eksperimente kartais
yra sunku atskirti tik defektui budingas savybes nuo ji supancios aplinkos. Net
defekto cheminés struktiiros nustatymas yra gana sudétinga uzduotis. Dél Siy
priezascCiy defekto teorinis apraSymas yra ir svarbus, ir naudingas.

Si disertacija yra apie giliujy defekty elektroninés, virpesinés ir Vibroniné
struktiiros teorinj nagrinéjima. Sios struktiiros yra pamatinés ir patikimas ju
nustatymas yra svarbus Zingsnis, siekiant suprasti sudétinga giliyjy defekty
fizika. Tikslus Siy struktiiry apraSymas leidzia modeliuoti defekto saveika su
Sviesa ir nustatyti spinduliuotés bei sugerties spektrus. Dél saveikos su gardele
spalvinio centro liuminescencijos ir sugerties spektry linijos daZnai turi uni-
kalig forma, kuri yra savotiskas ,,defekto parasas‘. Taigi, lygindami modelinj
spektra su eksperimentu, galime jvertinti teoriniy metody patikimuma, o tikslus
spektry nustatymas pasitarnauty defekty identifikavimui. Sioje disertacijoje
tobulinamos ir vystomos ab initio teorinés metodologijos, skirtos: (i) virpesinés
ir vibroninés struktiiros, (ii) elektron—fononinés saveikos, (iii) optiniy linijy ir
(iv) fotojonizacijos skerspjaviy apra§ymui. Sios metodologijos pritaikomos dei-
manto giliyjy defekty teoriniam nagringjimui. Darbe pateiktos kelios svarbios
fizikinés iSvados apie SiV ™ ir NV~ centry virpesing struktiira bei NV~ centro
sgveika su Sviesa.

'Sioje disertacijoje savoka ,,vibroninis* reiksia biisena, kurioje negalime adiabatikai atskirti
elektroniniy ir virpesiniy laisvés laipsniy.
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1.1 Tyrimo tikslai ir uzdaviniai

Pirmasis $ios disertacijos tikslas yra iSvystyti teorines metodologijas, skirtas
virpesiniy struktiiry, optiniy linijy ir fotojonizacijos procesy apraSymams. Ant-
rasis tikslas yra Siy metody taikymas paaiskinti SiV™ ir NV~ centry virpesing
struktiira bei NV~ centro fotojonizacijos mechanizmus. Siems tikslams pasiekti
buvo suformuluoti keli uzdaviniai:

(1) Tobulinti teoring skaiting metodologija pavieniy defekty virpesinés struk-
tiros nagrinéjimui.

(2) Sukurti prakting teoring metodologija neadiabatiniy Jahn—Teller saveiky
analizei daugelio virpesiniy mody sistemoje.

(3) Sukurti teoring metodologija giliyjy defekty fotojonizacijos skerspjiiviy
kiekybiniam skai¢iavimui.

(4) TeoriSkai iStirti neigiamai jkrauto silicio—vakansijos (SiV ™) centro virpe-
sing struktiirg bei paaiskinti liuminescencijos spektre stebima izotopinj
fonony piko poslinkj.

(5) Sumodeliuoti neigiamai jkrauto azoto—vakansijos (NV ™) centro liumines-
cencijos ir sugerties spektrus bei paaiskinti eksperimente stebima asimetri-
ja tarp Siy dviejy spektry.

(6) Istirti galimus NV~ centro fotojonizacijos mechanizmus ir suskaiciuoti
Siy jonizacijos procesy slenkscius bei skerspjiivius.

1.2 Ginamieji teiginiai
(I) Deimanto SiV™ centro fotoliuminescencijos spektro astri fonony smailé
atsiranda dél e,, simetrijos virpesinio rezonanso. Sios smailés egzistavi-
mas spektre nepaaiSkinamas Frank—Condon artinio ribose ir reikalauja
tikslesnés elektron—fononinés saveikos teorijos. Galima §ios smailés
egzistavimo spektre prieZastis yra Herzberg—Teller efektas.

(II) Darbe iSvystyta nauja ab initio teoriné¢ metodologija, skirta daugelio mody
Jahn-Teller saveiky analizei. Si metodologija patobulina esamus teorinius
metodus, kurie remiasi vienos modos artiniu.

(III) Misy ab initio liuminescencijos ir sugerties linijy skai¢iavimo metodolo-

gija dideliu tikslumu atkartoja NV~ centro eksperimentinius spektrus.

(IV) Jonizavus NV~ centra i§ suzadintos 2E biisenos, neutralus NV centras

atsiduria kvartetinéje A, basenoje. Sio jonizacijos proceso slenks&io
energija yra 1.15 eV. Kvartetinés biisenos modelis paaisSkina elektrony
sukiniy rezonanso eksperimentus, kuriuose stebima 44, bisenos sukiniy
poliarizacija.
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(V) Masuy ab initio fotojonizacijos skerspjiiviy skaic¢iavimai puikiai paaiskina
naujus NV centro fotojonizacijos eksperimentus ir suteikia naujy svarbiy
Ziniy apie NV kriivio dinamika.

1.3 Darbo aktualumas ir naujumas

Disertacijoje nagrinéjami optiskai aktyvis gilieji kristalo defektai ir jy ab
initio teorinio apraSymo galimybés. Darbe pristatomi nauji teoriniai meto-
dai, skirti nagrinéti defekto virpesing ir vibroning¢ struktiras. Didelé diser-
tacijos dalis yra apie optiniy spektry modeliavima, kuriy nustatymas turéty
pasitarnauti naujy defekty analizei ir atpaZinimui. Toliau trumpai aptaria-
mos darbe i§vystytos metodologijos bei jy praktinis taikymas tiriamoms siste-

moms.

Virpesiu ir virpesiniu rezonansuy analizés metodologija. Doktorantiiros
metu tobulinta defekto virpesiy skai¢iavimo metodologija bei paraSytas virpesiy
skai¢iavimo programinis paketas, kuris tinka aukSo naSumo kompiuteriams.
Si programa skai¢iuoja defekto virpesius labai didelése supergardelése, kurios
efektyviai apraSo izoliuoto defekto sistema. Taip pat darbe pristatomas naujas
metodas analizuoti defekto virpesinius rezonansus bei jy izotopinius poslinkius.

Si virpesiy skai¢iavimo metodologija buvo praktikai pritaikyta deimanto
kristalo silicio—vakansijos (SiV) ir azoto—vakansijos (NV) defekty nagrinéjimui.
Tyrimo metu gautos naujos fizikinés i§vados apie $iy centry virpesing struktiira.

Daugelio mody Jahn-Teller sistemuy analizés metodologija. Elektroninés
bisenos i§sigimimas lemia Jahn—Teller efekta, dél kurio negalime efektyviai
atskirti jony ir elektrony dinamikos, kaip tai daroma adiabatiniame artinyje.
Tokios sistemos analizé yra labai sudétinga ir iki Siol defektuose Jahn—Teller
efektai nagrinéti naudojant vienos saveikaujan¢ios modos modelj. Sioje diser-
tacijoje pristatome nauja praktinj metoda, pagrista tankio funkcionalo teorijos
skaiciavimais, kurio déka galima aprasyti daugelio virpesiniy mody Jahn—Teller
sistema. Si metodologija atveria naujas galimybes teoriniam i§sigimusiy defek-
to buseny apraSymui.

Disertacijoje Jahn—Teller sistemos analizé pritaikyta modeliuojant NV~
centro emisijos ir sugerties spektrus. Gautos linijos puikiai atitinka eksperimen-
tg ir demonstruoja metodologijos bei tankio funckionalo teorijos skaiciavimy
patikimuma.

194



Fotojonizacijos skerspjuviy skaiciavimo metodologija. Kiekybiniai ab ini-
tio fotojonizacijos skerspjuviy skaiciavimai defektams iki $iol nebuvo pade-
monstruoti. Siame darbe pristatoma nauja metodologija, skirta jonizacijos
skerspjiviy skai¢iavimui, naudojant tankio funkcionalo teorija.

Si metodologija buvo praktiskai pritaikyta nagrinéjant NV~ centro fotojo-
nizacijos mechanizmus. Tyrime suskaiCiuoti jonizacijos, sugerties ir stimuliuo-
tos emisijos skerspjiviai. Siy duomeny pagalba parodyta, kuriose energijos
ruoZuose fotojonizacija dominuoja prie§ stimuliuota emisija bei sugertj. Gauti
rezultatai suteikia naujy Ziniy apie NV kriivio dinamika bei puikiai sutampa su

naujausiais fotojonizacijos eksperimentais.

1.4 Autoriaus indélis ir rezultaty pristatymas mokslinei
visuomenei

Disertacijos darbo rezultatai buvo pristatyti penkiose mokslinése publikacijose:

(D E. Londero, G. Thiering, L. Razinkovas, A. Gali, and A. Alkauskas, Vi-
brational modes of negatively charged silicon-vacancy centers in diamond
from ab initio calculations, Phys. Rev. B 98, 035306 (2018).

(II) L. Razinkovas, M. W. Doherty, N. B. Manson, C. G. Van de Walle, and
A. Alkauskas, Vibrational and vibronic structure of isolated point defects:
The nitrogen-vacancy center in diamond, Phys. Rev. B 104, 045303
(2021).

(III) L. Razinkovas, M. Maciaszek, F. Reinhard, M. W. Doherty, and A. Al-
kauskas, Photoionization of negatively charged NV centers in diamond:
theory and ab initio calculations, Phys. Rev. B, priduotas (2021).

(IV) L. Skuja, K. Smits, A. Trukhin, F. Gahbauer, R. Ferber, M. Auzinsh,
L. Busaite, L. Razinkovas, M. Mackoit-Sinkeviciene, and A. Alkauskas,
Dynamics of Singlet Oxygen Molecule Trapped in Silica Glass Studied by
Luminescence Polarization Anisotropy and Density Functional Theory, J.
Phys. Chem. C 124, 7244 (2020).

(V) M. Maciaszek, L. Razinkovas and A. Alkauskas, Thermodynamics of
carbon defects in hexagonal boron nitride, Phys. Rev. Mater., priduotas
(2021).

Sios disertacijos autorius yra pagrindinis publikacijy (II) ir (IIT) autorius. Auto-
riaus darbo rezultatai buvo pristatyti keliose mokslinése konferencijose:
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(1) L. Razinkovas (praneséjas), A. Alkauskas, Virpesinés izoliuoty taskiniy

defekty savybés, 42-0ji Lietuvos Nacionaliné Fizikos konferencija, 2017-
10-04, Vilnius, Lietuva.

(2) L. Razinkovas (praneséjas), A. Alkauskas, Defekty liuminescencijos linijos

modeliavimas ab initio metodais, FizTech, 2018-10-17, Vilnius, Lietuva.
(3) L. Razinkovas (pranesé¢jas), G. Thiering, A. Gali, A. Alkauskas, Vibra-

tional modes of negatively charged silicon-vacancy centers in diamond
from ab initio calculations, Diamond Workshop SBDD XXIV, 2019-03-13,
Haseltas, Belgija.

(4) L. Razinkovas (pranesé¢jas), E. Londero, G. Thiering, A. Gali, A. Alkaus-

kas, Vibrational modes of negatively charged silicon-vacancy centers in

diamond from ab initio calculations, FizTech, 2019-10-23, Vilnius, Lietuva.

(5) L. Razinkovas (praneséjas), M. Maciaszek, F. Reinhard, M.W. Doherty, A.
Alkauskas, Photoionization of negatively charged NV centers in diamond.:
theory and ab initio calculations, ICDS 31, 2021-07-25, Oslas, Norvegija.

2 Disertacijos sandara

Sia disertacija sudaro penki pagrindiniai skyriai. [[vadiniame skyriuje|trumpai

aptariami gilieji kristalo defektai ir jy svarba, kuriant kvantines technologijas.
Cia suformuluojamas tiriamojo darbo tikslas ir pagrindiniai uzdaviniai. For-
mali defekto elektroninés, virpesinés ir vibroninés struktiiros teorija pristatoma

lantrame skyriujel Sio skyriaus turinys daugiausia remiasi kitais moksliniais
Saltiniais. Autoriaus originalus indélis yra pateiktas skyreliuose
ir kuriuose nagrinéjama NV centro Jahn—Teller sistema. Siuose skyreliuo-
se pristatomos ir iSvedamos lygtys, taikomos nagrin¢jant NV centro vibroning

strukttra. [Trecias disertacijos skyrius| pristato defekto virpesinés struktiiros

tyrimo metodologija. Si metodologija pritaikyta dviems neigiamai jkrautiems
deimanto defektams: azoto—vakansijos (NV) ir silicio—vakansijos (SiV) cent-
rams. Silicio-vakansijos virpesinés struktiiros tyrimo medziaga publikuota

disertacijos straipsnyje [TT]. [Ketvirtame skyriuje|pristatomi NV~ centro liu-

minescencijos ir sugerties spektry skai¢iavimai. Gauti spektrai lyginami su eks-
perimentu ir aptariamas teorijos patikimumas ir trikumai. Sio tyrimo medZiaga

publikuota disertacijos straipsnyje [T2]]. [Penktame skyriuje| nagrinéjama NV

centro fotojonizacija, kurios metu defektas pakeicia kriivio biisenq i§ neigiamai
ikrautos (NV ™) j neutralig (NVY). Cia pristatomi fotojonizacijos slenksciy ir
skerspjuviy skaiciavimai, kurie publikuoti disertacijos straipsnyje [L3[]. Toliau
trumpai apzvelgsime disertacijos turinj ir pagrindines i§vadas.
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2.1 Teorijos ir metodologijos apZvalga: elektroniné, virpesiné ir
vibroniné defekto struktura

Kalbédami apie virpesiy molekulése ar kietuosiuose kiinuose apra§yma nau-
dojant kvanting mechanika, visada turime omenyje adiabating aproksimacija,
kuri efektyviai atskiria branduoliy sistema nuo elektrony. IS tikryjy, adiabatiniy
aproksimacijy yra keletas rtsiy, o pati paprasCiausia yra statiné adiabatiné
aproksimacija (Zr. [2.2] skyrelj). Ji naudojama Siame darbe. Nors Sis adiabatinis
artinys yra grubiausias i$ visy, jis yra labai patogus nagrinéjant sudétingesnius
neadiabatinius reiskinius (Jahn-Teller efekta). Statinéje aproksimacijoje elekt-
roninés sistemos Schrodinger lygtis yra sprendZiama laikant, kad branduoliai
yra klasikinés nejudancios dalelés. Surade elektroninés lygties sprendinius,
galime suskaiciuoti adiabatinés potencinés energijos pavirSius branduoliams,
o Sie pavirsiai pilnai apibrézia kvant-mechaninj uZdavinj gardelés dinamikai.
Formaliai, adiabatinis bendrosios sistemos sprendinys uZsiraso taip:

‘I!i,n (I‘, R) = % (r)Xi,n (R)a
¢ia 1);(r) yra elektroniné bangine funkcija, o x; ,(R) yra branduoliy banginé
funkcija, elektronams esant buisenoje 7. Taigi, kai kalbame apie elektroning ir
virpesing struktlira, visada turime omenyje Sias dvi dedamasias.

Elektroninés sistemos sprendimas: tankio funkcionalo teorija

Adiabatiniame artinyje pirmoji uZduotis yra elektroniniy biiseny v;(r) radimas.
Daugelio daleliy sistemoms tikslus elektroninés Schrodinger lygties sprendi-
mas yra nejmanomas, todél naudojami artutiniai metodai. Siame darbe mes
pasirinkome tankio funkcionalo teorija (angl. density functional theory, DFT),
kuri leidZia apytiksliai spresti elektroninj uZdavinj skaitiniais metodais (Zr.
skyrelj). Defekto elektroniniy buseny skai¢iavimams naudojamas geometrinis
supergardelés modelis (Zr. [2.3.4] skyrelj), kuriame defektas yra patalpinamas j
didelj, periodiskai atsikartojantj kristalo gardelés fragmenta.

Tankio funkcionalo teorija yra grieztai apibréZta pagrindinés elektroninés
biisenos radimui, o teorijos netobulumai atsiranda dél apytiskliy pakaitos—kore-
liacijos funcionalo formy (angl. exchange—correlation functional). Naudodami
modernius funkcionalus, dideles supergardeles ir Siuolaikinius superkompiute-
rius galime gana tiksliai surasti pagrinding elektroning biiseng ir suskaiciuoti jos
adiabatinius potencinés energijos pavirsius. Taciau suzadinty biiseny skai¢iavi-
mas yra labiau apytikslis ir sudétingesnis. Siy biiseny modeliavimui naudojame
taip vadinama ASCF metodologija skyrelis) ir molekuliniy defekto

orbitaliy modelj (2.3.5]skyrelis).
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Defekto virpesiai: jterpimo metodologija

Suradus elektroninés sistemos biisenas, defekto gardelés virpesiai skaiciuojami
taikant harmoning aproksimacija, kurioje virpesiai atitinka mazos amplitudés
judéjima apie pusiausvyrasias padetis (Zr. [2.4]skyrelj). Tokie sprendiniai jprastai
vadinami ,,fononais* arba ,,modomis*. Defektas pakeicia idealios gardelés
virpesing struktiira. Iterpus defekta, gali atsirasti lokalios arba rezonansinés
modos, kuriy amplitudé defekto aplinkoje yra didesné, lyginant su erdviskai
iSplitusiais kristalo virpesiais. Dél Sios prieZasties, tokio tipo virpesiai stipriau
saveikauja su elektronine sistema ir yra svarbis, aprasant elektron fononinius
defekto reiskinius. Lokalios modos atsiranda energijos srityje, kurioje idealus
kristalas neturi virpesiy. Sios modos yra stipriai lokalizuotos. Tuo tarpu
rezonansinés modos yra perturbuoti kristalo virpesiai. Jos susigrupuoja tam
tikros energijos diapazone. Taigi, kalbédami apie virpesinj rezonansg, visada
turime omenyje ne viena moda, o lokalizuoty mody rinkinj.

Deja, praktiniai virpesinés struktiiros skaic¢iavimai supergardelés geomet-
rijoje néra labai tikslis. Supergardeléje modeliuojamas tankiai periodiskai
atsikartojantis defektas. TaCiau realiame kristale defekty koncentracija yra labai
maza ir tikslesnis modelis bty ,,izoliuotas defektas begaliniame kristale. Dél
skai¢iavimy sudétingumo ir laiko, tankio funkcionalo teorijos skai¢iavimuo-
se supergardelés dydis negali virSyti Simty ar tikstanciy atomy. Disertacijos
tyrime parodome, kad tokiose gardelése virpesiné struktiira netiksliai atspindi
izoliuoto defekto modelj. Sios problemos sprendimui naudojame jterpimo
metodologija (angl. embedding methodology), kurioje i§ skai¢iavimy maZose
supergardelése sukonstruojamas virpesinés struktiros modelis labai dideléms
supergardelés geometrijoms skyrelis). Siose sistemose atomy skai¢ius gali
siekti deSimtis tukstanc¢iy atomy.

Jahn-Teller sistema ir vibroninés biisenos

Adiabatiné aproksimacija yra gana tiksli, kada energijos skirtumai tarp elektroniniy
lygmeny yra daug didesni nei charakteringa virpesinés sistemos suZadinimo
energija. TaCiau auksta defekto taskiné simetrija daZnai lemia iSsigimusias
elektronines biisenas. Siuo atveju adiabatiné aproksimacija tampa nekorektiska

ir nebegalime atskirai nagrinéti elektrony ir branduoliy dinamikos. Paprastai
kalbant, iSsigimusios sistemos branduoliy dinamika stipriai veikia elektroning
posisteme ir atvirksc¢iai. Tokios biisenos literattiroje vadinamos Jahn—Teller
(JT) sistemomis (Zr. [2.5]skyrelj), o ju bendra banginé funkcija turi pavidala:

U(r.R) = 3 i(e)i(R)
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¢ia i sumuojamas per i$sigimusius elektroninius lygmenis v;(r). Jahn-Teller
sistemos sprendimas yra sudétingas, tod¢l dazniausiai defekty fizikoje yra
naudojamas efektyvus vienos modos modelis [106} [111]. Nors §is modelis
paaiskina kokybing sistemos elgsena, kiekybiniam apraSymui jis tinka tik labai
stiprios Jahn-Teller saveikos atveju [112]]. Dél Sios priezasties disertacijoje
detaliai nagrinéjamas teorinis Jahn—Teller sistemy apra§ymas. Cia pirma karta
pristatoma ab initio metodologija, skirta teoriniam daugelio mody JT sistemos

nagrinéjimui.

2.2 Virpesiné defekto struktura

Sios disertacijos ftre¢iame skyriuje| nagrinéjama deimanto NV~ ir SiV™ centry

virpesiné struktiira. Siame skyriuje pristatoma jterpimo metodologija (angl. em-
bedding methodology), skirta nagrinéti virpesius efektyviai izoliuotoje defekto
sistemoje. Taikant Sig metodologija, suskaiCiuoti centry virpesiniai spektrai
ir atlikta virpesiy lokalizacijos bei simetrijos analizé. NV~ defekto virpe-
sinis spektras véliau naudojamas optiniy linijy modeliavimui, kuris pristato-
mas ketvirtame disertacijos skyriuje. SiV™ centro virpesiniy rezonancy bei
ju izotopiniy poslinkiy tyrimas buvo publikuotas disertacijos straipsnyje [[T1].
Toliau trumpai pristatysime SiV™ centro tyrimg ir pagrindines i§vadas.

SiV™ centro virpesiné struktiira

Per pastarajj deSimtmetj neigiamai jkrautas silicio—vakansijos (SiV) centras
deimante tapo perspektyviu konkurentu NV centrui [I71]]. Sis centras turi
geras spektrines charakteristikas: jo liuminescencijos fononiné pajuosté yra
labai silpna ir mazdaug apie 70% spinduliuotés intensyvumo tenka befononei
linijai [142] (zr. 3.T1[b) pav.). Toks befonones linijos ry§Skumas yra labai svar-
bus koherentiniy fotony emisijai, kuri reikalinga kvantinés optikos ir kvantiniy
technologijy taikymams.

Neseniai atliktame SiV centro eksperimentiniame tyrime buvo stebétas
liuminescencijos piko, nutolusio nuo befononés linijos per 64 meV, poslin-
kis Zemesniy energijy kryptimi [141]], atsirandantis kei¢iant silicio izotopa.
Ankstesni tankio funkcionalo teorijos skaiCiavimai aptiko lokalizuota moda
su panasia energija (56.5 meV) [140]], taciau teoriSkai suskaiCiuoti izotopiniai
poslinkiai yra daug maZesni nei stebima eksperimente. Eksperimente 2°Si ir
30Si izotopams piko energija sumazéjo atitinkamai 1.02 meV ir 2.21 meV. Tuo
tarpu teoriniai poslinkiai yra 0.62 meV ir 1.24 meV.
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1 lentelé: Teoriniy skai¢iavimy palyginimas su ekperimentiniais duomenimis.
Teorija: as, ir e, simetrijos virpesiniy rezonansu dazZniai € ir izotopiniai po-
slinkiai. Eksperimentas: liuminescencsijos fonony piky dazniai 2 ir izotopiniai
poslinkiai. Eksperimentiniai duomenys i$ Saltinio [[141]]. ND = ,,neuZfiksuo-

113

tas™.

Teorija: virpesiniai rezonansai
simetrija  Qog (MeV)  Qag/Qag 028 /Qs30

a2y 43.4 1.018 1.035
ey 60.1 1.021 1.039

Eksperimentas: fotoliuminescencijos fonony pikai
Qog (meV)  Qog/Qag Qg /N30

64 1.016 1.036
42 ND ND

Disertacijoje, taikant tankio funkcionalo teorijg ir jterpimo metodologija,
nagrinéta neigiamai jkrauto SiV centro virpesiné struktiira. Jterpimo metodo-
logijos pagalba tirti defekto virpesiniai spektrai gardelése, talpinanciose iki
5832 atomy. Tyrime nustatyta, kad defekto perturbacija lemia dviejy ag,, ir
e, simetrijos virpesiniy rezonansy atsiradima. Savo skaiiavimuose parodo-
me, kad izotopinio poslinkio nustatymas, nagrinéjant vieng rezonanso virpesj,
néra korektisSkas. Bitent §i prieZastis ir lémé izotopiniy poslinkiy neatitiki-
ma tarp eksperimento ir ankstesniy teoriniy skai¢iavimy [140]. Tuo tikslu
darbe pristatyta nauja metodologija virpesiniy rezonansy nagrinéjimui ir jy
izotopiniy poslinkiy nustatymui. Naudojant §ia metodologija suskaiCiuotos
virpesiniy rezonansy energijos ir izotopiniai poslinkiai. Sie rezultatai, kartu
su eksperimentiniais fonony piko matavimais, pateikti [T] lenteleje. Matome,
kad teoriné e, rezonanso energija ir izotopinis poslinkis puikiai sutampa su
64 meV eksperimentiniu piku ir jo poslinkiu. Sis sutapimas leidZia speéti,
kad liuminescencijos pikas ties 64 meV atsiranda dél e,, virpesinio rezonanso.
Taciau miisy tyrimas rodo, kad e,, simetrijos mody atsiradimas liuminescen-
cijos spektre yra nepaaiSkinamas Franck—Condon artinio ribose. D¢l Sios
prieZasties, darbe iSkelta hipotezé: e, fononai dalyvauja optiniame Suolyje
dél Herzberg—Teller efekto, kurio metu branduoliy virpesys moduliuoja opti-
nio Suolio matricinj elementa. Sis tyrimas publikuotas pirmame disertacijos
straipsnyje [[I'1].
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2.3 Deimanto NV~ centro liuminescencijos ir sugerties linijos

[Ketvirtas disertacijos|skyrius yra skirtas giliyjy defekty optinio spektro linijy

modeliavimui. Sios linijos turi defektams specifiska forma, kuri yra nulemta
elektroninés ir virpesinés defekto struktiiros. Todél tiksliis tokiy linijy skaicia-
vimai turi keleriopa svarba. Visy pirma, gebéjimas tiksliai atkartoti eksperi-
mentinj spektra pasitarnauty identifikuojant gilivosius kristalo defektus. Taciau
ne maziau svarbus yra ir teorinis aspektas. Tokiy spektriniy linijy modeliavimas
remiasi j elektroninés ir virpesinés struktiiros teorinj apraSyma. Lygindami
teorija su eksperimentu mes galime jvertinti teoriniy metody bei artiniy patiki-
muma. Defekty optiniy linijy skai¢iavimas yra sena teorinés fizikos problema,
nagrinéta jau daugiau nei prie§ puse¢ Simtmecio [124}[125]. Deja, tikslis Siy
linijy skai¢iavimai, naudojant pirminius kvantinés mechanikos principus, yra
gana sudeétingi ir iki Siol néra gerai iSvystyti.

Disertacijoje nagrinéjamos neigiamai jkrauto deimanto NV centro optinio
spektro linijos. Sis defektas turi gerai iStirtas spektrines charakteristikas, kuriy
fizikiné prigimtis dar néra iki galo paaiSkinta. NV~ centras yra jdomus ir
tuo, kad optiskai suzadinta elektroniné bisena yra dvigubai i§sigimusi. Sis
iSsigimimas lemia dinaminj Jahn—Teller efekta. Todél, darbe daug démesio
skirta Jahn—Teller efekto teoriniam nagrinéjimui. Vienas i§ pagrindiniy diser-
tacijos pasiekimy yra naujos praktinés metodologijos, skirtos daugelio mody
E® (e ®ed®---)Jahn-Teller sistemos analizei, sukirimas.

Disertacijoje pristatomas NV~ centro elektronings, virpesinés ir vibroninés
sistemos tyrimas naudojant tankio funckionalo teorijos skaiciavimus. Siekiant
didelés optiniy linijy spektrinés raiskos, defekto virpesiné struktiira skaiiuota
labai didelése supergardelése (iki 64 000 atomy). Skaiciavimai atlikti nau-
dojant PBE ir HSE pakaitos—koreliacijos funkcionalus. Sie funkcionalai yra
daZniausiai naudojami defekty elektroninés struktiiros skai¢iavimams. Miisy
tyrimas rodo, kad abu tankio funkcionalai gerai apraSo virpesing NV centro
struktiira: teorinés PBE optinio spektro piky vertés beveik idealiai sutampa
su eksperimentinémis, tuo tarpu, HSE funkcionalui Sios energijos yra Siek
tiek didesnes (zr. [4.9]ir A.10] pav.). Nors bendra teoriné liuminescencijos ir
sugerties spektry forma gerai sutampa su eksperimentu, matomas nedidelis
neatitikimas 8iy spektry svoriy pasiskirstyme. Sis nesutapimas atsiranda dél
netiksliai jvertintos gardelés relaksacijos po optinio Suolio, o jo prieZastis yra
netikslus suZadintos biisenos modeliavimas. Tyrimo metu pastebéta, kad neati-
tikimas, apraSant elektroninés sistemos saveika su virpesiais, yra sistemingas ir
maZzdaug vienodas visoje spektrinéje srityje. Tuo tikslu jvestas fenomenologi-
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1 pav.: Teorinés ir eksperimentinés (a) liuminescencijos ir (b) sugerties linijos.
Teoriniuose skai¢iavimuose PBE Huang—Rhys spektrai padauginti i$§ fenomeno-
loginés konstantos ¢ = 1.2: S;, = (Sq, (w) ir S|, = (Se(w). Eksperimentiniai
spektrai iS [[17]], [1O9] ir [135]].

nis daugiklis , i$ kurio dauginamos elektron—fononinés saveikos konstantos
(Huang—Rhys parametrai). Parinkus vert¢ ( = 1.2, gautos teorinés kreivés
puikiai sutampa su eksperimentu. [T| paveiksle pavaizduotos galutineés teorinés
(a) liuminescencijos ir (b) sugerties linijos kartu su eksperimentiniais spektrais.
IS Siy palyginimy matome, kad teorija puikiai atkartoja bendra asimetrija tarp
emisijos ir absorbcijos bei paaiskina skirtinga pirmojo fonony piko struktiira.
Miisy skaiciavimai rodo, kad Sio piko iSplitimas sugerties spektre yra virpe-
sinés struktiiros poky¢io suZadintoje biisenoje pasekmé. Sj pika lemia visiskai
simetrinés a; modos, o ne Jahn—Teller aktyvios modos (kaip buvo manoma
ankscCiau [111]).

Sio tyrimo rezultatai parodo, kad naudojant modernius tankio funckionalo
teorijos skaiCiavimus galime dideliu tikslumu nustatyti giliyjy defekty optines
linijas. Taciau iki idealaus tikslumo triksta geresniy funkcionaly ir metody,
skirty suZadinty buseny skai¢iavimams. Neskaitant to, pristatytas tyrimas pato-
bulina pirminiy principy skai¢iavimo metodologija elektron—fononinés saveikos
apraSymams. Sis tyrimas publikuotas antrame disertacijos straipsnyje [T2].

2.4 Deimanto NV~ centro fotojonizacija

Dauguma praktiniy NV centro taikymy reikalauja optinio suzadinimo. Taciau
stipriai Sviesdami lazeriu, galime sukelti spindulinio centro fotojonizacija,
kurios metu defekto sistema pakeicia kruivio biiseng i$ neigiamai jkrautos (NV ™)
i neutralia (NVY). Daugumai taikymy $is procesas yra nepageidautinas, tadiau
egzistuoja ir atvejy, kada fotojonizacija yra naudinga. PavyzdZiui, neseniai
pristatyti du nauji sukinio nuskaitymo protokolai, kurie pagristi neigiamo centro
fotojonizacijos mechanizmais [149, [150].
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2 lentelé: Neigiamai jkratuto NV centro fotojonizacijos slenksciai. Eksperi-
mentiniai duomenys paimti i$ Saltiniy [[148) [153]]. Fotojonizacijos i$ singletinés
biisenos IP(1E) verté nebuvo tiesiogiai suskai¢iuota, bet nustatyta naudojant
eksperimentinius duomenis i$ Saltinio [[158]].

IP(3A5) IPCE)  1P('E)

teorija 2.67 1.15 2.2
eksperimentas 2.6%, 2.7° - -

@ Saltinis [148]
b Saltinis [133]]

Eksperimentinis NV centro fotojonizacijos slenksciy ir skerspjiviy matavi-
mas yra sudétingas. Visy pirma, Svieciant lazeriu pastoviai vyksta jonizacijos
ir rekombinacijos procesai, kuriy metu defektas keicia kriivio buisenas. Todél,
matavimuose yra sunku atskirti $iuos du procesus. Neskaitant to, NV~ centro
fotojonizacija i§ suZadintos biisenos konkuruoja su stimuliuotos emisijos proce-
su, kas padaro eksperimentinj tyrima dar sudétingesniu. I$ visy galimy NV ™
centro fotojonizacijos mechanizmy yra Zinomas tik jonizacijos i§ pagrindinés
biisenos eksperimentinis energijos slenkstis (energija vir§ kurios prasideda foto-
jonizacijos procesas). Taciau praktiniams taikymams (kai jonizacija Zalinga ir
naudinga) svarbiausias mechanizmas yra jonizavimas i§ suzadintos 3FE biisenos,

kuris iki Siol néra gerai iStirtas.

Sios disertacijos [penktame skyriuje|tiriama neigiamai jkrauto NV centro

fotojonizacija i3 triju elektroniniy biiseny: 3As, 3E ir 'E. Pirmoje tyrimo dalyje
nagrinéjama defekto elektroniné struktiira pries ir po jonizacijos. Darbe nusta-
tyti procesy mechanizmai ir galutinés neutralaus centro biisenos, pavaizduotos
paveikslélyje. Matome, kad po jonizacijos i§ pagrindinés tripletinés (®Ay) ir
metastabilios singletinés ('E) biiseny, defektas atsiduria 2E biisenoje, kuri yra
pagrindiné neutralaus centro biisena. TaCiau, jonizavus defekta i§ suZadintos
3E biisenos, NV centras atsiduria metastabilioje kvartetinéje biisenoje 4.
Sis rezultatas prieStarauja nusistovéjusiai nuomonei, kad $io proceso galutiné
biisena irgi yra pagrindiné neutralaus centro biisena 2. Darbe parodome, kaip
NV~ sukinio poliarizacija lemia kvartetinés biisenos sukinio poliarizacija. Sis
modelis paaiSkina iki Siol nesuprastus elektrony paramagnetinio rezonanso
eksperimentus [[159]].

Antroje tyrimo dalyje skaitmeniSkai nagrinéjami fotojonizacijos slenksciai
ir skerspjiiviai. Suskaiciuotos slenkséiy vertés pateiktos [2|lenteléje (IP(°E) ir
IP(1E) vertés iki Siol nebuvo Zinomos). Fotojonizacijos skerspjiiviy nustatymui
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2 pav.. NV~ centro fotojonizacijos mechanizmai i§ 345, ®F ir 'E biiseny.
Horizontalios juodos linijos Zymi NV~ energetinius lygmenis, o pilkos — NV
biisenas po jonizacijos. Briksniuotos rodyklés Zymi galimus fotojonizacijos
peréjimus. Ezpr yra befononé tripletinio Suolio energija.
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3 pav.: Teoriniai pagavos skerspjuviai. IStisin€ juoda linija (opp,): fotojonizacija
i§ suzadintos 2E biisenos; tamsiai pilka istisiné linija (o ): NV~ stimuliuota
emisija; Sviesiai pilka iStisiné linija (oingra): NV sugertis; brikkSniuota juoda
linija: fotojonizacija i¥ singletinés 'E biisenos.
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sukurta nauja metodologija, kuri remiasi tankio funkcionalo teorijos skaicia-
vimais, defekto molekuliniy orbitaliy modeliu ir elektron—fononinés saveikos
apraSymu. Sios metodologijos pagalba suskaiiuoti visy triju mechanizmy
skerspjuviai. Svarbiausias tyrimo rezultatas yra pateiktas [3| paveikslélyje, kuria-
me atvaizduoti jonizacijos skerspjiiviai i§ *F ir 'E biiseny, kartu su tripletinio
Suolio (345 « 3E) stimuliuotos emisijos ir sugerties skerspjiiviais. Nagrinéjant
santykj tarp 3E jonizacijos ir stimuliuotos emisijos, nustatytos dvi energijos
sritys (~1.25 + 1 eV ir ~1.92 4 0.25 eV), kuriose fotojonizacija dominuo-
ja prie§ stimuliuota emisija. Sios teorinés sritys puikiai sutampa su naujais
eksperimentiniais tyrimais, kuriuose efektyvi fotojonizacija buvo uzfiksuota,
naudojant 1.93 eV ir 1.17 eV lazerius [167, [168]]. Taip pat gautas geras ati-
tikimas su Hacquebard ir Childress eksperimentiniu tyrimu [166], kuriame
lvertintas pavienio centro fotojonizacijos ir stimuliuotos emisijos skerspjuviy
santykis, Zadinant infraraudonos spinduliuotés lazeriu (1.62 eV) o/ Oph =~ 13.
Misy teoriné verté, suskaiCiuota $iai energijai yra o/ opnh = 12. Sis atitikimas
pagrindZia teorinés metodologijos patikimuma.

Sio tyrimo turinys buvo publikuotas tre¢iame disertacijos straipsnyje [T3].
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