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Examination of Defect-Induced Properties in Nanomaterial Systems

Ryan Beck

Chair of the Supervisory Committee:
Xiaosong Li
Chemistry

Doped, semiconducting nanomaterial systems can be widely used for sensing, spintronic,
light harvesting, and display applications to name a few. The ability to tune the response
of these systems through modulation of their size or the inclusion of specific atoms and
defect centers enables many of these applications. An in-depth understanding of the origin
of observed responses, as well as the prediction of the performance of novel systems is highly
sought-after. Density functional theory (DFT) is a fairly accurate method which enables
examination into systems approaching the experimental size of nanoparticles. In the first
part of this work, the spectroscopic signatures of dopants within a nanodiamond lattice
are examined. Since nanodiamonds are wide-band-gap semiconductors with a rigid lattice
that are stable under large temperatures and pressures, they are an excellent candidate for
several applications such as high pressure and temperature sensors. The abiltiy to control
the doping within the lattice enables the design of defects with long lasting coherence
enabling their use as spin sensors or qubits. The spectroscopic signatures of several of these
dopants are examined to see the effects on the vibrational, optical, and X-ray absorption
spectroscopies to inform on the structure of these systems, and provide methods for their
identification within a given sample. The second part investigates how atomically percise
chemical doping can create and control complex magnetic patterns within a 2-D magnetic

device.
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Chapter 1

INTRODUCTION

1.1 Theoretical Computation of Electronic Ground State

1.1.1  Wavefunction Ground State

The start for obtaining theoretical insights into chemical systems starts by solving (or
approximately solving) the Schrodinger equation (for the purposes of this discussion time-

dependence and relativity are left out):
H|¥) = E|¥) (1.1)

Due to the complexity of solving the full equation, several approximations are used, begin-
ning with the Born—-Oppenheimer approximation which decouples the full Hamiltonian into

nuclear and electronic components:

A~

H =T + Hy (1.2)

where:
o 1 9
Tnuc - - ; Qm# vu (13)

with Z,, noting the charge on atomic center u, and:
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with r) designating the position of particle A in space, indices ¢, j running over the electrons,

and pu,v running over the nuclei. The electronic problem can now be solved for a fixed



geometry of nuclei leading to the clamped-nuclei approximation:
I:Iel(ra R) = Eel(R)wel(rv R) (15)

with r and R noting electronic and nuclear coordinates, respectively. Thus the energy can

~

be obtained by adding the nuclear kinetic energy (7},,.) back in:

{Tue(R) + Ea(R)}nuc(R) = Erorthnuc(R) (1.6)

Solving for the E; is still quite complex, however, and as such, the following discussion will

focus on it, and the el subscript is dropped for brevity.

We can further split H from Eq. (1.4) into:
ﬁ:ZiLi—i—ZQZ‘J—FiLQ (1.7)
i i

where the terms now reflect the one-electron, two-electron, and nuclear energy, respectively

given by:
1 Z
hi=—5Vi-> - 1.8
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The two-electron term (g; ;) is commonly broken up into Coulomb (J) and exchange (K)
terms. Unfortunately, we don’t know the orbitals yet, and thus variational theory is used
to determine the orbitals that minimize F. In order to do so the orbitals are changed by a

small (infinitesimal) amount: ¢; — ¢; + d¢; leading to a change in the total wave function



U — WU, + 0¥,. The energy can thus be written:

BlU +060] =" (¢; + 63| h| b + 06)
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In order to get the first-order variation () E[¥] terms linear in §¢ are collected:

SVBI] =" (0| hloi) + > {(00i5] §lbics) — (0iss| §lbidi)} + cc.

? 2%

= Z (6l h|gi) + Z{<5¢i\ J—K|¢i)} +cc. (1.12)

- Z (65| F'|pi) + c.c.

where c.c. is the complex conjugate. The term F is the Fock operator (F =h+J- K),
and the energy minimum can only exist when the variation (§()E) vanishes. Writing d¢;

in terms of occupied (¢;) and unoccupied (¢,) molecular orbitals (MOs):
0p; = Z ai7j¢j + Z awqba (1.13)

with « being an infinitesimal quantity. The first term describes an infinitesimal transfor-

mation of the occupied MOs leaving ¥ unchanged, but the second term leads to:

(Ba| F'|opi) =0 (1.14)

which is the general Hartree-Fock equation. If Eq. (1.14) is written as:
Foi=> Aeidn (1.15)
k

where k runs over all occupied MOs. If a new matrix diagonializing A (V') is introduced,



new MOs can be formed by:
6=y oV (1.16)

which leads to the most common form of the Hartree-Fock equations:
F(gj = qugj (117)
From which, the total energy can be obtained:
1 .
Ezzei—izwiu—f(\@) (1.18)
(2 (2

It should be noted that all variations to the MOs need to maintain orthonormality.[1, 2]

1.1.2 Density Functional Theory Ground State

Unfortunately, for systems containing large numbers of nuclei and electrons, the scaling for
wavefunction-based methods becomes untenable. As such density functional theory (DFT)
was introduced. DFT is able to take the many-body problem of N-interacting electrons and
reduce it into a problem of non-interacting electrons within a static potential containing the

Coulomb and exchange/correlation terms. Rewriting Eq. (1.7) as:
H=T+ W+ Ve (1.19)

with T being the kinetic-energy operator, W.. the electron—electron interaction operator,
and Vne the nuclei—electron interaction operator. The idea for DFT is to reformulate the

variational theorem to be in terms of the electron density, given by:
n(r) = N/ |U(x1, 22, ..., 2x)|2doy, dxa, ..., doy (1.20)

which is normalized so that the integral over all space returns the number of electrons in
the system ([ n(r)dr = N).

If an applied external potential (v(r)) can be applied to a system in place of the



nuclear-electron potential (v,e(r)), a ground-state density can be obtained by solving the
Schrodinger equation. In 1964 Hohenberg and Kohn showed that the mapping can be in-
verted (e.g. n(r) — v(r) 4 const.) and also conclude that two local potentials differing by
more than an additive constant cannot share the same ground-state wave function.[3] Thus
the ground-state density determines the potential which then determines the Hamiltonian.
The potential is a unique (up to an additive constant) functional of the ground state density.
Thus, the ground-state wave function for a given potential is a functional of n which can

be used to define the universal density functional:

Fln] = (Y[n]| T + Wee [1[n]) (1.21)
which can be used to define the total electronic energy functional:

E[n] = F[n] + /vne(r)n(r)dr (1.22)

for the specific external potential, v, (r), of the system considered. The energy is variational

so the minimum energy can be given as:
Bo = min { Fln] + [ vne(x)n(x)dr} (1.23)

The existence of both a mapping from a ground-state density to a local potential, and the
universal density functional, along with the variational behavior of the energy with respect
to the density constitutes the Hohenberg-Kohn theory.[3] Unfortunately, the exact form
for the universal functional is unknown, with the difficulty of approximating the functional

Kohn and Sham proposed to decompose the functional as:[4]
F[n] = Ts[n] + Egxc(n] (1.24)

where T[n] is the kinetic-energy functional and Eyxc[n] is the Hartree—exchange—correlation



functional. Ts[n] can be defined with a constrained-search formulation:
Ty[n] = (2[n]| T |@[n]) (1.25)

where @ are normalized single-determinant wave functions yielding a fixed density n. For a
given density, the minimizing ®[n| is called the KS wave function. The KS method is thus

able to express F'[n] in terms of single-determinate wave functions:
By = min{(®| T + Ve |2) + Enxclnal} (1.26)

While a wavefunction has been reintroduced compared to Eq. (1.23), since it is only a
single-determine wave function it still simplifies a multi-determinant wavefunction (¥). In
addition, since the T term can be treated explicitly, only the Exx¢[n] requires approxima-

tion in terms of the density. Exxc[n] is written as:
Ech[n] = EH[TL] + Exc[n] (1.27)

where Ef[n] is the Hartree energy functional given by:

// drler (128)
|r12\

giving the classical electrostatic repulsion for the charge distribution. The exchange-correlation
energy is thus left to be approximated. A commonly-used approximation for this, named

the generalized-gradient approximation or GGA, expresses Ex¢ as:

ESSAn /f (r))dr (1.29)

where f is a determined function. GGAs are considered semi-local approximations since it
depends on both the density and the gradient of the density. Examples include, but are not
limited to, the B88 exchange functional,[5] the LYP correlation functional[6], and the PBE

exchange-correlation functional.[7] This then lead to mixing of the exact (Hartree-Fock)



exchange with GGA functionals. One of the more common so-called ‘hybrid functionals’
was proposed by Becke in 1993 including a three-parameter hybrid approximation taking

the form:[8]
EYL = aBIF £ bEGCY + (1 — a — b)) EXPA + cES9A + (1 — ¢)ELPA (1.30)

where the three parameters a, b, ¢ are determined through fitting to experimental data. For
large molecules, however, an additional approximation (range-separation) is often included
where the amount of the included exchange is tempered by the distance between centers.

This leads to methods such as the Coulomb-attenuating method (CAM) taking the form:
ESGAM = aEPHE L pEIDHE L (1 — ) ESPFA 4+ (1 — b) ERPFA 4 cEPTA (1.31)

with sr and [r being for the short- and long-range interactions. The inclusion of HF exchange

at short range can help improve thermodynamic properties.|[2, 9]

1.2 Nanomaterials

With the ability of DFT to accurately handle large systems, a field of intense recent study
has been semiconductor nanoparticles for their wide range of uses in applications such as
sensing, imaging, signal- generating, and photon conversion to name a few.[10-15] They
become especially interesting when either defects (impurities in the nanocrystal structure)
or dopants (a defect containing a different atom than expected in the nanocrystal structure)
are present as this can lead to unique properties and selection rules in comparison to the
bulk structure. In addition to being able to control the properties and selection rules
of the systems by introducing defects and dopants, the resulting properties can often be
further tuned through modulating the size of the nanocrystals. Largely due to the quantum
confinement effect, this results in highly-controllable materials that can be fine-tuned for
many applications.

In order to most effectively generate these devices, however, theoretical insights are

required. Theory can give the energies for formation, molecular insights into observed ab-



sorption and emission features, and information about lifetimes of excitations lending insight
into the structure and how of defect formations, the why of observed spectral responses,
and the how long or even where-to of excited states. These observations provide valuable
insight to experimentally-generated (and in some cases fully-theoretical) systems and can

help lead to better materials or more efficient designs.



Chapter 2
DEFECTS IN DIAMOND

2.1 Diamond Introduction

Nanodiamonds are interesting materials due to their stability which allows the use in biologi-
cal imaging, quantum computing, drug delivery, and sensing due to their lack of photobleach-
ing, spin polarized photoluminescence, and long spin lifetimes when doped.[10-13, 16-20)]
Bulk, undoped diamonds are insulators with a band gap of approximately 5.5 eV,[21] and
have a very dense lattice that both restricts defect diffusion and phase transitions at high
temperatures. When the crystal size approaches the nano-dimension (~5 nm), diamonds
no longer express bulk properties. A band gap opening is observed and discrete electronic
levels (typical of molecules) emerge at band edges. These are all consequences of the quan-
tum confinement effect.[13, 22-30] Therefore, the interaction between diamonds and light
may be modulated by adjusting the host nanocrystal size. In addition, implanting dopants
into the lattice, such as the nitrogen vacancy and silicon split divacancy, or the presence of

surface defects can lead to unique and tunable optical and vibrational signatures.[10, 31-36]

2.2 Methodology

Nanodiamonds were constructed to be nearly spherical with a bulk fcc lattice parameter of
a = 0.357 nm[21] according to the procedure presented in Ref. 31. Hydrogen was chosen to
passivate the surface carbon dangling bonds, given that hydrogen surface termination can
be realized experimentally using a hydrogen plasma process.[10, 37, 38] Other moieties such
as those containing oxygen and nitrogen are commonly found on the surface as a byproduct
of the manufacturing and purification methods including the detonation of high explosives,
high pressure high temperature multi-anvil press, and, most recently, laser-heated diamond
anvil cells (LH-DAC).[10, 33, 39, 40] The unique use of noble gas pressure media during

LH-DAC processing, however, maximizes the probability of graphitic surface reconstruction.
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Before hydrogen removal or defect implantation the diamonds have Cs, symmetry and three
sizes, ~1.4 nm (Cy89H142), ~1.2 nm (C121H104), and ~0.8 nm (Cy4Hy2) in diameter diamond
clusters, have been used throughout. These systems are similar, but slightly smaller, than
commercially available nanodiamonds from laser-heated diamond anvil cell synthesis or
detonation synthesis.[10, 33, 39] Given that the Bohr exciton radius for diamond is ~1.6
nm[41], the electronic properties of these diamond clusters are expected to exhibit quantum
confinement effects.[31] Calculations were performed using the Gaussian electronic structure
software package.[42] To ensure that the optimized structures represent physically valid
models, XAS and Raman vibrational spectra were computed and compared to experimental
results.

The electronic structures of excited states were calculated using TDDFT within the lin-
ear response framework([43-45] and its energy specific implementation for the high-energy
states.[46-48] Transitions for X-ray absorption spectroscopy (XAS) were uniformly shifted[47]
in discussions, reported spectra, and tables so as to better compare with experimentally ob-
tained results for the onset of the pure bulk diamond carbon K-edge obtained with both

electron energy loss spectroscopy[17, 49]and XAS.[16, 50]
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2.3 Surface Defects

Reprinted with permission from R. Beck, A. Petrone, J. M. Kasper, M. Crane, P. Pauzauskie,
X. Li J. Phys. Chem. C., 122, 8573-8580, 2018 copyright 2018 American Chemical
Society.[35]

2.8.1 Diamond Surface Introduction

In diamond, carbon is arranged into a highly symmetric, tetrahedral, sp? lattice. However
due to graphitic pre-edge features that appear in the carbon K-edge energy region of X-
ray and electron energy loss spectroscopy of nanodiamonds, it has been theorized that as
diamond approaches the nano-scale the surface carbons arrange to form sp? features.[16, 33,
50, 51] Briefly, earlier theories on the arrangement of the carbons predicted a diamond core
with a graphitic shell around it.[10, 52] This model for describing the surface of the diamond
still cannot describe an experimentally determined deviation from perfect lattice Bragg
peaks.[52] Thus an improved model was proposed where nanodiamonds arrange themselves
in a manner similar to that in Fig. 2.1.[10, 52] In this model, there is an sp® diamond core
surrounded by a shell of sp? carbon atoms where the diamond lattice deviates from its
perfect tetrahedral arrangement, labeled So in the figure. Finally, this intermediate shell

interacts with the graphitic, sp?, surface layer, labeled S; in the figure.[52]

Figure 2.1: The proposed model for nanodiamond surface reorganization comprised of a
diamond lattice core, a layer of sp® carbons but where the diamond lattice deteriorates
(S2), and the surface (S1).[10, 52]

Surface rearrangement, and thus the carbon hybridization, of nanodiamonds has been
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used to describe experimentally determined features on optical spectra, such as the carbon
X-ray absorption 285 eV pre-edge.[16, 33, 50, 53] In the past few years, the effects of the
surface passivation, symmetry, and functionalization on the diamond lattice reorganization
have been also computationally studied.[49, 54-57] However, a detailed understanding of the
interplay between the surface rearrangement (i.e. sp® moieties, graphitic and sp? strained
layers) and the presence of localized defects in the lattice (i.e. dopants)[52] on the pre-edge
features that appear in the carbon K-edge energy region of the X-ray absorbance spectrum
is still not fully accomplished.

Thus, the effect of different surface hybridizations on the Raman scattering vibrational
spectroscopy and X-ray absorption are examined using a finite-cluster approach and the
effect of different surface hybridizations on optical properties is investigated. Rearrangement
of the surface carbon hybridization is predicted through the structural response to different

surface passivations.

2.8.2 Diamond Surface Methodology

The ground-state electronic structures were obtained by solving the Kohn-Sham equation
using the hybrid Becke, 3-parameter, Lee-Yang-Parr (B3LYP) functional[6, 8, 58] with a
6-31g(d) basis. The theory level employed has been previously validated for the description
of the electronic structure and optical properties of both pure and nitrogen vacancy doped
diamonds of the same dimensions.[31] To examine the effects of the surface passivation on
the diamond lattice as the surface becomes more unsaturated, hydrogens were removed from
the surface and the resulting structure was fully optimized.[59] This surface reorganization
is analogous to what has been hypothesized to occur when nanodiamonds are synthesized
within a laser-heated diamond anvil cell that uses a noble gas (i.e., neon, argon) as the near-
hydrostatic pressure medium.[33] Hydrogens were removed in such a way so as to preserve
the symmetry of the unoptimized structures and to obtain a homogeneous hydrogen density

across the surface of the nanodiamond (see Fig. 2.2).

To verify the structure returned from the optimization were true minima, and to compute

the vibrational frequencies, the second derivatives of the energy with respect to the Cartesian
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Figure 2.2: From left to right the B3LYP/6-31G(d) optimized Cj91Hp, Ci21Hsg, and
Ci21H104 diamond structures.

nuclear coordinates were calculated. Given the number of atoms and possible arrangements
of the systems studied, there are several structures with similar bonding structures and
degenerate energies that can result from the optimizations. A detailed analysis of the
surface reorganization for the differently passivated nanodiamonds is presented providing a
comparison with previous computational studies on diamonds of similar sizes.[16, 49, 57|
The average computed properties over each optimized nanodiamond structure are similar
and representative of experimental data, suggesting that the results presented herein are
valid.

To compare the amount of tetrahedral character exhibited by different diamond atoms
within the core and surface of a nanodiamond, and between nanodiamonds with different
levels of surface passivation, the average carbon—carbon bond distance at different distances
from the origin of the nanodiamond was examined. The average deviation from an ideal
tetrahedral bond angle (109.5°) subtended at each carbon center was examined in addition
to the bond length to show either the existence of a tetrahedral lattice, or the degradation
of the lattice. Three surface passivations were analyzed for the 1.2 nm nanodiamond, where
the surface has 0% (no hydrogens), 50%, and 100% (all surface carbon atoms are bound

with hydrogens) of the original hydrogen passivation.

2.3.83 Structural Reorganization

The lattice structural reorganization and resulting surface layouts are summarized as func-
tions of the different degrees of hydrogen passivation (0, 50, 100%) in Fig. 2.3, where the

average bond length (top panels) and bond angle deviation (bottom panels) are shown. An
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Figure 2.3: The bond lengths as a function of the distance from the center(top), and the
root mean square deviation from the perfect tetrahedral bond angle of 109.5° (bottom) as
a function of the distance from the center of the Cq91 diamond, left, and the Cigo diamond,
right are reported. The dashed line marks the crystallographic bond length of 1.54 A.

overall lattice strain, a slight elongation of the carbon-carbon bonds with respect to the
bulk, is still observed for the core atoms in all models, suggesting that these atoms are sen-
sitive to the surface tension given the size of the nanodiamonds. Through the examination
of Fig. 2.3, it is clear the studied nanodiamonds do not preserve a perfect tetrahedral sp3
bond character through the entire structure as surface passivation is lost.

This model shows that the surface begins to undergo reconstructions when half of the
hydrogens are removed. In this system, the carbon-carbon bond lengths at the surface of
the nanodiamond, 5 A to 6 A from the center, decrease dramatically from ~1.5 A to
~1.4 A and from 1.5 A to ~1.3 A for the 50 and 0% surface passivated nanodiamonds,
respectively. A surface layer of ~2 A in width can be attributed to the studied systems,
since the bond length begins to decrease significantly at ~4 A from the center of the
nanodiamond which has a total radius of ~6 A. The bond length analysis presented here
is very sensitive to the change of the carbon hybridization and therefore is very useful in
highlighting the loss of sp3 character at the surface carbon atoms. On the other hand, the

bond length is less sensitive to the strained layer of sp® carbon (see Fig. 2.1).
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To capture in a more detailed way the loss of tetrahedral character of the carbons
beneath the surface of the nanodiamonds, the absolute deviation from tetrahedral bond
angles, as a function of the distance from the center of the nanodiamond, is reported in
Fig. 2.3. Examining the 1.2 nm nanodiamond, there is a dramatic loss of tetrahedral
character starting ~4 A from the center of the nanodiamond shown as a sharp increase
in the deviation from the ideal tetrahedral bond angle (109.5°). This further indicates
the presence of a surface layer in both the 0% and 50% cases, in agreement with bond
length analysis. When the nanodiamond surface is fully passivated by hydrogens, a limited
deviation of the bond angles is found, showing that the tetrahedral lattice persists through
the entire structure. On the other hand, when the nanodiamond has half of the surface
hydrogens, there is already a significant deviation in the bond angles starting at a ~2
A distance from the surface. Moreover, when all of the hydrogens have been removed there
is a region at ~3 A from the surface of the nanodiamond where the bonds are still in the
tetrahedral bonding regime, according to their bond lengths, but their bond angles deviate
from their tetrahedral value (109.5°). This is the first evidence, in this work, of the presence
of the Sy layer (see Fig. 2.1) in nanodiamonds. The 1.2 nm nanodiamonds thus consists of
a surface layer of ~3 A in size where the sp® hybridization of the carbon atoms is no longer
present, and is further comprised of both the S; and Ss layers (see Fig. 2.1).

A similar result can be found for the 1.4 nm diamond, Fig. 2.3 (right panels). It is
interesting to note that the bond angle deviation for the 1.4 nm 0% hydrogen passivated
diamond is significantly less than in the corresponding 1.2 nm nanodiamond. Upon closer
inspection of the resulting optimized structures, formation of a fullerene-like structure form-
ing on the surface can be observed in the 1.4 nm system. This structure may be unable to
form on the 1.2 nm nanodiamond as it may not be large enough to sustain the structure
due to a larger surface tension present in smaller nanodiamonds. The dependence of this
sp? surface formation on the size and shape of the nanodiamonds, along with the presence
of graphitic/fullerene structures has been previously observed.[16, 49, 57] For both 1.2 and
1.4 nm nanodiamonds, when the surface has only 50% of the original hydrogen passivation
there is a significant deviation from the tetrahedral bond angle close to the surface. This

observed deviation is due to the formation of non-interacting sp? bonds on the surface,
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Figure 2.4: B3LYP/6-31G(d) Raman spectra for the 1.2 and 1.4 nm diameter fully hydrogen
passivated nanodiamonds. The high-energy carbon-hydrogen stretches (3000 cm~1!) are not
shown. Raman activity has a 4 cm~! broadening applied to generate the spectra for both
plots.

given the uniform hydrogen distribution scheme used in our models, that greatly distort
the existing tetrahedral centers. This deviation is lessened in the 0% hydrogen cases as
a more uniform graphitic structure is able to form on the surface. Given the 1.2 nm and
1.4 nm nanodiamonds undergo a similar surface reconstruction the vibrational and X-ray

absorption analyses were preformed on the spectra resulting from the 1.2 nm nanodiamond.

2.83.4 Vibrational Analysis

Vibrational spectra, most notably Raman, can be used to identify the size and structure
of nanodiamonds, as well as their surface structure and composition.[60-63] Raman spec-
troscopy is sensitive to different carbon allotropes differing between various structures such
as diamond, graphite, and amorphous carbons, through the appearance and shapes of var-
ious bands in separate regions of the vibrational spectrum.[60-62, 64] Two bands corre-
sponding to the breathing mode of nanodiamond and lattice carbon—carbon stretching mode

energy regions are marked in Fig. 2.4. Note that in the lattice carbon—carbon stretching
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region there is an overlap with hydrogen—carbon-hydrogen bending modes responsible for
the two bands. The high energy carbon-hydrogen stretching peaks (~3000 cm™!) are not
of interest in this study and are thus not shown in the figure. In Fig. 2.4 are the fully hy-
drogen passivated Raman spectra for the 1.2 nm and 1.4 nm nanodiamonds. In particular,
the measured Raman spectrum of nanodiamonds between 1200 and 1800 cm™' has attracted
attention given its complex nature due to several characteristic features:[63, 65-67] (a) the
first order Raman mode of the cubic diamond lattice which appears broader and red-shifted
(~1325 cm™!) with respect to the bulk diamonds. This has been observed as the main spec-
tral feature in this region for diamonds that have been fully passivated by hydrogen.[68, 69]
(b) The so called “D-band” around 1400 cm™ attributed to disorder and amorphous sp?
carbons (mostly breathing motions). (c¢) A broad asymmetric peak between 1500 and 1800

I 'most often labeled as the “G-band” and assigned to the in-plane vibrations of graphitic

cm’
carbon.[63, 70, 71] However, this peak in nanodiamonds differs from the G-band of graphitic
materials both in shape and position.[72] The character of this “G-band” is still under debate
in diamond approaching the nanosize and has been either attributed to mixed sp?/sp? car-
bon structures,[73] or referred as a peak of sp? clusters,[74] without additional explanation
of their exact nature (i.e. amorphous, graphitic, etc.). There also have been attempts to at-
tribute these peaks to carbon carbon double bonded pairs (C=C) within the lattice.[75, 76]
The lower energy (~ 350 cm™!) diamond breathing mode has been shown to have a size
dependence. This is seen through a slight redshift with increasing size of nanodiamond,
with a more in-depth investigation of this peak having been done previously.[60, 61] This
peak is examined as a function of decreasing surface passivation and the Raman spectra at
the energy region of interest for the three surface passivations is plotted in Fig. 2.5. For
the 100% and 50% hydrogen passivated surfaces this peak is shown to not alter drastically,
however with the removal of all the surface passivation this band grows in intensity.
Examining the lattice carbon—carbon stretching region (~1300 cm™!) in Fig. 2.4, two
separate bands can be identified. These bands are due to hydrogen—carbon—hydrogen bend-
ing modes overlapping with carbon—carbon stretching modes. The obscuring of the carbon—
carbon stretches has been noted in previous vibrational studies of nanodiamonds and has

been addressed by artificially increasing the mass of the hydrogen atoms (to 100 amu) so
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Figure 2.5: Diamond lattice breathing region of the BSLYP/6-31G(d) Raman spectra for
the 100%, 50%, and 0% in black, blue, and red, respectively. Raman activity has had a 4
cm ™! broadening applied to generate the spectra for all three plots.

as to shift their response away from the carbon-carbon stretching energy regions.[60, 64]
The Raman spectra with the heavy hydrogen for the 100%, 50%, and 0% surface passivated
surfaces are plotted in Fig. 2.6. In the case where the nanodiamond has 100% surface hy-
drogen passivation a band is seen at 1318 ecm™'. This band is commonly referred to as the
Raman diamond band and is seen in diamond samples as a sharp peak but, as previously
mentioned, at the nanoscale the band has been observed to decrease in intensity, and a 10-20
cm ™! redshift of this peak (1325 cm™)[66, 68, 69] is observed. Thus, our value of 1318 cm™*
shows a good agreement with the experiments. When part, or all, of the surface hydrogen
is removed this band decreases in intensity and broadens in agreement with the Raman
spectrum of nanodiamonds.[63, 65-67] A “D-band” around 1400 cm™ starts to arise, and is
attributed to disorder and amorphous sp? carbons (mostly breathing motions), as can be
inferred from Fig. 2.4. This “D-band” appears in both the 50% and 0% models, because of

the presence of amorphous sp? carbon giving rise to mixed sp? and sp3 carbon ring breath-
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ing motions, in agreement with previous studies.[63] In our work concerning the “G-band”
region, the 0% model shows a red shifted value for this band at 1564 cm™. Since the 0%
coverage cannot support a truly graphitic structure on the surface, but rather sp? rings,
mixed sp? rings, mixed sp?/sp? rings and chains causing softer vibrational modes to appear,
this is consistent with the “amorphous” sp?, or disordered graphitic layer, interpretation of
this peak for nanostructures.[63, 73, 74] The 50% model shows instead no vibrational modes
between ~1470 and ~1650 cm™' as the surface is forming more amorphous and isolated sp?
features given the modeling strategy of uniformly passivating the surface with hydrogen. In
addition, two isolated peaks are observed at ~1530 and ~1727 cm™ (values using regular
hydrogen mass are reported, since these two peaks show greater sensitivity to the hydrogen
mass in contrast to those below ~1450 cm™) for the 50% model due to isolated sp? moieties
that are supported by this model. The peak at ~1530 is ascribed to a breathing motion of
a four membered carbon cage which resembles previously performed calculations and ex-
periments on caged structures of similar size (~1580 cm™).[77, 78] The ~1727 cm™! feature
is due to isolated C=C double bond stretching and H-C=C-H bending mixed modes which
happen to be blue shifted from the experimental Raman response for the C=C stretching
motion (1622 cm™).[79] These shifts may be due to the harmonic treatment used in our
work. However, in synthetic or natural diamond these regions might contain several modes
from surface moieties such as carboxyl and hydroxyl groups, making the overall vibrational

analysis even more complex.[67]

As the surface of the nanodiamond loses hydrogen atoms and begins to form graphitic
structures, low energy breathing modes of the diamonds increase in their spectral response
and additional bands are observed in the Raman spectra. For diamonds synthesized through
detonations or in a multi-anvil press, however, significant differences in the Raman cross
section of different surface moieties overshadow and obscure each other; though, diamonds
synthesized with a laser-heated diamond anvil cell likely have the lowest degree of surface
hydrogen or oxygen bonding due to the use of chemically inert noble gasses (neon, argon)
as near-hydrostatic pressure media. A more specific analytical method is thus required to

characterize these nanodiamonds.
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Figure 2.6: B3LYP/6-31G(d) Raman spectra of the diamond lattice carbon-carbon stretch-

ing region (800-1650 cm™1) for the 0%, 50%, and 100% nanodiamonds (shown in red, blue,

and black, respectively). A carbon carbon triple bonding peak is not shown at 2100 cm™—! in

the 0% hydrogen nanodiamond spectrum. Raman activity has a 4 cm~! broadening applied
to generate the spectra for all three plots.

2.83.5 X-ray Carbon-K edge

X-ray absorption spectroscopy is an ideal spectroscopic technique because it is highly sen-
sitive to both elemental composition and local changes in the molecular structures as elec-
tronic transitions from atomic core electrons to weakly bound states are involved.[80] In
nanodiamond, XAS has been used to characterize heteroatomic dopants and study surface
reconstruction.[50, 81] In this particular study, the different surface reconstructions can be
probed by the different transitions involving carbon 1s core electrons and the electronic
states involving the different antibonding molecular orbitals laying on the surface. To pro-
vide insights to the experimental X-ray data[33, 50|, theoretical calculations are required to
correlate the observed transitions with the molecular orbitals involved. The excited state
orbitals involved in these transitions for nanodiamond typically have o* properties if located
on sp® carbons or can be 7* and ¢* if they are centered on sp? carbons, when these are
present. Thus electronic excitations in the carbon K-edge, which involves transitions from

carbon 1s orbitals to virtual orbitals, were computed and analyzed. Once these transitions
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are computed, determining if the spatial extent of the virtual molecular orbitals involved
in the transition exhibits m* or ¢* character enables a direct correlation between the sur-
face structure and X-ray spectral features. The resulting carbon K-edge X-ray absorption
spectra from the 1.2 nm nanodiamond with 100%, 50%, and 0% hydrogen passivation are

shown in Fig. 2.7.
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Figure 2.7: LR-B3LYP/6-31G(d) XAS for the optimized Cia; diamond with 100%, 50%,
and 0% surface passivation, in red, green, and blue respectively. A Gaussian broadening
has been applied to the individual transitions labeled with black lines to form the spectrum
with a full width half maximum value of 0.12 eV along with a uniform shift of 12 eV to
align the computed results with the experiments. For the 100% diamond 35 unconverged
states of the calculated 272 states were pruned, along with 14 unconverged states of the 121
states calculated for the 50% diamond.

When the surface is fully passivated the first transition in the carbon K-edge region
is localized at 289 eV and is of the type carbon 1s — ¢*, determined through studying
the molecular orbitals (plotted in Fig. 2.8). Upon loss of half of the surface passivation
the surface forms sp? hybridized carbons. This rearrangement alters the calculated X-ray
spectrum so that transitions around 285 eV arise, which is red-shifted from the sp?® transi-

tion in pure diamond at 289 eV by approximately 4 eV indicating that the presence of sp?
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carbon is, at least partially, responsible for the experimentally observed pre-edge feature
in synthesized nanodiamond|[16, 53, 82]. The pre-edge features are due to carbon 1s — 7*
(shown in Fig. 2.8). For the 0% nanodiamond, the first peak is again red-shifted from the
100% surface passivated nanodiamond by about 4 eV to 285 eV and the excitations are still
carbon 1s — 7* (shown in Fig. 2.8) similar to the 50% surface passivated nanodiamond.
The appearance of transitions that are red-shifted upon the loss of the surface passivation
indicates that the shifted peak is dependent on the surface hybridization of the nanodia-
mond. In the case of both the 0% and 50% surface passivations, a second pre-edge feature
arises (at ~285.5 eV and at ~286.7 eV for the 0% and 50%, respectively) which are still
due to carbon 1s — 7*. These features differ from the first appearing features (at ~285
eV) only in the spacial localization, with respect to the surface of the nanodiamond, of the
virtual (arriving) orbitals mostly involved in the corresponding transitions. Therefore, as
the surface of the nanodiamond becomes increasingly graphitized, through either heating
or chemical treatment, an increase of this pre-edge feature is expected, proportional to the

amount of sp? carbon.

2.3.6 Conclusions

Nanodiamond nanocrystals were modeled and examined in order to see how different surface
layouts can affect the crystallinity of the diamonds as the systems approach the nanoscale.
The nanodiamonds were found to form a ~3 A surface comprised of a layer of sp? hybridized
carbon and a strained layer of sp? carbon, while the core of the nanodiamond remained in
an sp® tetrahedral lattice to form the structure pictured in Fig. 2.1 as hydrogen atoms
were removed from the surface. The spectroscopic fingerprints of nanodiamond in both
the vibrational and X-ray absorption spectra were therefore analyzed to find evidence of
this rearrangement. This rearrangement showed a response in the vibrational spectra as
the appearance of sp? stretching vibrations in the Raman G band (~1500 cm™), and a
broadening of the Raman diamond band (1330 cm™!). The significant sp? character present
in unpassivated nanodiamonds has the effect of changing the X-ray absorption spectrum

to show carbon 1s to @* electronic transitions, absent in the calculated spectra for the
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Figure 2.8: B3LYP/6-31G(d) molecular orbitals for the first transition in the carbon K-edge
shown in Fig. 2.7 for the 100%, 50%, and 0% nanodiamonds, plotted with an isovalue of
0.025.

fully passivated systems. Thus surface rearrangement is responsible for observed pre-edge
features (5 eV lower in energy peak) of the X-ray absorption carbon K-edge spectra of

nanodiamonds and which was correlated to the carbon 1s to 7* electronic transitions.
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2.4 The Silicon Split Vacancy

Reprinted with permission from A. Petrone, R. A. Beck, J. M. Kasper, X. Li, Y. Huang, M.
Crane, and P. Pauzauskie, Phys. Rev. B, 98, 205405, 2018 copyright 2018 by the American
Physical Society.[34]

2.4.1 Silicon Split Vacancy Introduction

Substitutional nitrogen and nitrogen—vacancy centers are common defects in diamond and
have received attention for their sensitive optical and spin properties.[10, 12, 19, 20, 83-85]
The peculiar low diffusion rate of NV centers enables the optical probing of local variations
in time, which can affect the spin precession rate of the defects, making them suitable for
quantum sensing applications.[86] Doping introduces new sub-band-gap levels, and it has
been shown that NV centers in diamond give rise to new dopant-centered sp? — sp® mid-gap
electronic transitions and charge-transfer (CT or “photoionization”) excited states.[31] Sim-
ilar applications in quantum information processing[87] have been shown for the negatively-
charged silicon—vacancy (SiV™) center due to its short fluorescent lifetime, narrow emission
line-width, and high percentage of photons (~70-80%) emitted through its zero-phonon
line (ZPL).[88, 89] This defect has also been shown to be useful as a high-resolution high-
pressure sensor.[90] Doped diamond based pressure probes can function at higher pressures
than the currently used ruby sensors, as the rigid diamond lattice is still present above 100
GPa, while ruby undergoes a phase transition.

The SiV center can exist as either a neutral triplet in its ground state, neutral SiV , or
as an anionic doublet state, anionic SiV~.[32, 91-94] The latter is the most common stable
ground state electronic configuration [95]. Experimentally, the ZPL measured in doped
diamonds in the bulk limit is 1.31 eV and 1.68 eV for the neutral SiV and anionic SiV ™,
respectively. Additionally, in SiV™ a blue-shift in the zero phonon line as a function of the
decreasing crystal size has been observed for nanodiamonds.[96] For the reduced systems
the ZPL splits into a four-line fine-structure at helium temperature[97, 98]. The origin of
this fine structure splitting in the ground and excited states has been explained by dynamic

Jahn-Teller and/or by spin-orbit effects.[91, 97, 99, 100]
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Vibrational spectroscopy can also be used to probe the presence of these defects, since
the changes in the dipole and the polarizability induced by the dopant can strongly modify
the selection rules for the infrared and Raman active modes, respectively. In addition to
UV-Vis, the K-edge X-ray absorption spectrum in diamonds has been proposed to be sensi-
tive to the introduction of dopants.[51] Moreover, carbon K-edge spectra in nanodiamonds
exhibit unidentified pre-edge features that have been either attributed to the presence of
sp? carbon atoms lying on the surface, as a consequence of the surface reconstruction, or
to the introduction of new empty levels within the band gap resulting from impurities.[51]
Despite their importance, carbon K-edge X-ray and vibrational transitions for the charac-
terization of SiV centers in nanodiamond, along with the effects of the SiV center location
in the crystal lattice (i.e. surface effects, symmetry breaking) and system size (i.e. quantum
confinement) on the electronic and vibrational excitations, have not been well studied. As
such, the quantum confinement effects on the electronic (UV-Vis and X-ray) and vibrational

(Raman) spectroscopies on several SiV-doped diamond nanoclusters is examined.

2.4.2  Silicon Vacancy Methodology

The SiV center in diamond consists of a silicon atom and a vacancy in a split-vacancy
configuration.[32, 92, 101] The SiV~ center was created by removing two carbon atoms
near the center of the nanodiamonds along the < 111 > axis of the models, and positioning
the silicon at the center of the resulting divacancy in a local D3y environment (namely SiV~
frozen), as observed in previous computational studies.[91, 94, 102, 103] To evaluate the
lattice distortion due to the presence of the SiV™ center itself, the SiV~ center and the
nearest neighboring six carbon atoms were fully optimized while maintaining the rest of the
diamond structure at the crystal lattice (namely SiV™ relazed). These optimization schemes
have shown accurate results for describing the lattice distortion of nitrogen—vacancy doped
diamonds of similar sizes.[31] In this work, we focus on the reduced SiV~ center, whose
ground state has been shown to be a doublet.[95] The ~1.2 nm reduced SiV~ Cy19SiH
was used to estimate the excited state structural reorganization and relaxation energy.

This system was further optimized according to the first bright excited state energy gradient
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provided by TDDFT and using the SiV™ relazed optimization scheme, described above. The
relaxation energy in the excited state was computed as the energy difference between the
vertical excitation energy using the ground-state and the excited-state optimized geometries.
The ~1.2 nm diameter pure Cy21Hjo4, and the reduced SiV™ Cy19SiH],, were also further
fully optimized in the ground state by relaxing all atoms to perform the vibrational analysis.
Geometries were considered fully optimized when both the forces (maximum and RMS
force, 0.450 and 0.300 mHartree/bohr, respectively) and displacement (maximum and RMS
displacement, 1.80 and 1.20 mbohr, respectively) values for all free atoms were below the

threshold criteria.

The ground-state electronic structures were obtained by solving the Kohn—-Sham equa-
tion using the range-separated version of hybrid Becke, 3-parameter, Lee—Yang—Parr (B3LYP)
density functional [6, 8, 58] with the Coulomb-attenuating approach (CAM-B3LYP).[9] The
necessity of using basis sets with large spatial extent (i.e. diffuse functions) has been demon-
strated to be important in nanodiamonds, since C-H bonds create low-energy empty states
that are Rydberg-like, that may reduce the band gap.[104, 105] These states can play an
important role for shallow implanted NV centers in diamond.[106] On the other hand, dif-
fuse functions have been previously shown to be less important for localized defects located
far from the surface.[96, 107, 108] CAM-B3LYP is known to outperform canonical hybrid
(i.e. B3LYP, PBEO, etc.) for the description of Rydberg-like and charge-transfer states
due to their high sensitivity to the treatment of exact exchange.[109-111] Since the pres-
ence of these Rydberg-like states can influence the predicted quantum confinement effects,

CAM-B3LYP/6-31++G(d,p) was used for this study.

2.4.8 Structural Reorganization and Electronic Configurations

The models used in this work support local symmetry, but they do not preserve a global
inversion symmetry operation, therefore the SiV™ frozen conformation has an overall Cs,
symmetry, given the asymmetry on the nanodiamond surface. Effects of the SiV™ location in
nanodiamonds (i.e. the position of the defect with respect to the surface) can also influence

the electronic and optical properties of the systems and they are separately investigated in
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Figure 2.9: Geometry relaxation near the SiV™ center for the ~1.2 nm diameter reduced
SiV™ Cy19SiH], systems: carbon in gray, silicon in pink, and missing carbon atoms (va-
cancies) in blue (only in panel a). The SiV™ frozen structure with the silicon located in a
pseudo-local D3y symmetry (panels a and a’) is represented, along with the ground (panels
b and b') and first bright excited state (panels ¢ and ¢’) relaxed structures. Both the bond
(top panels) and the angle (bottom panels) change in value, upon relaxation (according to
the procedure detailed in the methods) with respect to the SiV™ frozen configuration for the
ground state and with respect to the ground state configuration for the excited state, are
reported in percentages in panels b and c, respectively. The same color is used to highlight
symmetric changes. The ground state relaxed geometry was also compared with the fully
relaxed geometry showing a similar symmetry in the distortion.

detail in the next sections for one of the larger models. Despite this, the models can retain,
in the SiV™ frozen conformation, a local symmetric arrangement, where all Si-C distances
are 1.944 A and the C-Si-C angles are either 80.9° or 99.1°. The local symmetry of the
defect may still be described as Cs, plus inversion, retaining a local D3g symmetry (see 77,
panels a and a’).

The lattice structural reorganization in the electronic ground state in the ~1.2-nm-
diameter, SiV~ doped nanodiamond is summarized in Fig. 2.9 (panels b and b’). A uniform
expansion of the Si pocket can be clearly seen from the elongation of all Si-C distances.
Upon relaxation on the ground electronic state, the local D3y symmetry is broken, although
a pseudo Cg; symmetry can be still observed by inspecting the Si-C distances. When the
system is further allowed to relax on the first bright excited state, a non-uniform bond
change is observed. Half of the Si-C distances undergo an expansion of the bond length and

the other half undergo a compression (see panel ¢ in Fig. 2.9) compared to the previously
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examined ground state relaxed geometry. The calculated relaxation/reorganization energy
due to the optical excitation for this size is about 0.01 eV, which is much smaller than the
one observed for the NV center (about 0.21 eV). This value agrees with previous calculation
on Si doped diamonds[32] and explains the small contribution of the vibration sideband in
the emission spectrum for these systems.[95]

Figure 2.10 shows the total and partial densities of states (PDOS) using the calculated
molecular orbitals (MOs), with the spin-up and spin-down densities plotted as positive and
negative values, respectively. Both the valence band (VB) and conduction band (CB) consist
of carbon p and s characters, while multiple levels at the SiV™ center appear inside the band
gap and near the band edges. The VB and CB of the ~2.1-nm-diameter nanodiamond are
separated by an energy gap of 5.21 eV. As the system sizes decrease, the band gap increases
due to stronger quantum confinement effects.

In the systems containing a SiV™ center, the silicon atom contributes its four valence
electrons to the SiV™ center. There are also six dangling electrons from the six nearest-
neighbor C atoms to the vacancies, giving rise to a total of ten electrons at the SiV™ center
(eleven for the reduced system). The local D3y symmetry splits the four sp atomic orbitals
of Si to agy, ey, aig, and the six p atomic orbitals of nearby C atoms to eg4, ey, a2y, aig
symmetry groups. The symmetry rules dictate that the set of orbitals of e, symmetry
has almost zero overlap with the Si atomic orbitals, resulting in a set of high energy (and
mostly energetically “pinned” in the band gap) MOs with significant contributions from the
carbon p orbitals surrounding the silicon (see colored PDOS in Fig. 2.10); all other atomic
orbitals previously listed (eg, €y, a2y, aig) can hybridize and form MOs surrounding the
defect (depicted in Sec. 2.4.3). The resulting o bonding and anti-bonding MOs of ag, and
a1g symmetry are energetically buried in the VB and CB, respectively (not shown).

On the other hand, the hybridized bonding MOs of e,, symmetry are the most interesting
ones because they are likely responsible for the peculiar optical properties of SiV™ centers.
These molecular orbitals lie at the VB edge (the antibonding ones are energetically located
at the CB edge, not represented), and show a reasonable contribution from both the carbon
p and silicon sp? orbitals. The resulting MOs show a non-zero overlap with the VB edge of

the nanodiamonds, forming a set of three molecular orbitals at the VB edge. Only in the 0.8
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Figure 2.10: CAM-B3LYP/6-314++G(d,p) DOS and PDOS (this last visualized only for Si
and its first neighboring C atoms levels within the band gap and the CB). The red and
light blue colored regions show the C 2p and Si (magnified by 5x) 3s and 3p contributions
to the PDOS diagrams, respectively. Spin-up, positive density values; spin down, negative
density values. The DOS diagrams are calculated for the pure CxHy, and the reduced
frozen Cx_»SiHy (left and right, respectively) nanodiamonds of increasing sizes (diameter
~ 0.8 nm [C44H42], 1.2 nm [0121H104], 1.4 nm [0182H142], and 2.1 nm [C4g7H310], from tOp
to bottom).
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Figure 2.11: Schematic illustration of the SiV™ center electronic layout, according to the Dsqy
point group symmetry. Panel a, SiV™ in the center of the nanodiamond, and panel b, where
the SiV™ defect is close to the surface and partially breaks the group symmetry (position 1
and 4 in Fig. 2.14, respectively). The zoomed in Cyg9SiH;,, CAM-B3LYP/6-314++G(d,p)
beta MOs contour plots with the pseudo Cs, axis parallel to the z-axis (entering the figure)
are represented. The isodensity values of 0.05, 0.05 and 0.03 are used for the ey, e, and
VB MOs contour plots, respectively. The energetic layout presents an uneven alignment
between the alpha/beta filled e, w.r.t. the beta e, LUMO, please see Fig. 2.10 for a more
detailed analysis. The resulting ¢ bonding and anti-bonding MOs of ag, and a4, symmetry
are energetically buried in the VB and CB, respectively (not shown). From a theoretical
point of view, the e, has almost zero overlap with the Si atomic orbitals causing its higher
energy layout “pinned” in the band gap. The resulting bonding MOs of e,, symmetry lie at
the VB edge and are not localized only around the defects, overlapping with the VB edge
orbitals in the 1.2, 1.4 and 2.1 nm nanodiamonds, forming a set of three filled molecular
orbitals at the VB edge, responsible, along with the partially empty molecular orbital of e,
symmetry, of the electronic transitions in the visible range.

nm nanodiamond the MOs of e, symmetry are energetically well separated from the VB.

In this work, the negatively charged SiV™ defect ground-state electronic state is 2Eg (in a

D3q4 perfect symmetry) and its electronic configuration can be described as eﬁeg, where the

eq level is partially filled, in agreement with previous DFT calculations.[32, 91, 112]
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2.4.4 Midgap Optical Transitions

As the size of nanodiamond decreases, the quantum confinement effect[13, 113] leads to an
increase in the band-gap (5.21 eV for Cyg7, 5.78 €V for Cigo, 6.07 eV for Cio; and 7.77
eV for the Cyy; reported as the HOMO/LUMO differences), as observed in other semicon-
ducting nanocrystals.[114, 115] The previously presented electronic structures for anionic
SiV~ defects in nanodiamond give rise to several characteristic sets of optical transitions
exhibited in spectroscopic measurement of SiV~-containing nanodiamonds. Optical spec-
tra for different sized SiV~-containing nanodiamonds using linear-response TDDFT are
reported in Fig. 2.12. The energy levels of these SiV™ centers in the diamond lattice are
illustrated in Sec. 2.4.3. This energetic layout leads to unique midgap optical transitions in

SiV~-containing nanodiamonds.
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Figure 2.12: TD-CAM-B3LYP/6-31++G(d,p) UV-Vis spectra (only the two first mid-gap
transitions involving the e, — e4 beta manifold, are reported) for the relaxed anionic SiV~
Cx_2SiHy nanodiamonds as a function of the increasing quantum dot diameter (d~ 0.8,
1.2, and 1.4 nm from top to bottom). A Gaussian broadening has been applied to the
individual transitions labeled with black lines to form the spectrum with a full width half
maximum value of 0.10 eV.
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The optical spectra in Fig. 2.12 shows an spectroscopic feature between 1.70 and 2.10 eV
consisting of two transitions, from the two filled MOs of e, (3) symmetry to the empty e, (/).

Table 2.1 lists their vertical excitation energies in various SiV~-containing nanodiamonds.

These transitions give rise to the experimental zero-phonon line (ZPL) for the 2Eg(eﬁeg) —

2Eu(eie‘;) excitation at 1.686 eV[95] and the main transition contributing to this feature
undergoes a small blue shift with diminishing system size (from bottom to top in Fig. 2.12
and in Tab. 2.1). The partial charge-transfer characters of the ZPL in SiV~ doped systems
are due to the fact that MOs of e,, symmetry show a non-negligible delocalization along with
a reasonable energy overlap with the VB edge (these last levels have a higher contribution

arising from surface carbons, see Sec. 2.4.3), as can be seen in the computed DOS in Fig. 2.10.

Table 2.1: TD-CAM-B3LYP/6-31++G(d,p) mid-gap vertical excitation energies (e, to
eg, beta manifold) for the anionic SiV™ systems (in eV) and the corresponding oscilla-
tor strengths (reported in parenthesis). All systems present a dark state <100 meV apart
from the ground state, due to the swap between the occupied and empty e, orbitals (tran-
sitions not shown). We compare results between the SiV™ relazed (SiV™ center position is
optimized, see text) with the ones obtained from just inserting the SiV™ center by replacing
the corresponding atoms (SiV™ frozen) in the center of the pure nanodiamond.

SiV™ relazed  SiV™ frozen

SiV— CyuSiH,, 1.70(0.077)  1.63(0.068)
2.06(0.028)  1.81(0.014)
SiV- CiioSiHy,,  1.67(0.070)  1.59(0.061)
2.09(0.019)  1.82(0.014)
SiV- CigoSiH;,,  1.59(0.064)  1.51(0.056)
1.99(0.021)  1.90(0.015)

The quantum confinement effect on the spectral shift of the ZPL (A Ezpr,) as a function of
the band-to-band-excitonic transition (A Egxc) has the approximate relationship, according

to the effective mass approximation for a spherical nanocrystal:[24, 115, 116]

m*fl
AEzpy, ~ “———AFEExc (2.1)

me 1—i-m;‘Z

where m?} and mj are the effective masses (in units of electron mass) of the electron and
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Figure 2.13: TD-CAM-B3LYP/6-31++G(d,p) SiV™ 2E, (efed) — 2B, (elej) ZPL excita-
tions, as a function of the band-to-band-excitonic transition, for the anionic SiV™ systems.
Extrapolation of the ZPL energies gives a value of 1.38 eV for the bulk and the ratio be-
tween AEyzpr, and AFEgxc as the slope of the linear fit is 0.04 (The reported EXC energy
(band gap) is reported as a HOMO/LUMO difference, which can underestimate the exper-
imentally observed optical band gap as it has not been computed at the TD-DFT level of
theory, and also can be affected by the presence of surface defects in the experiment).

hole in the SiV~-containing nanodiamond. The 2E, (eieg) - 2E, (eie;}) excitations (as a
weighted average of the first two excitations in Tab. 2.1) as a function of the band-to-band-
excitonic transition for the different dot sizes is plotted in Fig. 2.13. The AEyzpr,/AEgxc
value is 0.04, less than that in NV doped nanodiamonds,[31] and is significantly smaller
than those for the free CB electron in diamond quantum dots. The observed size depen-
dence of the ZPL is comparable with the one predicted using similar dimensions and level of
theory.[96] Moreover, the quantitative analysis presented here, suggests that the photoex-
cited electrons in the SiV™ ZPL excited states of diamonds are “heavier” than those in the

pure diamond excitonic states.

2.4.5 Symmetry (or the lack thereof)

The two MOs of e, symmetry have different spatial extent (i.e. different symmetry along
the x and y directions, see Sec. 2.4.3) and subsequently different overlaps with the empty
MOs of e, symmetry, showing different relative intensities in their transitions, as can be

inferred by inspecting computed oscillator strength values reported for different sized SiV~-
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doped nanodiamonds in Tab. 2.1. By analyzing these values for the SiV™ frozen systems
(right columns in Tab. 2.1), an average splitting of ~0.27 eV is already noticed for the
computed 2Eg(e§e§) —2 Eu(ezeg) excitations. As mentioned before, although the SiV~
frozen conformation has an overall Cs, symmetry, both the asymmetry in the surface and
the different spatial overlap of the filled MOs of e, symmetry with the VB can be responsible
for the energy splitting in the two 2Eg(eﬁeg) —2 Eu(ezeg) transitions even in these frozen
conformations (see the different overlap with the VB in Sec. 2.4.3). The asymmetric overlap
between e, MOs with the VB is, therefore, the key reason for both the excitonic behavior
(analyzed in the previous paragraph) and the asymmetry of the absorption peak in the
visible range for the SiV™ doped systems. A similar interpretation has been previously
provided for silicon doped nanodiamonds of similar dimensions.[96]

The effect of lattice reorganization on the 2E, (eieg) — 2Eu(eie‘gl) excitations as a func-
tion of the system size can be also analyzed in Tab. 2.1 (from right to left). The geometry
reorganization is responsible for an additional blue shift in vertical excitation energies, from
~0.07 (first excitation) to ~0.25 eV (second excitation), with respect to the unrelaxed con-
formations. The degree of splitting of the two 2Eg(eﬁe§) — 2Eu(e§e§) excitations for the
SiV™ relazed systems are comparable to the ones computed for the SiV™ frozen, suggesting
that the interactions of these levels with the VB band and surface are already significant to
induce asymmetry in these excitations even in the SiV™ frozen doped systems.

Since the relative position of the SiV™ defect with respect to the nanodiamond surface
can further perturb the overall symmetry of the system, we inspected how the location of
the SiV™ center within the nanodiamond can affect the SiV™ ZPL transitions. As the SiV™
center moves away from the Cs, (pseudo-local D3y in SiV™ frozen systems) symmetry center,
its global symmetry is no longer Cz,. As a result, the set of MOs of e,, and e4 symmetry, as
shown in Sec. 2.4.3, are even more energetically different due to the different interactions of
the = and y subset of the e, and e, MOs (see their asymmetric distributions in Sec. 2.4.3)
as the SiV™ moves closer to the surface (e.g., positions 2-4 in Fig. 2.14). The consequence of
the symmetry breaking due to the defect position on 2E, (eieg) — 2B, (eie;}) excitations is
summarized in Tab. 2.2. A splitting of ~ 400 meV of SiV™ midgap transitions is observed

when the SiV™ moves away from the Cs, center of the nanodiamond for the SiV™ frozen.
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Table 2.2: TD-CAM-B3LYP /6-314++G(d,p) mid-gap vertical excitation energies (e, to eg,
beta manifold) for the anionic SiV™ systems (in eV)as a function of the SiV™ center posi-
tion moving from the center (position 1) towards the surface (position 4) for the C;g9SiH7,,
system. Results are compared between the SiV™ relazed (SiV™ center position is opti-
mized, see text) with the ones obtained by just inserting the SiV™ center by replacing the
corresponding atoms (SiV™ frozen) in the center of the pure nanodiamond.

SiV™ relaxed SiV™ frozen

Position 1 1.59 1.51
1.99 1.90
Position 2 1.66 1.67
2.07 2.07
Position 3 1.69 1.67
2.12 2.07
Position 4 1.67 1.60
2.05 2.00

The magnitude of the splitting is not very sensitive to the defect position with respect to the
surface, although the overall values show an overall 0.1 eV blue shift for the SiV™ positions
closest to the surface (larger if the systems are allowed to relax, as can be determined by
looking at the values on the left in the table). This splitting of midgap transitions has been
previously shown to be sensitive to the defect position relative to the surface, but its absolute
value for SiV~ defects appears to be larger than for the NV center.[31] Both the SiV™ peak
position and broadening of the emission line-width have experimentally been proved to be
sensitive to either uniaxial stress or the position of the center within the matrix, in a similar
way to the predicted values (~200 meV in some observed broadening).[117-119] As the ZPL
is sensitive to the surface reorganization and the size of the system, SiV™ centers can be

effective probes of the global and local distortions, i.e. mechanical stress or pressure.

2.4.6 Vibrational Analysis

Vibrational spectroscopy can be very sensitive to the presence of defects, since localized
defects can strongly change the selection rules for infrared and Raman active modes. Pre-

sented in Fig. 2.15 is the Raman spectrum for the 1.2 nm pure (black) and reduced SiV~
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(blue) nanodiamond. Given the system size and the high computational cost of Raman cal-
culations, a less expensive 6-31G(d) basis set was utilized for frequency and Raman intensity
calculations. This choice is based on the observation that fully optimized geometries using
6-31++G(d,p) and 6-31G(d) bases show negligible differences, especially at the defect cen-
ter. For the calculation of the vibrational response, it has been noted that, for large systems,
this level of theory is sufficient,[120-123] although Raman intensity can be improved with
additional diffuse function. The energy range discussed covers the region mostly affected by
the presence of the SiV™ defects (the C-H stretching modes localized on the surface at ~>
3000 cm ™! are not represented). Two distinctive regions can be located by observing the
Raman spectrum: the region between 1200 and 1650 cm ™!, involving surface H-C-H bending
motions covering the typical diamond Raman band around 1300 cm™! (due to the lattice

C-C stretching), and the low frequency modes between ~150 and ~450 cm~!

, involving col-
lective lattice breathing modes. The separation of these two regions has been showed to be
sensitive to both the size and shape of nanodiamonds.[124|By introducing the SiV~ defect,

1 is observed. The

an overall increase of the signal response in the region below 1100 cm™
main vibrational signatures of the presence of the SiV™ defect seem to be located around
~910 and ~156 cm~!. These modes have a high contribution from the Si atom: the first are
still collective stretching modes of the lattice in which C-Si are also strongly involved, while
the lower energy ones are the vacancy stretching breathing modes (see Fig. 2.16 for their
representations). This last spectral region seems to be the most sensitive to the isotopic
substitution of the silicon atom as can be inferred by the examination of Sec. 2.4.6, where
the isotopic pure Raman spectra for the most abundant isotopes of silicon is reported (?8Si,
298i, and 3%Si from top to bottom of the left panel). A progressive red shift of ~1.5 cm™
is observed for the peak around ~156 cm™! for each increase of the silicon atomic mass. In
addition, the breathing mode at ~442 cm ! (marked in red in Sec. 2.4.6 and represented in
Sec. 2.4.6) strongly shows a decrease in intensity as an effect of the isotopic mass increment.
Vibrational Raman responses associated with the anionic SiV™ and the Si substitutional
defect were also compared. The substitutional defect was obtained by replacing a carbon

atom close to the center of the ~1.2 nm pure nanodiamond with a Si atom and optimizing

the resulting structure. The SiV™ shows very distinct vibrational responses with respect to
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both the pure and the substitutional one.

Unfortunately, the spectral region presenting the typical diamond Raman peak, involving
the C-C lattice stretching motions reported at ~1330 cm™! for bulk diamonds|75, 125, 126],
is completely washed out the by H-C-H bending motions, due to the hydrogen passivation of
the surface. This problem is solved by setting the atomic mass of hydrogen to a large value
(100 amu), which corresponds effectively to shift away the overlapping features from the
studied spectral window.[35, 61, 124] The obtained Raman spectra using heavy hydrogen
atoms (from 800 to 1600 cm~!) are reported in insets of Fig. 2.15. The pure nanodiamond
presents a sharp peak around ~1310 cm™!, due to the C-C lattice stretching motions (see
Fig. 2.16). This is the typical diamond Raman fingerprint and it is 20 cm™! red shifted
with respect the experimental bulk phonon band.[61, 124] The SiV~ doped spectrum shows
a broadening of this peak, where several lattice stretching C-C motions involving carbon
atoms around the SiV™ are now gaining intensity due to the presence of the Si, related
to changes in the polarizability for these modes. These results are in agreement with the

broadening observed for Raman spectra of Si doped diamonds.[127-129]

2.4.7 X-ray Absorption Spectroscopy

X-ray absorption spectroscopy (XAS) is extensively used for sample analysis, since it is a
highly element specific spectroscopic technique. The K-edge feature in the XAS is due to the
excitations involving 1s core electrons and the virtual valence molecular orbitals, for these
reasons the structure of these peaks can provide useful information on the local order around
the absorbing centers.[80, 131-133] The resulting carbon K-edge X-ray absorption spectra
for the ~1.2 nm diameter pure Ci21Hjo4 and the reduced SiV™ Cq19SiH],, nanodiamonds
are reported in Fig. 2.18. The pure nanodiamond presents a clear absorption peak starting
at 290 eV due to the well studied 1s — ¢* transitions. As the SiV™ is introduced, several
pre-edge transitions start to appear around 284 — 285 eV. The main peak at ~290 eV for
the Si doped systems is still due to several 1s — o* electronic transitions, as can be inferred
by inspecting the MOs responsible for them in both the pure and doped systems (see their
representation in Fig. 2.18). The pre-edge peaks around 285 eV are due to the presence of
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the SiV™ defects, arising from several carbon 1s — e, transitions (see Fig. 2.18). These
analyses suggest that the pre-edge feature experimentally observed at ~ 285 eV can be a
signature of the presence of defects (i.e. SiV™ centers). While these carbon transitions are
typically ascribed to sp? carbon atoms lying on the surface,[35] it should be noted that these
are also available to the dangling bonds surrounding carbon vacancies. However, in defects
like NV and SiV™, the presence of heteroatoms influences the 1s — ¢4 carbon transition.
Thus, the location of the carbon K-edge pre-edge features can be used to probe the presence

of different dopants in diamonds.[51]

2.4.8 Conclusions

The mid-gap states introduced by localized defects have been shown to affect UV-Vis,
X-ray and vibrational transitions in diamonds approaching the nanoscale. Using group
theory and DFT electronic structure, we showed how the mid-gap states introduced by
the reduced SiV center have a non-negligible overlap with the diamond VB and CB. This
explains the size-dependent nature of the computed SiV~™ ZPL and we predict an effective
excitonic mass for these transitions comparable to charge transfer excitations in NV doped
nanodiamonds. We also found the ZPL to be sensitive both to the lack of symmetry in all
systems analyzed and to the defect position by measuring the band position, during the
defect migration towards the surface. Two diamond Raman vibrational spectral regions are
predicted to be significantly modified by the SiV™ center: the large-amplitude breathing
(120-450 cm~!) and the stretching (800-1400 cm™!) motions of the lattice. Core 1s — e,
(mid-gap states) transitions introduced by SiV™ centers are predicted to be responsible for
the occurrence of pre-edge peaks in the computed carbon K-edge X-Ray absorption spectrum
for nanodiamonds, showing for the first time how this spectral region (~285 eV) can be
influenced by the presence of localized defects. This work provides an important ab initio
analysis of the electronic and vibrational structure of semi-conductors in the presence of mid-
gap states due to localized defects, providing a molecular description of the spectroscopic

changes in doped systems.
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Figure 2.14: Four different SiV™ positions the Cig9SiH],, system are investigated for
anisotropic effects on SiV™ mid-gap optical transitions
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Figure 2.15: CAM-B3LYP/6-31G(d) calculated Raman spectra for the ~1.2 nm diameter
pure Ci21Hio4 (black), and the reduced (isotopically averaged) SiV™ Cy19SiHj, fully opti-
mized nanodiamonds (blue). A Gaussian broadening has been applied with a full width half
maximum value of 4 cm™'. Insets of the spectral window originally overlapping with the
H-C-H modes (from 800 to 1600 cm™!) obtained using artificially heavy hydrogen atoms
(100 amu) are reported for both spectra.
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Figure 2.16: displacement vectors of the most representative normal modes for the ~1.2
nm diameter SiV™ Cy19SiH], doped fully optimized nanodiamond. The modes within the
909 to 1137 cm™! energy range are represented using the ‘heavy hydrogen’ approximation
for clarity, while the lowest pictured mode at 156 cm™ is shown with the regularly massed
system.
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Figure 2.17: (a) B3LYP/6-31G(d) isotopically pure calculated Raman spectra for the three
most abundant[130] silicon isotopes 28Si (92%), 2Si (5%), and 3°Si (3% ) from top to bottom
of the left panel for the ~1.2 nm diameter SiV™ Cy19SiH;, fully optimized nanodiamond.
(b) displacement vectors of the most representative normal mode sensitive to the isotopic

substitution.
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Figure 2.18: TD-CAM-B3LYP/6-31++G(d,p) calculated XAS for the ~1.2 nm diameter
pure Cio1Higs (top, 10 states), and the reduced SiV™ Cy19SiHj,, (bottom, 103 states)
nanodiamonds. Carbon core 1s — e, and 1s — ¢* transitions are grouped in orange and
green, respectively. A Gaussian broadening has been applied to the individual transitions
labeled with black lines to form the spectra with a full width half maximum value of 0.12
eV, and a uniform shift of 12 eV has been applied to the spectra to align theoretical results
with experimental values. Contour plots of the molecular orbitals responsible for the carbon
K-edge transitions, with the pseudo Cs, axis parallel to the z-axis (entering the figure) using
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an isodensity value of 0.025, are also represented.
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2.5 Nitrogen Aggregate Defects

Reprinted with permission from R. A. Beck, L. Lu, A. Petrone, A. C. Ong, P. J. Pauzauskie,
X. Li, J. Phys. Chem. C. 124, 18275-18283, 2020 copyright 2020 American Chemical
Society.[36]

2.5.1 Nitrogen Aggregate Introduction

Nitrogen is a ubiquitous impurity in natural and synthetic nanodiamonds as it is difficult to
fully isolate the systems from the environment. Single nitrogen-vacancy (NV) centers have
been reported to have either a reduced-triplet or a neutral-doublet ground state, with the
triplet state being the more stable ground-state configuration.[31, 134-137] The electronic
structures, quantum confinement, and spectroscopic signatures of single NV centers have
been thoroughly investigated previously,[31, 134-140] with the diamonds containing these
NV centers labeled as type Ia diamonds. Depending on the structure and arrangement of
the nitrogen atoms in the diamonds, as well as the conditions where the diamonds were
formed, aggregate systems, known as either ‘A’ centers or ‘B’ centers, can form classifying
the diamonds as type IaB.[141] These aggregate systems are classified by the number of
nitrogens and vacancies contained within the defect. While significant work has gone into
studying the A centers within diamonds,[142-144] less has been done for the B centers,
the dominant form in type IaB diamonds.[141, 145] The form of the B center consists of
4 nitrogen atoms surrounding a single vacancy,[141] and more work is needed to identify
the spectroscopic signatures of these B-center systems. The nitrogen-aggregates of central
interest in this study are the N4V (B-aggregate), and N4 Vo (Hy-aggregate) doped systems
as named in Ref. 146. They are identified theoretically through the complete neglect of
differential overlap (CNDO) molecular-orbital semi-empirical method[147] to be the more
stable of the aggregate configurations. These aggregate systems typically first exist as A
aggregates (pairs of nitrogen atoms) where then, with enough time and pressure, two A
centers can trap a vacancy forming the B-aggregate, the structure of which is shown in
Fig. 2.19, consisting of four nitrogen atoms surrounding a vacancy. If the B-aggregate

acquires an additional vacancy, and is able to undergo a slight structural rearrangement,
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the Hy-aggregate system is formed (Fig. 2.19).[146] The presence of these dopants can affect
the selection rules for both the vibrational Raman and infrared absorption spectra, as well
as introduce mid-gap states that give rise to unique UV-Visible (Vis) as well as X-ray
absorption spectral features. As such, the effect of the presence of the N4V, -aggregates on

the vibrational, UV-Vis, and X-ray spectral properties of nanodiamond systems is examined.

Z ) |
R B Wx‘ﬂ’w

R LLD ~e8o

Figure 2.19: Doped 1.2 nm C116N4H104 (as B aggregate, left) and C115N4Hi04 (Hy aggregate,
right) ball and stick representation of the replaced atoms in the pure diamond matrix (this
last represented as wireframe), nitrogen in blue and vacancy(s) in pink. The labeled Z axis
is along the crystallographic (111) axis.

2.5.2  Nitrogen Aggregate Methodology

The N4V center was created by replacing five carbon atoms near the center of the pure
nanodiamond constructed from bulk parameters along the (111) axis of the model with
four nitrogen atoms and positioning the vacancy at the center, assuming the so-called B
aggregate configuration (Fig. 2.19). This defect has a local symmetry of T, within the
Cs, diamond host lattice. The N4Vo doped system was obtained by further replacing a
carbon atom along the the (111) axis with a vacancy and replacing one of the neighboring
carbons with a nitrogen resulting in a C; symmetry. The pure diamond, B-aggregate, and
Hy-aggregate systems were then independently fully optimized, and harmonic vibrational
analysis was performed to verify the obtained geometries were true minima. Geometries
were considered optimized when both the forces [maximum and root-mean-square (rms)

of the force 0.450 and 0.300 mHartree/Bohr, respectively] and displacement [maximum
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and rms displacement 1.80 and 1.20 mBohr, respectively| values were below the threshold
criteria. The ground-state electronic structures were obtained by solving the Kohn—Sham
equation using the hybrid Becke, 3-parameter, Lee—Yang—Parr functional with the Coulomb-
attenuating approach (CAM-B3LYP)[6, 8, 9, 58] with a 6-31++G(d,2p) basis. A basis set
with a large spatial extent (i.e., diffuse functions) has been utilized as it has been previously
demonstrated to be important for describing low-energy Rydberg-like states created by C-H

bonds (in this case the surface of the nanodiamonds).[104, 106]

2.5.8 Charge and Spin States

The charge and multiplicity for the B- and Hy-aggregate systems have not been well studied
previously. As a result, several different possibilities for both defect structures were tested
herein. A range of charges and multiplicities of the aggregate systems were examined by
comparing their formation energies (Eq. (2.2)) and the difference between their highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO).
The results are tabulated in Tab. 2.3.

Given that the defects have different numbers of electrons among the various spin states,
their total energies cannot be directly compared. Thus the formation energy of a point defect

in the nanodiamond was calculated using Eq. (2.2).

AE’defect (Q) - Esupercell - Epure + 2ini,ui + fhe (2-2)

where Egypercell and Epype are the total energies for the defect-containing and pure systems,
respectively. Equation (2.2) accounts for the removal and addition of different atoms in the
system (represented as the chemical potentials, felt by the chemical system, introduced by
atoms removed from or added to the system, +pu, or —u) as well as the difference between
the charge of the systems, ¢, and the effect of the charge on the host crystal given by the
tte term. Chemical potentials used for the calculation of formation energy were taken from
DFT results, detailed in the Supporting Information.
The experimentally determined zero-phonon-line for bulk diamonds containing B-aggregates

has been previously identified at 5.26 eV which is comparable with the neutral-singlet
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Table 2.3: The LUMO-HOMO energy difference, Ae in eV, for the examined potential
electronic states (charge and multiplicity) for the Hy- and B-aggregate doped 1.2 nm nan-
odiamond systems optimized at the CAM-B3LYP/6-31++G(d,2p) level of theory. At this
level of theory, the pure diamond has a LUMO-HOMO difference of 7.17 eV.

R B-aggregate Hy-aggregate
Charge - Multiplicity — X7~ A rees (V) Ac (0V)  ABueeer (©V)
—2 Triplet 1.11 8.34 1.05 10.82
—2 Singlet 0.81 8.71 0.77 11.90
—1 Doublet 0.87 4.79 2.56 6.95
0 Triplet 1.08 12.96 5.23 11.97
0 Singlet 5.79 3.69 5.60 7.00
1 Doublet 3.84 15.53 5.40 17.84
2 Triplet 0.04 32.61 3.68 34.74
2 Singlet 2.39 34.00 2.94 34.63

LUMO-HOMO difference of 5.79 eV,[141] suggesting that the neutral singlet is the most
likely state. It is important to note that these band gaps are only examined through the
difference between HOMO and LUMO, and the optical features may be of a slightly lower
energy in the linear-response TDDFT framework when the electron-hole interaction is con-
sidered. In addition, this neutral, singlet state is associated with the lowest formation energy

indicating that the neutral singlet B-aggregate is most likely to form.

In the case of the Hy-aggregate system, the experimentally measured photoluminescent
(PL) feature for the Hy defect is 2.50 eV.[143] There are several states (the negative doublet,
neutral singlet and triplet, and the positive triplet and singlet) that have the HOMO-
LUMO gap close to this energy. Through examination of the formation energies for the
Hy-aggregate, the negative doublet and the neutral singlet state of the Hy defect are most
likely to form. Optical spectra computed using linear-response TDDFT show that the first
excitation for the negative doublet lies at 1.33 eV and the neutral-singlet state has the first
feature at 3.35 eV. As such the neutral-singlet state was chosen for further investigation,
noting that the quantum confinement effect will influence the absorption spectra for these

systems causing them to be higher than experiment.
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2.5.4 Structures of B- and Hy-Aggregates

As shown in Fig. 2.19, the initial structure for the B-aggregate system has a local tetrahedral
T4 symmetry in the Cs, diamond lattice. The Hy-aggregate system, however, with its
additional vacancy, does not have a tetrahedral symmetry, instead it has an initial symmetry
of Cs. Figure 2.20 shows the local effects of the geometry relaxation on the defects after

the systems were fully optimized.
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Figure 2.20: Geometry relaxation near the B- and Hy-aggregate centers (C116N4Hi04 and
C115N4H104, respectively) for the 1.2 nm diameter nanodiamonds. Systems were optimized
at the CAM-B3LYP/6-31++G(d,2p) level of theory. Left is the B-aggregate system with
right being the Hy-aggregate system, top is the defect (nitrogen in blue, vacancies in pink)
with the rest of the diamond in wireframe. Bottom shows the expansion, in percent, from
the original, crystallographic bond length of 1.5446A, with similar colors corresponding to
equal expansions.

Upon optimization, the aggregate-containing systems expand out from the vacancies,
compared to the initial diamond-like structures. In the case of the B-aggregate, a pseudo-
tetrahedral local symmetry is mostly preserved with the NV bond length increased by
10.5%-12.6% percent compared to the crystallographic bulk diamond bond length of 1.5446

A. The slight symmetry breaking is due to the Cs, symmetry of the host nanodiamond.
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In the case of the Hy-aggregate system, in addition to the increased NV bond lengths,
nearest carbon—vacancy bonds also increase by ~9%. This increase in bond length has been
noted before arising from the increased charge density in the vacancy given by the nitrogen

atoms.[146]

2.5.5 Vibrational Analysis

Structural analysis suggests that vibrational spectroscopy can be used to differentiate be-
tween the different aggregates. While the Raman spectra are known to lack unique features
that can be used to probe the nature of the nitrogen aggregate defect (see Fig. 2.21 for the
pure diamond and B-aggregate Raman comparison),[145] the infrared (IR) spectra for the
aggregate systems show several spectroscopic features different from both the pure nanodi-

amonds, and the nitrogen vacancy containing nanodiamonds.
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Figure 2.21: CAM-B3LYP/6-31++G(d,2p) Raman spectra for the pure ~1.2 nm diamond
(top) and the N4V-Doped ‘B-aggregate’ diamond (bottom) with artificially heavy hydrogen
mass. As can be noted the pure diamond peak at ~1300 cm™! is prominent, and there are
not significant differences between the spectrum with and without the nitrogen aggregate.
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Plotted in Fig. 2.22 are the calculated IR spectra for the pure diamond, nitrogen aggre-
gates, and NV~ systems. It can be noted that each species contains the diamond band at
~1330 cm~1.[68, 69, 148] Please see Ref. 35 for a more detailed examination of the pure
diamond cluster vibrational properties. The area with the largest, most notable, differences
between the aggregate and non-aggregated systems occurs in the ~800 to ~1200 cm™~! range.
Given that this region has significant overlap from surface hydrogen-carbon-hydrogen bend-
ing modes, in an effort to isolate the responses due to the carbon and nitrogen vibrations,
the mass of the surface hydrogen was artificially increased for analysis as has been reported
in various studies examining nanodiamond vibrational spectroscopy.[34, 35, 60, 64] As can
be seen in Raman spectra (Fig. 2.21), in the case of both the pure and NV~ -doped nan-
odiamonds the region of ~800-1200 cm™! is mostly featureless. The addition of nitrogen
aggregate systems slightly increases the IR activity in this spectral region, and gives rise to

! corresponding to an E vibration comprising mostly of the

one strong feature at 1116 cm™
carbon lattice of the diamond.
Examining the IR spectra in Fig. 2.22, we identify that both of the aggregate systems

I energy region, when compared to both the

contain increased responses in the ~1095 cm™
pure and NV~ systems. In the case of the B-aggregate system, this vibration corresponds
to an A; vibration primarily involving the diamond lattice around the nitrogen defect. For
the Hy defect, this is an A’ vibration which involves both the diamond lattice as well as the
nitrogen aggregate.

While IR spectroscopy is able to differentiate the nitrogen aggregate systems from both
pure diamond and NV~ -doped diamonds with a fine enough resolution, the spectra for both
of the aggregate systems is very similar given their similar geometries. There are two re-
gions that show significant IR activities between the Hy4- and the B-aggregate systems. At
1009 cm~! which corresponds to an A; vibration, the B-aggregate system, compared to the
Hy-aggregate, shows an increased IR activity. The 1009 cm ™! vibration is comprised mostly
of the diamond lattice around the aggregate center similar to the ~1095 cm~! vibration.
On the other hand, responses with an increase in activity for the Hy-aggregate system,

compared to the B-aggregate, can be seen at 942 cm™' and 1035 cm™!. The 942 cm™!

vibration has A’ character, and mostly involves the ‘top’ (as shown in Fig. 2.19) nitrogen
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Figure 2.22: CAM-B3LYP/6-314+4G(d,2p) IR spectra for, in descending order, the ~1.2
nm diameter pure diamond, B-aggregate containing diamond, the H4-aggregate containing
diamond, and the NV~ diamond with artificially large hydrogen mass. IR activity has a 4
cm~! broadening applied to generate the spectra for all four plots.

and vacancy within the diamond lattice. The 1035 cm™! vibration has A” character and
mostly involves the ‘bottom’; as defined in Fig. 2.19, three nitrogens and vacancy. These
features can be difficult to experimentally resolve, however recent work has been realized
in aberration corrected, energy filtered low-loss electron energy loss spectroscopy enabling
resolution reaching 5 meV which has allowed for the measurement of isotopically labeled
bonds in molecular crystals.[149] These developments in combination with the photothermal
heterodyne spectroscopic techniques may enable the experimental measurement of point de-
fects in individual nanodiamonds.[150] As such the ab initio insights provided are important
for distinguishing these nitrogen-containing systems. To be able to further separate the two

aggregate systems the electronic structures have been investigated.
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Figure 2.23: The density of states plots for the pure diamond (top), B-aggregate (middle),
and Hy-aggregate (bottom) neutral, singlet systems identified earlier to be most probable.
Contributions to the intraband states due to the defect are shown with nitrogen contribu-
tions in blue and, in the case of the Hy-aggregate, the carbons surrounding the ‘top’ vacancy
in red. The partial DOS contributions by both carbon and nitrogen have been multiplied by
a factor of two. The occupied orbitals are shown with a darker plot against the unoccupied
orbitals.

2.5.6 Ground State Electronic Structures

The electronic density-of-states (DOS) plots in Fig. 2.23 show the presence of defect-centered
intraband states when the defects are present in comparison to the pure diamond. The
frontier molecular orbitals for the B- and Hy-defects are represented in Fig. 2.24, which
appear as intraband states. In the case of the B-aggregate system, given that the overall
symmetry of the diamond has relaxed from tetrahedral to Cs,, the tetrahedral to orbitals
are split into e and a; orbitals, shown in Fig. 2.24. It is interesting to note that the a;
orbital of the B-aggregate is higher in energy than e, and e, orbitals unlike what is seen for
the NV~ system.[31]

The presence of the Hy-aggregate causes the e, and e, orbitals to further split into the a/
orbitals that can be seen in Fig. 2.24. These orbitals remain localized around the ‘bottom’

(Fig. 2.19) nitrogen atoms and vacancy with a large nitrogen contribution. The HOMO
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Figure 2.24: Molecular orbital diagrams for the neutral singlet, (a) B-aggregate and (b)
Hy-aggregate systems. Inset pictures are plots of the MOs corresponding to the energy
levels. Each surface has an isovalue of 0.03. The positioning of the MO levels is not drawn
to scale.

level for the Hy-aggregate system is localized on the ‘top’ nitrogen and vacancy with a
significant carbon contribution. Not only does the Ny-aggregate introduce the intraband
occupied orbitals, it also contributes to the unoccupied levels which lie near the valence
band edge. The significantly different localization schemes and symmetries of the intraband
molecular orbitals localized around the B- and Hy-aggregate defects suggest that the two

systems will have unique and distinct UV-Vis spectral features.

2.5.7 UV-Vis Spectra

The optical response of the nanodiamond systems in the UV-Vis region has been examined
using the linear-response TDDFT formalism. Table 2.4 lists the first four excitations for
both aggregate systems, and the simulated absorbance spectra can be viewed in Fig. 2.25.
For the size of nanodiamond studied here, the band-to-band excitation (not shown) appears
at ~7 eV. The spectral features in Fig. 2.25 arise from transitions between defect levels

to the conduction band edge of the nanodiamond. These transitions are red-shifted from
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Table 2.4: CAM-B3LYP/6-31++G(d,2p) Linear-response TDDFT results for the diamond
systems, the corresponding orbitals are plotted within Fig. 2.24.

Species Absorption (eV) Osc. Strength Contributing Molecular Orbitals
B-aggregate 4.47 0.0048 HOMO —  LUMO
4.52 0.0581 HOMO(-1) — LUMO
4.52 0.0581 HOMO(-2) — LUMO
4.60 0.0064 HOMO —  LUMO(+1)
Species Absorption (eV) Osc. Strength Transition Character
Hy-aggregate 3.35 0.0020 a’ (HOMO) — a”
3.52 0.0316 a’ (HOMO) — a”
4.15 0.0010 a’ (HOMO-2) — a”
4.16 0.0144 a/ (HOMO-2) — o’

the pure diamond band-band transitions as they originate from the orbitals introduced into
the mid-gap by the aggregate as shown in Fig. 2.24. The absorption spectra of the B-
and Hy-aggregates differ significantly from that of the NV~ containing nanodiamond which
has features starting at ~2 eV enabling the differentiation between aggregate systems and

nitrogen vacancies.|31]

The first absorption response occurring at ~4.5 eV for the B-aggregate is significantly
red-shifted when compared to the literature absorption of ~5.3 eV[141]. This can be at-
tributed to the formation of Rydberg-like unoccupied states for the ~1.2 nm nanodia-
mond. These states have been observed previously with hydrogen-capped ultrasmall dia-
mond nanoparticles (adamantane, diamantane, etc.) as the cause of experimental bandgaps
lower than anticipated, which were able to be described through TDDFT.[104] It can be
seen in Fig. 2.25 and Tab. 2.4 that there are two degenerate responses with significant in-
tensity corresponding to transitions from the e, and e, MOs, respectively, to the LUMO.
As can be noted from the insets in Fig. 2.24, these orbitals have a larger spatial extent
through the diamond than the a; orbital. As a result, transitions from e, and e, MOs are
associated with a greater overlap with the conduction band orbital and thus a significantly

larger intensity in the absorption spectrum.

The Hy aggregate has several absorption features which appear red-shifted compared
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Figure 2.25: UV/Vis spectra for the B-aggregate system (top panel) and the Hy aggregate
system (bottom panel) at the LR-TDDFT CAM-B3LYP/6-314++G(d,2p) level of theory.
A Gaussian broadening term has been applied to the transitions (represented as black
sticks) of 0.12 eV. Inset are the are the natural transition orbitals (NTOs)[151] for the hole
(left) and electron (right) orbitals for the first transition in B-aggregate and Hy-aggregate,
respectively.

those in the B-aggregate, as the Hy-aggregate system introduces localized states both at the
valence band edge and conduction band edge (Fig. 2.24). The lowest energy spectral peak at
~3 eV consists of defect-centered transitions mixed with conduction band characters. This
initial transition consisting of the a’ to a” orbitals (Tab. 2.4) is significantly red-shifted when
compared to the B-aggregate spectrum. Since the first transition for the Hy-aggregate center
is defect-centered, the red-shift from the presence of the Rydberg states is less than for the B-
aggregate.[34] While the B-aggregate excitation is largely size invariant, the spectral features
of Hy-aggregate shows clear signs of quantum confinement. As previously noted,[146] and
can be visualized in the inset of Fig. 2.25, the electron and hole properties of the Hy-
aggregate are localized to the ‘top’ nitrogen and vacancy, but more delocalized compared to
that of B-aggregate. As a result, UV-Vis spectral features of Hy-aggregate is more sensitive

to the quantum confinement.
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2.5.8 X-ray Absorption

XAS is sensitive to elemental composition of the material being probed as well as changes to
the structure of the material. The XAS K-edge feature specifically examines the transition
from 1s core electrons to virtual valence molecular orbitals. XAS thus can be used to study
local properties of the absorbing centers. In nanodiamonds there has been previous success
in characterizing heteroatomic dopants and in the study of surface reconstruction using
carbon K-edge spectral features.[34, 35, 50, 80, 81, 131-133] As has been both experimentally
and theoretically identified, the surface reconstruction of the nanodiamonds causes a pre-
edge feature to appear in the carbon K-edge energy region of the XAS, commonly attributed
to the carbon 1s to carbon 7* orbitals lying on the surface of the diamond.[33, 35, 50] In a
recent work it was shown that silicon-vacancy defect was able to introduce similar pre-edge

features in nanodiamonds.[34]

In this section, carbon and nitrogen K-edge XAS are examined for nanodiamonds con-
taining different polyatomic nitrogen defect configurations. Figure 2.26 and Tab. 2.5 com-
pare XAS carbon K-edge spectra in several different defect-containing nanodiamond. The
pure diamond has one major peak appearing at ~289 eV corresponding to carbon 1s to o*
transitions. In the case of the B-aggregate system there is a lack of a noticeable pre-edge
feature. As can be determined from Fig. 2.23, the B-aggregate does not introduce unoc-
cupied intraband orbitals. As a result, the carbon K-edge spectrum of the B-aggregate is

similar to that of pure diamonds.

In contrast, unoccupied intraband levels in nanodiamonds containing Hy and NV~ de-
fects give rise to a noticeable pre-edge feature. This feature corresponds to transitions from
the carbon 1s to the dopant-centered LUMO (a” for the Hy-aggregate and e, for the NV~
center). It is important to note that both of these systems have very similar energetic val-
ues for their pre-edge features. In the case of the Hy system, the unoccupied orbitals are
localized on the top nitrogen and vacancy pair and as such behaves similarly to that of the
NV~ system. The pre-edge feature in Hy-aggregate and NV~ systems is ~3 eV red-shifted
in comparison to the pure diamond peak. This is less than the ~5 eV shift which was pre-

viously reported in the presence of silicon split-vacancy centers or of surface reorganization
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Table 2.5: The CAM-B3LYP/6-31++4G(d,2p) LR-TDDFT XAS results for the carbon and
nitrogen K-edge.

Species w (eV)* Transition Characters

Pure nanodiamond  288.85 Carbon 1s — o
288.95 Carbon 1s — ox
289.08 Carbon 1s — o*
289.22 Carbon 1s — ox
B-aggregate 288.85 Carbon 1s — o*
288.94 Carbon 1s — o*
289.09 Carbon 1s — ox
289.18 Carbon 1s — ox*
402.72 Nitrogen 1s— o*
402.84 Nitrogen 1s— o*
Hy-aggregate 285.44  Carbon 1s — A”
285.45  Carbon 1s — a”
288.57  Carbon 1s — a”
288.65  Carbon 1s — a”
402.10  Nitrogen 1s— a”
402.10 Nitrogen 1s— a”
402.15  Nitrogen 1s— a”
NV~ 286.03 Carbon 1s — e,
286.03 Carbon 1s — e,
286.03 Carbon 1s — e,
402.06 Nitrogen 1s — o
*Please note values are uniformly shifted by 13 eV to better align theoretical results with
experimental spectra.|[34]

in nanodiamonds,[34, 35] and as such may be useful for distinguishing between the various

systems.

In the case of the nitrogen K-edge, a pure diamond system will not have responses due
to the absence of nitrogens in the system. As is reported in Tab. 2.5 | the nitrogen K-
edge of the nitrogen-containing nanodiamonds are in the ~ 402 eV range. This energetic
range is similar to that for tri-valent nitrogen in non-aromatic organic molecules.[152] It can
be noted that the B-aggregate is blue-shifted in comparison to the Hy-aggregate and NV~
centers as is also seen for the carbon K-edge responses. It should be noted that the response

by the Hy-aggregate and NV~ center are similar since the leaving orbital for the response is
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the ‘top’ nitrogen which, as referenced earlier, behaves similar to an NV~ center. However,
the Hy-aggregate center response is slightly blue-shifted indicating that the electron density
for the center is slightly less than that of the isolated NV~ center. These responses can
be beneficial for examining the nature of the nitrogen doping within the nanodiamond,
and can be experimentally realized through processes such as scanning transmission X-ray
absorption microscopy to compare with theoretical predictions. Additionally, to further
distinguish between NV~ centers and the B-aggregate it may be possible to take advantage
of polarized XAS as the NV~ centers, due to the non-centrosymmetric one-dimensional
Cs, rotation axis, will have polarization-dependent spectra while the B-aggregate, due to
the centrosymmetric Ty symmetry, will not. This can be seen by examining the electronic
transition dipoles for the nitrogen K-edge transitions where in the case of the NV~ center
the only strength lies along the (111) axis which the NV~ center is aligned with, while in
the case of the B-aggregate there is dipole strength along both the (111) as well as the (110)
axis. One potential issue with this is that the NV center has four potential arrangements,

however work has been done previously to constrain the NV orientation during synthesis.[19]

2.5.9 Conclusions

Spectroscopic features arising from introducing nitrogen aggregates into a nanodiamond
lattice were investigated. It was determined that the presence of nitrogen aggregates intro-
duced features unique from either NV~ systems or pure nanodiamonds into their vibrational
spectra. Unfortunately the infrared spectroscopic responses for both aggregate systems were

I range which sets them apart from either NV~ or

very similar in the ~ 800 - ~ 1200 cm™
pure diamond systems. It was shown that optical absorption spectroscopy can differentiate
between the two investigated aggregate systems with the B-aggregate system introducing
transitions at ~4.5 eV and the Hy-aggregate system introducing responses at ~3.3 eV.
It was also shown that these aggregate systems affect the pre-edge region (~285 eV) of
carbon’s K-edge XAS. This information can be used to differentiate further between the

aggregate systems and possibly other doped diamond species. In this study, though the
predicted responses in the XAS can be difficult to detect due to surface defects[35] or other
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dopant species[34], chemical treatments of the nanodiamond system can help reveal these
features.[10, 37, 38] In addition we were able to identify vibrational and optical fingerprints
of the N4V -aggregate systems aiding in the future detection and characterization of these

defect systems.
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Figure 2.26: The CAM-B3LYP/6-31++G(d,2p) carbon K-edge for the ~1.2 nm diameter
nanodiamond systems, uniformly shifted by 13 eV to better align with experimental values.
Plotted, in descending order, are the spectra for the pure diamond, the B-aggregate system,
the Hy-aggregate system, and the NV~ system. The first (shifted) excitations are listed in
Tab. 2.5.
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Chapter 3

SKYRMION FORMATION IN CRI; MONOLAYER

3.1 Relativity

For the above studies, the systems involved were modeled with non-relativistic methodology.
Given the ‘lightness’ of the atoms (their low atomic numbers), and the lack of external mag-
netic fields the relativistic effects were deemed to not matter. The lack of relativistic effects
could be seen, even for the light atoms, in the large (12 eV) energetic shifts required by the
XAS results to align them with experiments to which, these effects contribute significantly.
In chemistry relativity is commonly split into two regimes: scalar relativistic effects, associ-
ated with relativistic mass increase of electrons, and the spin—orbit interaction, generated by
magnetic induction. Scalar effects, important for heavy elements due to high electron speed
close to the nucleus, can be introduced to non-relativistic calculations with little additional
cost.[153] Spin-orbit interactions, however, require at least a two-component formalism and
will increase the calculation cost by at least an order of magnitude due to transition from
real to complex algebra, as well as a reduction of symmetry. These interactions are required
when examining, for example, X-ray spectroscopy of edges such as L or M where the leav-
ing (absorption) or arriving (emission) orbitals have non-zero angular momentum, or when
investigating materials exhibiting magnetocrystalline anisotropy.[154-158] These effects can
be introduced by the Hamiltonian chosen. A common method to distinguish the different
relativistic Hamiltonian choices is the dimension of the one-electron operator. As shown in
Sec. 1.1 the one-electron operator (h(i), as shown in Eq. (1.7)) is a scalar operator when not
in the relativistic regime. In the case of a fully-relativistic system, however, this operator
is a 4x4 matrix operator due to the explicit inclusion of spin and the description of both
electrons and positrons. Also available (in between the non-relativistic and four-component
methods in terms of cost and accuracy) are two-component methods where the positronic

degrees of freedom are frozen (as chemists are mostly concerned about electronic solutions).
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In order to get to the fully-relativistic Hamiltonian, the energy of a relativistic free
particle is examined:
E? = m2t + 2p?

(3.1)
E = £/ m?2c* + c2p?

where m is the rest mass, c is the speed of light, and p is the momentum. To align Eq. (3.1)
with the non-relativistic energy we can subtract or add the quantity mc? to or from the
non-relativistic energy for the positive and negative energy bands, respectively. In order
to quantize the energy expression, the relativistic energy expression is rearranged and the
momentum and position operators are substituted to get:

1 02

(~gp — P01 =12+ (0-p)] [12 — (0 -p)] & (3.2

Factorization is achieved using the relation (o - p)(c - Pp) = p?, where the three Pauli spin
matrices are collected in the vector o which is an instance of the Dirac identity ((o - A)(o -
B) =A -B+io- (A xB)). A second wave function ¢2 is introduced to obtain two coupled

equations:

= (- p)] o1 = et (3.3)
L2+ (0-p)] é2 = mear
and by taking the linear combinations:
i 0 .
ot {¢1 + ¢>2} —(0-D) {le - ¢>2} =mc {le + ¢2} 5.0

th {¢1 - ¢2} — (0 D) {ébl +¢>2} = mc [ﬁbl - ¢2}

This introduces the large (U2 = ¢, + ¢,) and small (¥ = ¢, — ¢,) components of the

wave function which can be cast into matrix form:
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In order to utilize the free-particle Dirac equation, above, an external field is introduced by
casting p — P — ¢A and F — E — q¢ where a charged particle (¢) and the vector potential
(A) have been introduced. Given that chemically-relevant solutions involve the electronic
(positive-energy) manifold the value of ¢ is set to —e with the note that the positronic
(negative-energy) solutions are related to the electronic ones through charge conjugation.
To actually solve for the electronic structure the Born—-Oppenheimer approximation is again
applied, and the nuclear charge is limited by introducing the term for the nuclear potential
(V = —ednuc), where ¢pyc is the electrostatic potential of the clamped nuclei. This leaves

the Dirac equation for an electron in a molecular field:

hpt = ET4
1% c(o-P) (3.6)
c(o-p) V —2mc?

The introduction of the minimal field corresponds to a relativistic coupling of particles
and fields.[159] Non-relativistic theory is unable to properly model these interactions, such
as magnetic induction which forms the basis for spin—orbit interaction. The spin—orbit
mechanism originates (for the one electron) from the electrons interacting with both electric

and magnetic fields due to the nucleus in relative motion.

Continuing the previous, one-electron, clamped-nuclei equations to the two-electron

leads to the Coulomb term:

¢(r1,1) =/p<r2’t)d72 (3.7)

riz
Where the complexity of the relativistic two-electron interaction appears in the accompa-

nying vector potential:

4w [ ji(re,t,
A(r,t) = 62/“(“22)% (3.8)

where ¢, = t — ™2 and j, is the current density. Through this the time is no longer
instantaneous which reflects the finite speed for interactions in a relativistic domain. The

first-order correction to the two-electron interaction can be obtained by starting with the
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approximation:[160]

Eint = q12 — q1v1 - Ao

- 4192 q1V1 - q202
712 2c2r3,

(3.9)

where the first term is the Coulomb term, and the second two terms involve the vector

potential of the second electron. When quantized it becomes the Breit term:

B ecay -ecay  (ecaq - Vi)(ecas - Va)rig
1.2) = — — 3.10

of which the first term is known as the Gaunt term.[161] The Coulomb terms includes
charge-charge interactions and the Gaunt term includes current-current interactions, both
terms give rise to spin—orbit interaction. The Coulomb term gives rise to spin—same-orbital
(SSO) as does the one-electron nuclear-electron interaction, with the Gaunt term being

responsible for spin-other-orbit (SOO) interactions.

Before giving the form of the relativistic Hamiltonian, the coupling between the large and
small components must be addressed. The exact coupling, as determined from Eq. (3.6),
can be written as:

¥° = RutL (3.11)

where R is given by:

R(E) = P2mc® —V + E+)_1c(a -P)

1 -1
_ Et-v B
~ 2me [1 T ome } (o-P)

(3.12)

where due to the factor [1 + E;;—C;/ } the US terms are on average a factor ¢ smaller than
the large components for the electronic solutions. Given the cost (due to the dependence

on the energy in Eq. (3.12)) the non-relativistic limit is commonly substituted:

1
: s _ Ayl
chm c¥” = o (c-p)¥ (3.13)
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2

however this form is only valid if |[E™ — V| << 2mc?. Imposing the kinetic balance, and

thus transforming into the large (UX) and the pseudo-large (®*) components by:

gl I 02 ol
= (3.14)
vs 02 5e(o-p)| |®F
and thus to the modified Dirac equation:
v T gl I, 0 v T
= (3.15)
T Wo—T| |V O 5anT| |T Wo—T
with T' = % and Wy = m. One important note is that the bound orbitals are

not selected to be those with the lowest energy (due to the presence of the negative-energy
manifold), rather they are the ones starting from the orbitals of lowest positive-energy

orbitals, identified through the gap of 2mc?. [153]

3.2 Skyrmion Introduction

The work in this section is adapted with permission from R. A. Beck, L. Lu, P. V. Sushko,
X. Xu, and X. Li, JACS Au. Article ASAP. 2021 copyright 2021 American Chemical
Society.[162]

Magnetic skyrmions are local whirls of the spins that both have a fixed chirality and do
a full spin rotation.[163, 164] Isolated skyrmions can be treated as single particles and used
in applications, such as system memory, radio frequency generators and filters, as well as
spintronic devices.[163, 165-167] Magnetic skyrmions have been found to manifest in both
single-crystals of magnetic materials (such as MnSi, FeGe, Fe;_,Co,Si, and Cup0SeO3) as
well as in thin films such as Fe monolayers and PdFe bilayers on Ir.[163, 166] In order for
a skyrmion to be usable for memory or spintronic applications, however, they need to be
realizable at, or close to, room temperature and with minimal electromagnetic fields.

Skyrmions form in crystals that lack inversion symmetry in the crystal lattice enabling
the formation of Dzyaloshinskii-Moriya interactions (DMIs) through spin—orbit coupling,

or in the case of thin films at the interface between the layer and the substrate facilitated
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through the strong spin—orbit coupling of the nearby metal center.[163, 166] This DMI takes
the form:[168]
HDMI = (Sl X Sg) . D12 (3.16)

where 57 and Sy are spins of two neighboring magnetic atoms and D12 is the corresponding
Dzyaloshinskii-Moriya vector. If the exchange interaction between S1 and Sy is mediated by
an anion, Dy can be approximated as D2 = r1 X ro, where r1 and rg link the anion with
the two magnetic ions.[155] In materials containing inversion symmetry, this term is missing

as the contributions associated with anionic pathways linking magnetic centers cancel out.

Chromium trihalides and, more broadly, MXs (where M is a transition metal) com-
pounds are actively investigated for their unusual properties. They have a low synthesis
and processing cost and can be easily exfoliated to obtain few-layer materials. In chromium
trihalide (CrX3, X=ClI, Br, I) structures, the Cr3* ions are arranged into honeycomb lattices
surrounded by six halogen anions giving rise to local octahedral symmetry. The halogen
atoms are each bound to two neighboring Cr centers. At high temperature the layers stack
with a monoclinic (space group C2/m) geometry. At low temperature the layers stack with
a thombohedral (space group R3) geometry. The temperature at which this transformation
occurs is dependent on the halogen (Cl = 240 K, Br = 420 K, and I = 210 K), and each
bulk structure is known to have ferromagnetic moments between each Cr ion below their
T. (Cl =17 K, Br = 37 K, and I = 68 K).[169, 170] Examples of the monolayer, hexagonal

lattice can be seen in the insets to Fig. 3.1.

It has been shown that in the low-layer limit (number of layers $10), MXs exhibits
magnetic properties which appear to differ from their bulk properties.[171-174] Recently,
mono- and bi-layers of chromium trihalide materials have been investigated for potential use
in skyrmionic devices.[163, 165, 175, 176] Of the chromium trihalides, chromium triiodide
(Crl3) materials have been of the most interest as Crlz bulk has been shown to exhibit
the highest reported magnetic ordering temperature and anisotropy among the chromium

trihalides.[169, 171, 177-179]

Monolayer Crls, in disagreement with the Mermin—Wagner theorem, is known to have

long-range ferromagnetic character[165, 180] which is enabled through the magnetic anisotropy.[158,
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165] This magnetic anisotropy in Crlg arises from the spin—orbit coupling in iodine atoms,
and favors a magnetic easy axis perpendicular to the atomic plane.[155, 158, 170] Mag-
netic interactions between the chromium ions in a Crls layer arise from a superexchange
mechanism between the Cr 3d orbitals and the I 5p orbitals.[155, 158, 174, 181] Geomet-
ric distortions in the Crls layers can break the inversion symmetry, and thus induce fi-
nite Dzyaloshinskii-Moriya interactions, ultimately leading to the appearance of skyrmionic
ground states. In the case of an applied electric field oriented perpendicular to the Crls
plane, the Cr®* and I~ ions displace in the opposite directions out of their atomic planes.
These displacements change distances between the chromium and iodine atomic planes by
as much as ~3.6% for a field with a magnitude of ~0.2 V/nm which breaks the inver-
sion symmetry and results in significant DMI effects. It has also been reported that Janus
Cr(I,X)s monolayers have been able to realize ground-state skyrmions given the ability to
manifest DMI terms due to their lack of inversion symmetry.[156, 163, 165, 176, 182, 183]
In this work we investigate the formation of skyrmionic states via breaking the inversion
symmetry of the Crls monolayer by substituting iodine atoms with chloride atoms (Cl,).
Unlike external electric fields, these defects produce localized atomic-scale distortions, which
holds the promise of creating fine-tuned distortion patterns and, accordingly, may enable

the formation of complex magnetic structures.

3.3 DMethodology

Monolayer Crl3 was represented using the isolated periodic slab model. The initial positions
of atoms correspond to the bulk Crls lattice as determined through single crystal X-ray
diffraction at 90 K.[169] To find the optimal structure of the monolayer and its electronic
properties, we performed ab initio simulations based on the density functional theory (DFT)
as implemented in the Vienna ab initio simulation program (VASP).[184, 185] The projector
augmented wave method and Perdew—Burk—Ernzerhof exchange-correlation functional were
used.[7, 186] The calculations were performed in the spin-polarized mode. A plain-wave basis
set was used with an energy cutoff of 600 eV, and the DFT-D3(0)[187] method was used for
dispersion correction. All internal coordinates were fully relaxed. It has been noted that

the Hubbard U correction applied within the DFT+U method does not significantly impact
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Figure 3.1: The spin-resolved projected density of states for the monolayer Crls systems
(shown as insets to each plot). The total DOS can be seen in each plot as the black line,
the projected orbital contributions for the Cr-d (blue) and I-p (purple), and Cl-p (green)
atoms are plotted as well. The pure Crls monolayer is shown at the top (a), with the
halogen-replaced structures shown beneath: Cl:Crlz (b), Cl§:Crls (c), and Clg:Crls (d).
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the results of the calculations, and as such is not used herein.[155, 158]

To find the properties of pristine Crls, we used a supercell containing two chromium
and six iodine atoms. A 3.5 nm vacuum gap in the off-plane direction (z) was used to avoid
the monolayer interactions with its periodic images. The Brillouin zone was sampled with a
Monkhorst-Pack k-point mesh of 6 x 6 x 2. The optimal lattice constant (ag) was found to
be 6.929 A, which is in a close agreement with the experimentally observed value of 6.866
A.[169]

The calculated Heisenberg isotropic symmetric exchange coefficient (J = —2.99 meV)
and the magnetic anisotropy energy (MAE) (0.58 meV/Cr) are comparable with those
previously reported for the Crls systems (less than 10 layers): J = —2.2 meV and MAE =
0.65 meV/Cr.[155, 165, 188]

In order to examine the magnetic effects of Cl substitution, we used a Crlz supercell of
1.8 nm x 3.1 nm x 2.0 nm. Several I atoms near a chromium center were replaced with
Cl atoms, and the internal coordinates were optimized for each case. The cutoff for energy
minimization with respect to the atomic coordinates was set to 107> eV. With the optimized
structure, a noncollinear (NC) spin calculation was run with the self-consistent-field (SCF)
convergence cutoff set to 1079 eV. The noncollinear wavefunction was used as a guess for
the calculations incorporating spin—orbit coupling effects (NC-SOC) with SCF convergence
set to 1079 eV in order to capture the energy cost of spin rotations which typically are on

the order of 1076 ~ 10~* eV in magnitude.[165]

3.4 Results and Discussion

3.4.1 Geometric Distortion

To investigate the coupling between the lattice distortions in Crls and its magnetic prop-
erties, we considered several configurations of Cl substituted for I. Chlorine was specifically
chosen as it has been previously shown that bulk CrCls exhibits an in-plane ferromagnetism,[169]
which was thought could be taken advantage of to promote skyrmion formation without
drastically altering the properties of the Crls layer. Also, of the CrXs systems commonly

examined, Cl has the smallest atomic radius (i.e., the largest mismatch with that of I), and
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Figure 3.2: The optimized geometries of the Cl,:Crls systems. The initial position of the
relevant atoms can be visualized by the red circles. The final geometries are shown with
the gray circles representing Cr atoms, the purple circles representing iodine, and the green
circles representing chlorine after optimization. The geometries consist of Clg:Crls (a),
Cl¢:Crl3 (b), CIEC1%:Crl; (c), and CLCrlz (d). e-h show the four central Cr atoms and
bound halogen atoms. The text shows the difference in the bond length between the central
Cr atom and those neighboring from the pure Crls system and the optimized, doped systems
(shown as a £% of the original Cr-Cr bond length).

as such is thought to give rise to the largest geometric distortions. Four Cl,:Crls struc-
tures were examined, and can be viewed in the insets for Fig. 3.1. The four configurations
considered have six iodine atoms replaced around a chromium center (Clg:Crls), three Cl
replacing the iodine above the chromium atomic plane (Cl§:Crl3), three Cl replacing two
iodine above and one iodine below the chromium atomic plane (Cl$C1°:Crl3), and one Cl

replacing a single iodine atom (Cl:Crls).

As can be seen in Fig. 3.2, replacing I atoms with Cl atoms results in a contraction of the
Cr-Cl bonds (in comparison to the Cr-I bonds) as is expected given that Cl is both smaller
and more electronegative than I. In the case where six I atoms are replaced, the geometric
distortions extend through the monolayer for ~1.7 nm, similar to the extent of skyrmion
formation which has been observed when Crl layers are exposed to a field.[165] It should be
noted that this size may be artificially constrained due to the size of the cluster used, as was

also noted for the skyrmion formation by Liu et al. (Ref. 165). This distortion is shown in
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Fig. 3.2a as the circle of diameter d, = 1.7 nm. For systems where less Cl has been doped
into the cell (in Fig. 3.2b-d) the extent of the distortion caused is lessened. Cl§:Crls shows
an extent of dj = 1.2 nm, and C14C1°:Crl3 and Cl:Crl3 (d. and dg, respectively) show an

extent of 1.0 nm.

The effects of the larger spatial extent of the distortion mean that there are additional
chromium centers that no longer have the full octahedral symmetry surrounding them. In
an octahedral crystal field, Cr(III) d orbitals split into ta, and e, manifolds. The three-fold
degenerate to4 levels are singly occupied by three d electrons. This configuration corresponds
to a high-spin A5 ground state at each Cr site with the excited Ty state being 1.5 eV above.
Upon doping Cl in Crls, the structure around Cr(III) deviates from the perfect octahedral
environment. However, the perturbation is not strong enough to alter the ligand field,
and each Cr(III) center still retains the high-spin configuration. The loss of octahedral
symmetry gives rise to DMI terms potentially leading to noncollinear spin solutions with no
applied field. It is of particular interest that both the Clg:Crl3 and Cl§:Crl3 systems have a
symmetric distortion around the central Cr and thus the final geometries are similar, while
the ClgClb:Crlg and Cl:Crls systems are less symmetric about the central Cr. In the case of
the ClgClb:Crlg and Cl:Crl3 systems the central Cr is pulled slightly towards the Cr centers
that are mediated by Cl atoms leading to a significant distortion to the angles and bond

lengths of the surrounding systems.

The formation energy of each isovalent-doped Cl,:Crl3 configuration can be estimated
by:
AFE = E(Clggicrlg) - E(Cﬂg) + n(,uI — NCI) (317)

where E(Cl,;:Crlg) is the energy of the Cl,:Crls system, F(Crls) is the energy of the Crlg
lattice without dopants, and n is the number of substituted ions. The chemical potential,
i, for the iodine and chloride atom are computed as %E (I3) and %E (Cly), respectively. The
formation energies tabulated in Tab. 3.1 show that the geometries most likely to appear are

the singly-doped Cl;:Crls and the symmetric Clg:Crls.

As a result of the geometric distortions, the inversion symmetry for the doped systems

(except the Clg:Crls system) is broken. Thus the DMI terms become non-zero. The DMI
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Figure 3.3: The DMI vectors (in black, determined as by in Ref. 157) on each Cr atom
from the geometry optimized, Cl doped systems shown in Fig. 3.2, Clg:Crls (a), Cl§:Crls
(b), C14C1°:Crl3 (c), and Cl:Crlz (d). Since the DMI vectors are only non-zero where the
inversion symmetry is broken, and the symmetry breaking is a localized effect, only the
atoms that lie roughly within the black circle in Fig. 3.2 have been plotted. The labeled
atoms in (a) are the Cr atoms used in the four-state method to calculate the DMI vectors
that are reported in Tab. 3.2.

vectors for the Cr atoms within the distorted areas marked in Fig. 3.2 are plotted in Fig. 3.3.
This effect is localized to the areas with geometric distortion. This can be seen in Fig. 3.3(d),
where the spatial extent of the geometry distortion is significantly less than in the other
systems, by the fact that the Cr atoms on the far right (where there was little to no
distortion) do not have applicable DMI vectors. As previously mentioned, the Clg:Crlg

system is able to maintain inversion symmetry around the central atom, and as such the

Table 3.1: The formation energies, as determined by Eq. (3.17) for the four doped geome-
tries.

System Formation Energy (eV)
CIGZCI'I3 —3.96
Cl5:Crls 28.06
ClI4C1°:Crly 27.99

ClL:Crl3 —0.69
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Table 3.2: DMI vectors calculated using the four-state method of Refs. 158, 176.For the
Clg:Crl3 and Cl§:Crl3, the three-fold symmetry surrounding the Cr center is maintained so
only one vector is shown. For the other systems, this symmetry is broken and the DMI
vectors between the central Cr and the three surrounding Cr centers are shown. Cr centers
are identified in Fig. 3.3.

System Pair Df](- (meV) D}; (meV) DiZj (meV) J;; (meV) Dil/z; (meV)
Clg:Crls Cr1-Cry —0.28 0.34 —0.22 —0.07 7.24
Cl§:Crl3 Cr1-Crq —0.90 0.79 —1.47 —0.86 2.20
ClgClb:Crlg Cr1-Cry 0.22 0.72 1.02 —1.38 0.92
ClgCleCrlg Cri-Crs 0.22 1.81 0.21 —1.24 1.48
ClgClb:Crlg Cri1-Cry 0.26 —0.02 —0.77 —0.08 10.16
ClL:Crl; Cr1-Cro —0.38 —0.16 1.15 —0.89 1.37
Cl:Crl; Cri-Crs 0.22 —0.09 —0.56 —0.68 0.89
Cl:Crls Cr1-Cry —0.13 —0.52 0.07 —1.16 0.47

DMI contributions along each halide pathway cancel out, which is not the case for the other

systems.

3.4.2  Formation of Spin Bubble

Magnetic skyrmions are local whirls of the spins that both have a fixed chirality and do a full
spin rotation.[163, 164, 167] Unfortunately none of the geometries attempted in this study
are able to realize a full symmetric skyrmion at zero field. Instead, spin bubbles, localized
spin-canted electronic configurations that are driven by DMI terms, can be observed in the
Crl3 monolayers arising from spin noncollinear solutions. In the case of the Cl:Crls system
a spin bubble solution was stabilized as can be seen in Fig. 3.4. Plotted in Fig. 3.4 are the
atomic clusters shown in Fig. 3.3 with the magnetization vectors for each Cr atom plotted.
It can be noted that in the case of the Cl§:Crl3 and ClgClb:Cﬂg systems, the spin bubble
is unable to manifest and the ferromagnetic solution persists.

In the case of the Cl:Crlg system, the stabilization by the formation of the spin bubble
over the ferromagnetic solution is 25.7 meV/Cr. This energetic difference is larger than what
has been previously observed as the stabilization energy from the formation of skyrmions

through the use of external fields (~3 meV/Cr) is much larger than the cost of a spin
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Figure 3.4: The canted spin states for each of the geometry optimized, Cl doped systems
shown in Fig. 3.2, Clg:Crl3 (a), C1¢:Crl; (b), C13CI°:Crl; (c), and Cl:Crls (d) resulting from
the presence of the doped Cl. Magnetic vectors are shown by black vectors on each Cr
atom. The difference between the canted spins and the collinear spins perpendicular to the
crystal plane are shown by the cones (where green cones are spins above the layer and red
cones are spins beneath the layer).

rotation (<1 meV/Cr).[165] Thus, similar to the skyrmions formed through the application
of external fields, the spin bubbles are topologically-protected spin configurations. It is
interesting to note that while able to form in the Cl:Crl3 system, a spin bubble configuration
is not manifested in the Cl%Clb:Crlg system. Even though, in the ClgClb:Crlg system, there
is both a lack of symmetry in the geometry (as in either the Clg:Crlz or Cl§:Crl3 cases), and
there exists a pathway with only a single Cl atom that has a similar geometric distortion to
the Cl:Crl3 system. This can be seen in Fig. 3.2g and Fig. 3.2h, with a 4.39% reduction in
Cr-Cr distance for the ClgClb:CrIg, compared to a 5.23% reduction for the Cl:Crls. It was
previously noted that a minimum field was required in order to induce skyrmions which
introduced a distortion between the Cr and I layers in the monolayer Crls.[165] Measuring
geometric changes for the systems finds that the ClgClb:Crlg system has a distortion of
2.2% while the ClL:Crlz system has a distortion of 3.1%. Given that the distortion of the
ClgClb:CrI3 system is less than the previously determined minimum may contribute to why

a magnetic bubble state is unable to manifest even though there are DMI vectors present.
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In order to gain insights into the formation of the spin bubble in the Cl:Crls system, the
DMI vectors were calculated for the Cr atoms shown in Fig. 3.3. The numerical values for the
DMI vectors have been tabulated in Tab. 3.2 and calculated through the four-state method
detailed in Refs. 176 and 158. This method takes specific chromium pairs (labeled in the
table) and directs their local spin orientations in order to extract the energetic values of the
coupling between the select centers and their DMI vectors. For the Clg:Crls and Cl5:Crl3
systems only the Cr; and Crg pair were calculated due to the presence of the rotational
symmetry. For the other systems, the DMI vectors for the nearest neighbors to the central
Cr were all explicitly calculated. Previous work has identified that skyrmions are more
likely to form when values of Dij/J;; (where D;; = |D;j|) are between 0.1-0.2 meV.[166, 176]
Larger values of the Dij/J;; value favors faster spin rotations about D;; leading to smaller
skyrmions.[166] Our values for Dij/J;; are significantly larger than those reported for previous
Crls systems. This is most likely due to the increased localized distortion surrounding the
Cr centers. The values for |D;;| are also larger than those previously reported,[176] though
it should be noted that large values for the DMI vectors have been shown in previous
studies and will often introduce other spin configurations than skyrmions.[166] Although
the Cl:Crl3 (Crp,Crsz) and Clg“CleCI“Ig (Cr1,Cry) systems are close in geometry and as such
expected to both exhibit spin canted solutions, the ClgClb:Crlg system has a Di,4/J value
(tabulated in Tab. 3.2) that is too large to manifest a stable spin whirl solution at zero field.
In contrast, while the value for Dij/J is larger than in other reports of skyrmion-forming
monolayer chromium iodide systems, a spin canted solution is still able to manifest for the

Cl:Crl3 system.
3.5 Conclusion

We show that upon substituting select I atoms in a Crls monolayer with Cl atoms, localized
spin-bubble states form. These spin states arise from the lattice distortions induced by
the ionic radii mismatch between the host and the defect species. While distortions are
driven by the difference in the X-Cr bond lengths, the interactions between these distortions
can induced long-range directional lattice polarization that may enable coupling between

spatially-separated spin-bubble states. It was noted that when these spin-bubble systems
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formed they were topologically protected. They were significantly more stable than either
the cost of a spin-flip or the stabilization noted by electric-field induced skyrmions. This
work provided an important step toward manifesting skyrmions at conditions that would be
useful for spintronic applications by potentially reducing the field required and increasing

the operating temperature through controlled doping of Crls monolayers.
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