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Chapter 1

Introduction

Two-dimensional (2D) materials are those with an atomic thickness of less
than a few nanometers. Since the first exfoliation of graphene from graphite in
2004 [1], 2D materials have attracted lots of attention not only for the miniatur-
ization of devices but also as playgrounds for seeking novel physical and chemical
properties that are exotic and distinct from those of conventional 3D materi-
als |2, 3]. In such 2D materials, electronic states and charge charge carriers are
strongly confined in the vertical directions while delocalized and mobile along
in-plane direction [4, 2]. The strong confinement character in 2D materials
largely affects in their electric current, heat flow, and photon-matter interac-
tions that, sometime, result in extraordinary electronic, optical and magnetic
properties with strong excitonic effect and high quantum emission yield etc. [5].

Many different types of 2D materials have been synthesized so far for various
atomic compositions of elements across of the periodic table |6, 7]. The 2D ma-
terials exhibit diverse electrical and vibrational properties, behaving as metals,
semimetals, insulators, and direct band gap semiconductors with a wide range
of band gaps from ultraviolet to infrared. The two-dimensional geometry of 2D
materials is highly compatible with current thin film production techniques in
the semiconductor industry, which allows micro-integrations of 2D materials on
solid substrates. The device applications of 2D materials now cover memory,
logic gates, amplifiers, oscillators, and switches |8, 9].

During the last two decades, 2D materials have significantly contributed to
the discovery of new physics through their carefully prepared and typically con-
trolled lab-scale environments. However, technology for efficient, handy, and
large area fabrication of 2D materials is still in its infancy despite its high
demand from the material industry. In this regard, this dissertation presents
a series of 2D materials that are possibly suited to practical fabrication, i.e.,
including MXenes (2D transition metal carbides and nitrides) and atomically
thin GaN, which are emerging as viable candidates for many practical applica-
tions with large-scale production feasibility compared to other 2D materials. In
the following sections, 2D materials, including MXene and ultra-thin GaN, are
introduced as the main topics of this dissertation.
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1.1 Two-dimensional transition metal carbides and
nitrides (MXene)

H .TM in MAX and MXene .C, N He
Li || Be M‘TM only in MAX T Surface terminations B |i||l| fo) F Ne
Na| Mg .Agroup element I Intercalated ions ...‘ ol ar
e o 8 1 =
Rb | sr ....‘ Tc | Ru[Rh | Pd E.. I |[xe
cs| Ba ....‘ Re| Os i‘ Pt ‘. Hg .. At][Rn
Fr || Ra |_||F||D_b||s_g|| Bh{l Hs W Ds R_gH Cn |WHF“M_C| Ts||Og

FIGURE 1.1: Periodic table of elements in MAX phases, MXenes, surface termina-
tions, and itinerary cations. MXene surface terminations are yellow, whereas MAX
phase A components are red. The yellow color shows the intercalated cations into
MXenes. Solid solutions occur in TM atomic planes (blue) or A-element planes
(red). This periodic table excludes elements discovered only by first principle cal-
culations [10].

The investigation of transition metal carbides and nitrides for energy stor-
age applications was initiated by the discovery in the 1970s. Since then, several
nanostructure designs have been proposed, each small step increasing the sur-
face area and performance of transition metal carbides and nitrides.

The fabarication of the first two-dimensional (2D) titanium carbide (TizCyT,)
in 2011 [11] paved the way for the discovery of a family of 2D transition metal
carbides and nitrides, known as MXenes (pronounced "maxines") [12, 10]. MX-
enes are transition metal carbides and nitrides that are two-dimensional (2D)
atomically thin sheets. The research field of MXenes is growing rapidly with
expanding family of 2D materials for a wide range of applications.

MXenes are represented with the chemical formula M, X, T,, where M is
a transition metal (such as Sc or Y) and X is carbon or nitrogen; in the case
of M;, 11X, T, n =1~ 3 [15, 16, 17]. The possible transition metal elements
are in blue in Fig. 1.1 (periodic table). MXenes are usually terminated during
the exfoliation process with hydroxyl (OH), oxygen (O) or fluorine (F), which
often has significant effects on their electrical and magnetic characteristics. T
denotes the surface termination groups, the majority of which are = O, OH, and
F, and z in T, denotes the number of surface functionalities. A representative
figure related with chemical exfoliation of TizCy MXenes is presented in Fig. 1.2.
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FIGURE 1.2: Chemical exfoliation process and optical image of experimentally
synthesized TizCo MXenes. (a) Chemical exfoliation process in hydrofluoric acid
obtained with molecular dynamics simulation [13] (Reprinted with permission
from [13]. Copyright 2016 American Chemical Society). (b) The SEM (Scanning

(NH HF;)

TBAOH

Electron Microscope) image of exfoliated Ti3Co MXenes (Reprinted from [14],
with permission from Elsevier).
(a) (b)
2011 2014 2015
Discovery of MXene Family ‘ rea
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F1GURE 1.3: Milestones of etching MAX phases and delamination of multilayered
MXenes. (Reprinted from [18], with permission from Elsevier)

The experimentally confirmed surface terminations are in yellow in Fig. 1.1.
The anticipated atomic structures of MXenes with various positions of termina-
tion groups are shown in Fig. 1.3. The thickness of the two-dimensional sheets
is adjustable in the range of 1 nm by changing the number of MXenes in the
formula from MyXT, to M3X,T, and MyX3T,, respectively.

From the discovery of MXenes in 2011 [11], MXenes are widely applied
to catalysis, electrode technology, gas sensor technology, and electromagnetic
screening [12, 19, 20, 21| (cf. Fig. 1.3). With the radical growth of interest
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I

FIGURE 1.4: [From Fig. 1 of publication I| (reprinted with permission by Elsevier)
Representative geometrical structures of the functionalized ToC MXenes.

in MXene, large number of theoretical studies using first principles calculations
based on density functional theory (DFT) have been extensively conducted |22,
23, 24|. However, many of the electronic and magnetic properties of MXenes still
remain unclear. Theoretical limitations of approximate exchange-correlation
functionals mostly caused by self-interaction error that often spuriously delo-
calizes 3d states of transition metal elements. The delocalization problem of 3d
states should be resolved for correct analysis of electronic, magnetic, and vi-
brational properties of MXenes. On the other hand, underlying MXene studies
limit their focus to a triangular carbon network while non-triangular Cs struc-
tures of MXene phase were theoretically predicted by Bae et al. in publication
II. In this dissertation, a series of MXene studies based on ab initio calculations
are presented in chapter 3 and chapter 4.
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1.2 Low-dimensional GalN and its application

During last two decades, a diverse range of 2D materials have been found and
synthesized, such as black phosphorene, transition metal dichalcogenides, and
MZXenes. The majority of these two-dimensional materials are exfoliated from
three-dimensional van der Waals materials, in which layered materials com-
prised of 2D sheets are stacked on top of each other and held together by weak
van der Waals forces. While exfoliation and isolation of the 2D materials using
mechanical, chemical, or electrochemical methods by breaking relatively week
van der Waals linked layered compounds have been successfully achieved,the ex-
foliation technique of 2D materials from the conventional covalently connected
three-dimensional crystals currently remains as a horrendous task; for example,
exfoliation of 2D III-V materials have been hardly realized due to unsaturated
dangling bonds on the cleaved surface delivered from the tetrahedral covalent
coordination of wurtzite gallium nitride (w-GaN) and other II1I-V compounds.

FIGURE 1.5: (a) SEM (Scanning Electron Microscopy) image of 2D GaN (patch-
work regions of bright contrast) concentrated near 3D GaN islands (Reprinted from
Ref. [25] by permission from Springer Nature Materials). (b) The MEEG process
for the creation of 2D GaN is as follows: step 1, breakdown of the trimethyl-
gallium precursor and surface diffusion of gallium adatoms; step 2, intercalation
and lateral interface diffusion; and step 3, gallium transformation to 2D GaN by
ammonolysis (Reprinted from Ref. [26] by permission from Springer Nature Ma-
terials). (¢) Atomic structure of 2D h-GaN and its band structure obtained using
density-functional theory (Reprinted from Ref. [27], with the permission of AIP
Publishing)

As a remarkable breakthrough made in 2016, Al Balushi et al. achieved two-
dimensional GaN by passivating surface dangling bonds through a migration-
enhanced encapsulation growth (MEEG) approach [26, 25]. In the fabrication
process, the atomically thin GaN is sandwiched between graphene layers for cap-
ping that significantly stabilizes the 2D-GaN layer. The graphene capping sheet
is realized by selective extraction of Si from the SiC substrate and subsequent
decomposition of trimethylgallium on the graphene/SiC surface, as described
in Fig. 1.7 (b). The atomic and electronic structure of the hexagonal 2D GaN
(h-GaN) was calculated by first principles calculation using density-functional
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FIGURE 1.6: (a) Relative energies of hexagonal, wurtzite, and haeckelite GaN per
formation unit i.e., two atoms of GaN (reprinted with permission from Ref. [28],
APS). (b) Band structure of wurtzite and haeckelite GaN (w-GaN and 4|8 GaN).
The total energies and electronic structures are obtained by density-functional
theory with PBE-GGA exchange-correlation functional [29].

theory [27], as shown in Fig. 1.7 (c).

Inspired by the discovery of 2D-GaN, the polymorph of GaN, including vari-
ous phases, was extensively explored for a various range of layer thicknesses [28,
30]. From first principles studies based on density-functional theory, From first
principles studies based on density-functional theory, it has been revealed that
non-polar haeckelite GaN (4|8-GaN) is the most stable ground state phase com-
pared to the conventional wurtzite GaN (w-GaN) for a wide range of layer thick-
ness between 2 and 47 GaN layers [28|. In contrast to w-GaN, 4|8-GaN has a
non-polar surface in the normal direction that results in nearly zero internal
electric field that stabilizes 4|8-GaN compared when the thickness of GaN is
atomically thin [30]. Surprisingly, the optoelectronic properties of 4|8-GaN are
similar to those of w-GaN, implying that 4|8-GaN could be used in atomically
thin light-emitting diodes (LEDs). Moreover, 4|8-GaN is expected to be supe-
rior to w-GaN in in-plane hole mobility due to zero built-in electric field in the
normal direction [30].



Chapter 1. Introduction 7

(a) Deep acceptor states of Mgg, (b) Strain control of the acceptor state
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FIGURE 1.7: Previous studies of Mg acceptor and its polaronic hole state in
wurtzite GaN. (a) The deep acceptor character of Mg acceptor (upper panel,
reprinted with permission from Ref. [31], APS) and bistability of the acceptor
state(lower panel, reprinted from Ref. [32], with the permission of AIP Publishing).
(b) Strain control of the Mg acceptor state (upper panel, reprinted with permission
from Ref. [33], APS) and the hole state bound to transition metal impurities (lower
panel, reprinted with permission from Ref. [34], APS).

The hole dopability of p-type GaN is known to be typically low. This typ-
ically degrades the operating efficiency of conventional GaN-based LEDs [35,
36, 37]. While Mg is used as a primary p-type dopant in GaN, hole carriers
are frequently trapped in localized acceptor states of Mg impurity, which act as
deep acceptors [38, 32, 39, 40, 41]. However, the p-type dopability of 4|8-GaN
remains unknown, which should be elucidated for the realization of atomically
thin GaN-based LED devices for future technologies. In this dissertation, an ab
initio study of p-type doping of 4|8-GaN (haeckelite GaN) and its strain control
is presented in Chapter 5.
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1.3 Chapter overview
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F1GURE 1.8: Concept illustration the topics of chapter 3, chapter 4, and chap-
ter b partially adapted from graphical abstracts of Publication I (upper panel),
Publication II (middle panel), and Publication III (lower panel).

This dissertation provides first principles studies of two-dimensional (2D)
materials, including 2D transition metal carbides and nitrides (MXenes) and

atomically thin haeckelite GaN based on Publications I, II, and III.
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This dissertation consists of the following chapters:

e In Chapter 2, the theoretical framework of first principles calculation
based on density-functional theory and related methods are described.

e Chapter 3 overviews publication I. A comprehensive first-principles study
of carbide MXenes explored with various theoretical approaches are pre-
sented.

e Chapter 4 provides detailed descriptions of publication II. The new the-
oretical discovery of a family of 2D MXene elctrides with C3 trimer unit
and their mechanical, vibronic, and electronic properties are discussed.

e Chapter 5 summarizes publication III. The p-type doping of atomically
thin haeckelite GaN intimately related to strong polaronic character of
the bound hole state and its strain control are outlined.

e Finally, a concluding remark of this dissertation is provided in Chapter 6.
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Chapter 2

Theoretical framework

2.1 Density-functional theory

The ab initio calculations presented throughout of this dissertation employ
density-functional theory (DFT) for obtaining electronic and atomic structures
that give electrical, optical, and mechanical properties of various materials.
Density-functional theory (DFT) is a theoretical framework that enables calcu-
lations of quantum mechanical properties for a wide variety of atomic system,
ranging in size from tens to thousands of atoms, by efficiently balancing its
computational cost and accuracy.

By adopting Born-Oppenheimer approximation to many body systems con-
sisting of electrons and nuclei, the time-independent electronic Schréedinger

equation reads ) o R
HY = [T+Vemt+th+EH]\I/:E\II, (21)

where Vm is the attractive potential energy from the nuclei, T is the kinetic
energy operator,\zm represents the electron-electron repulsive interactions, Epy
is the classical coulomb repulsion between nuclei, and E is the total energy [42].
Although the many body Schroedinger equation is straightforward to construct,
it is not suitable to solve more than two particles. For this complexity, Density-
functional theory present a practical way to convert the many body problem
more tractable.

The formalism of density-functional theory (DFT) is based on the funda-
mental theorem referred to as the Hohenberg-Kohn theorem [43]. For arbitrary
many-body systems, the ground state with electron density n(r) ) under an
aribtral external potential ‘A/ext(r) is expressed as a functional of the electron
density shown as

Eln(r)] = /drvext(r)n(r) + Fn(r)| + E17. (2.2)

Here, F[n(r)] is a universal density functional that includes the following
terms

Fln(r)] = Eee[n(r)] + T'n(r)]. (2.3)

Here Ee[n(r)] is the electron-electron interaction energy and 7[n(r)] is the
kinetic energy of electrons.
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The electron-electron interaction energy Feo[n(r)] can be further divided
into

Euln)l =5 [ [ %Trj)drirj + Bfn(r)], (2.4)

where the first term is the electron-electron coulomb repulsion and the second
term FEy.[n(r)] is the exchange-correlation functional which includes the quan-
tum contribution to the electron-electron interaction.

The Hohenberg-Kohn theorem shows that the ground state total energy of
an interacting system consisting of electrons and nuclei is determined by the
ground state electron density. In other words, the electron density of the ground
state is the electron density that minimizes the total energy. To solve for the
ground state electron density variationally, we simply need to know the energy
functional E[n(r)]. While a wavefunction may include up to 3N variables, a
charge density has three spatial variables. Density-functional theory has much
decreased degree of freedom, which makes the theory a potentially more pow-
erful approach compared to more costly wavefunction-based approaches unless
more accurate.

Beside the Hohenberg-Kohn theorem that connects the ground state total
energy to the electron density instead of the electronic wave function that crit-
ically reduces computational cost, there are obstacles to practical electronic
structure calculations that need to be resolved. First, the exact form of the
exchange-correlation functional Ey.[n(r)] remains unknown. Second, the exact
form of the kinetic energy functional T'[n(r)] for arbitrary electron densities
is also unknown. The first attempt to approximate 7'[n(r)] was to adopt the
Thomas-Fermi model of the uniform electron gas [44] although its accuracy was
insufficient to practically describe quantum systems.

In 1965, Kohn and Sham derived an equation of motion of non-interacting
electrons obtained by the density mapping from the interacting system, which is
the cornerstone of modern DFT calculations [45]. The Kohn-Sham framework
gives the equation of motion of non-interacting electrons in a mean-field effective
potential. Specifically, the Kohn-Sham technique rewrites the Hohenberg-Kohn
statement for the ground state functional as follows

Fxs = Ti[n] + /drVeXt(r)n(r) + Fhartree[] + Err + Exc[n]. (2.5)

Here T[n] is the kinetic energy of non-interacting electron system, Fpartree[7]
is the mean-field Coulomb interaction energy of the electron density, and Ey.[n]
is the exchange-correlation functional. The first three terms of this equation
are well-known and may be evaluated directly. The Ei.[n] term indicates the
differences between the kinetic energies and potential of an interacting versus a
non-interacting system, as shown by the following formulation [45],

By [n] = T — 1T [n] + ‘A/z'nt — Ehartree [n]7 (26)
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and is unknown.
By using the variational principle for the total energy functional for non-
interacting Kohn-Sham orbitals, the Kohn-Sham equation is derived:

(_ﬁw oua(e) ) o) = ), 27)

2m

where —%VQ is the kinetic energy operator, v.g is the effective potential af-
fecting non-interacting electrons, ¢; is the Kohn-Sham eigenvalue, and ¢;(r) is
the Kohn-Sham electron orbital.

The effective potential veg(r) consists of

Vett () = Ve (1) + €2 / |:(_r2/|dr’ + MES—W (2.8)

where v. is the external potential and the last term

B d Eye[n]
e = () (29)

is the exchange-correlation potential.

2.2 Approximations of exchange-correlation
functionals

For practical calculations of DET various approximations of F,. (exchange-
correlation functional) have been proposed. Among the large number of approx-
imate exchange-correlation functionals, some representative density functionals
are introduced in the next section. In the DFT calculations presented in disser-
tation, GGA (GGA: generalized gradient approximation) and its +U correction
were adopted, and HSEO6 hybrid functional has been employed for the verifi-
cation of quantitative results of GGA and GGA+U functionals.
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2.2.1 Local density approximation (LDA)

In the local density approximation (LDA), the exact exchange and corre-
lation energy of a homogeneous electron gas are applied as calculated using
Hartree-Fock approximation and quantum Monte Carlo calculations [46, 47].

The FE,. of the LDA approximation is directly determined from the local
charge density,

ELPAl) = / drn(r) o9 o (r)]. (2.10)

The exchange energy per unit electron is

4
6homogen. _ 3 (3,”2”)1/3 _ _0 58

= —— 2.11
X A7 T ( )

Y

where r, = (3/4mn)'/? represents an average distance between electrons.

For the electron correlation energy of the homogeneous electron gas, the only
high-density limit (r50) and low-density limit 7 inf) are analytically known [47].
Several parameterizations have been proposed to interpolate the high-density
and low-density limit, for instance in the Perdew-Zunger parameterization [48],

(2.12)

PZ[T ] 0.0311lnr, — 0.048 + 0.002r,Inr, — 0.0116r, for r, <1
€ s| —
¢ (—0.1423) /(1 + 1.0529, /75 + 0.3334r,) for ry > 1.

Despite its simplicity, LDA has been applied to a wide variety of mate-
rial systems predicting considerably accurate structural parameters and valance
electronic states.
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2.2.2 Generalized gradient approximation (GGA)

The generalized gradient approximation (GGA) is a extension of LDA that
contains the dependence of the gradient of the charge density expressed as,

ESGAIn) = /drn(r)e)iGA(n(r),Vn(r)). (2.13)

While the concept of the generalized expansion was proposed in the original
paper of Hohenberg and Kohn [43], a successful development of gradient ap-
proximation of the exchange-correlation functional was made two decades after.
The reason of the slow emergence of the successful gradient approximation was
originated from the fundamental physical properties of the exchange-correlation
functional where several fundamental conditions should be fulfilled [49]. In 1996,
Perdew, Burke, and Ernzerhof (PBE) proposed the PBE-GGA functional that
fulfills three essential fundamental physical conditions [29].

The following is a brief note of the PBE-GGA functional as presented in
Ref. [29]. First, the exchange energy is expressed as

By [n(r)] = / dre?BEE,(s), (2.14)
where s = |Vn|/[2(37%)Y/3n*/3] is a density gradient.

The following conditions should be satisfied upon constructing the exchange
energy functional

1. Electron gas limit being uniform: F,(0) =1

2. Linear response to local spin density approximation (LSDA): as F, —
1+ us?, =022 as s — 0o

3. Lieb-Oxford lower bound condition: For F,(s) < 1.804, the function F,(s)
that satisfies the conditions above is extracted to be

K

Fo(s)=14k— —1 2.15

(s)=1+k . (2.15)

with £ = 0.804. In the same manner, the correlation energy is expressed
as

Efo() = [ delel ™€) + H(r &) 210

where t = |Vn|/(2¢ksn) is a density gradient, k, is the screening wave

vector (Thomas Fermi), and ¢(&) = [(1 + €)%/3 + (1 — €)?/3]/2 is a scaling
factor. The H(rg,&,t) has the form

B, 1+ A
H t) = v3In[l + =t
(r87€7 ) ’ng TL[ + v 1+At2+A2t4

! (2.17)
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where

_ s
vexp(—e./v¢?) — 171
The coefficients v = 0.03109 and 8 = 0.066725

(2.18)

The H(rs, &, t) is constructed for satisfying the following conditions.
1. At slow-varying density i.e., t — 0, H — B¢3t%.

2. At rapid-varying density i.e., t — oo, H asymptotically approaches H —
—¢€. that impose the zero correlation energy at the rapid-varying density
limit.

3. H should eliminate the logarithmic singularity in ¢, at the high-density
limit (r, — 0) by fulfilling e.(ry, &) — (€2/ag)d[yin(rs/ag) — w], where
w =~ 0.046644, v ~ 0.031091, and aq is the bohr length.

While GGAs outperform LDA for many systems, LDA and GGA are still
considerably inaccurate for describing several material properties e.g., van der
Waals dispersion interaction, localized polaronic states and optical properties
such as band gap. The theoretical limitations of LDA and GGA are caused
by several origins. First of all, approximations of exchange potential LDA and
GGA exhibit much more decay compared to the exact exchange that is propor-
tional to 1/ where r is the distance [50]. This causes imperfect cancellation of
self-interaction in the electron Coulomb energy remaining as a self-interaction
error (SIE) that tends to spuriously delocalize the electronic states. Second, the
band gaps of insulators predicted by LDA and GGA are grossly underestimated
by approximately by 50%, which is not only caused by SIE of approximate func-
tionals but also originated from the theoretical limitation of the Kohn-Sham
theory [45] due to a lack of functional discontinuity that should be included in
the fundamental band gap [51].
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2.2.3 Meta-generalized gradient approximation (MGGA)

The exchange-correlation energy in meta-generalized approximation (MGGA)
is expressed as

EMGGA — /drezc(n, Vn,T) (2.19)

where 7 = 1/2 329" |V, |2 is the kinetic energy density of Kohn-Sham or-
bitals. Introducing 7 makes MGGA recover the fourth-order gradient expansion
in the slowly-varying density limit [50]. The SCAN (strongly constrained and
appropriately normed) functional is a type of MGGA functional that satisfies
17 known exact constraints that a meta-GGA can fulfill [52]. Details of funda-
mental conditions related to SCAN functional can be found in Ref. [52].

SCAN functional outperforms conventional LDA and GGA functionals for
e.g., metal surfaces [53], formation energies, liquid silicon [54] and liquid wa-
ter [55]. SCAN predicts correct phase stability of several 2D materials [56]. Re-
markably, several successes of SCAN functional for strongly correlated systems
have been addressed; 1) SCAN predicts correct relative phase stability of the
MnO, while Hubbard-U correction on PBE-GGA functional fails to predict the
ground-state structure [57]; 2) SCAN presents correct descriptions of the struc-
tural, electronic, and magnetic properties of the LayCuO,4 and Lay ,Sr,CuQOy4
and their phase stabilities [58, 59, 60].

Despite many successes of SCAN functional, failures of SCAN functional
were also reported. For several transition metal compounds, SCAN fails to
predict correct formation enthalpies and this pitfalls were corrected by the
SCAN+U approach [61, 62|. Especially SCAN predicts false relative phase
stability of CuO and CuyO i.e., excessively stabilizing Cuy (d?) over Cuj (d'°)
such that CupO cannot be thermochemically stable in SCAN prediction [63].
The performance of SCAN for transition metal carbides (MXenes) compared to
PBE-GGA functional and other exchange correlation functionals is discussed in
chapter 3.
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2.2.4 Hybrid functional

One successful improvement of the LDA and GGA approximations is the
hybrid functional that contains a fraction of exact Hartree-Fock exchange that
is not present in LDA and GGA functionals. Perdew, Ernzerhof, and Burke
proposed the PBEO functional with the following form:

E)};’CBEO — E)P:CBE—GGA + ao(E;xact . E)P:BE—GGA% (220)

where F. is the exchange-correlation energy, Fy is the exchange energy and aq
is the mixing parameter that is set to 0.25 for the PBEQ functional [29].

While PBEO functional remarkably cures the band gap underestimations
of LDA and GGA functionals and delocalization problems of surface states
and polaronic states, the PBEO functional has been found to overcorrect self-
interaction errors that spuriously prefer localized states compared to delocalized
states.

The HSE functional proposed by Heyd, Scuseria, and Ernzerhof (HSE) com-
prises both localized and delocalized states by including a fraction of exact
exchange for short range interactions and GGA exchange for longer range in-
teractions. The HSE hybrid functional is written as

E}I{-ICSE — CLE)I{_IF’SR((,U) + (1 . CL)E)I(DBE’SR((A)) + E)I(DBE,LR + EfBE, (2.21>

where a is 0.25 and w, the range separation parameter w is 0.2 [64] and the
exact exchange potential are separated into SR (short range) and LR (long
range) parts. Due to the optimized mixing of the exact exchange, HSE tends
to predict better band gaps and electronic localizations than LDA and GGA
functionals. However, the calculation of exact exchange energy requires 50~100
times larger computational costs than that of LDA and GGA calculations, which
are a main bottleneck for practical DF'T calculations of large solid systems with
a few hundred atoms. In the next section, an alternative correction of LDA
and GGA functionals is introduced that corrects self-interaction correction by
applying on-site potential to localized orbitals.
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2.3 DFT-+U formalism

In the previous section, several approximations of the exchange-correlation
functional E,. have been introduced. In a wide consensus currently made in
the field of DFT calculation, PBE-GGA functional and its derivatives work
properly for a wide range of materials but they typically fail to describe local-
ized electronic states that are mostly originate from 3d electrons in transition
metal elements and 2p electrons in oxygen and nitrogen atoms. It is obvious
that the traditional approximations obtained from the characteristics of the
free electron gas are insufficient to characterize the electron correlation in these
highly correlated electronic systems with tightly laid energy bands. To rectify
the PBE-GGA functional’s erroneous behavior, it is compelling that localized
3d and 2p states might be selectively remedied by applying an on-site potential
exertion to the specified localized states.

The DFT+U technique is based on a mixture of the DFT approach and the
Hubbard model, [65], which incorporates on-site repulsion between electrons
through the Hubbard type energy defined by the U and J parameters. The
method has been applied to challenging cases of DFT calculations, including d
and f electrons [66]. The energy functional of DFT+U scheme is represented
as

Eprriv(p,n°] = Eprr + Ev[n’] = Eprrlp] + Eauwbara[n7] — Eac[n?], (2.22)

where n is the occupation matrix of d orbital, o represents the spin, and Eppr
is the original DFT energy functional. The Ey; can be divided into two terms;
FHubbara is the Hubbard Hamiltonian [67]; (Eq.) is a the double-counting term
to describes the part of the electron correlations that is already accounted for
by DFT [67]. The rotationally invariant energy functional i.e., Fyuppara and Fqc
term were derived by Liechtenstein et al. [68]. The derivation reads

1
EHubbard - = Z<<m7 m//|‘/ee|m/7 m//>n?nm’n;z(’7’m’”+
2= (2.23)
((m, m" |Veelm/,m"y — (m, m" |Vl ,m/))ng.on—5, .
1 Lo bt Lt
E4. = §Un(n —-1)— §J[n (n' = 1) +n"(n* —1)]. (2.24)

More simplified form of the DFT+U correction term was introduced by
Dudarev et al. [69]. In this approach, F?,F* and F (the higher order integrals)
are assumed to be 0. The energy functional Ey can be simplified as

Ue o o
EU = EHubbard - Edc - Z QHTr[nl, (1 - nl7 )] (225)

l,o

. The Ueg = U — J is referred as an effective U parameter [69]. Throughout
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of this dissertation, the simplified Dudarev +U approach has been employed in
DFT calculations
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2.4 Plane waves and pseudopotentials

For handling the Kohn-Sham equation with numerical calucaltions, a basis
set is required to represent wavefunctions with the coefficients filled in a matrix
form that is diagonalized. In the DFT calculations presented in the dissertation,
the plane-wave base set was employed in periodic boundary conditions. The
wave function is expanded with plane waves:

1

\I/nk(r) = W

3 Cauee @0, (2.26)
G

where €2 is the volume of the simulation cell, G is a reciprocal lattice vector,
and k is a momentum vector of the reciprocal space. The number of plane-
wave basis depends on the lattice vectors and the energy cutoff energy E ytoff-
For a given cut-off energy, plane waves following equation span the Kohn-Sham
wavefunction 2

2m,

|G + k|2 < Ecutoff' (227)

2.5 The projector augmented-wave (PAW) method

For many systems, treating all electrons in DFT calculations is computa-
tionally prohibitively costly due to rapid oscillational behavior of core electron
wavefunction due to the orthogonality of electronic states in the core region.
The wave function behaves differently in various areas of space (i.e. core and
interatomic region), therefore plane wave base set is not suited to express core
electrons that are highly localized and oscillatory. To tackle such problems, the
projector augmented-wave (PAW) approach has been introduced. The wave
function oscillates rapidly around atomic nuclei (augmentation region {2g), thus
it is easy to expand the wave function as partial waves (spherical harmonics);
yet, the wave function behaves relatively smoothly in the zone between atoms
outside the nucleus (interstitial region), and it is convenient to extend the wave
function as envelope functions (e.g. plane waves). Blochl [70] divides the elec-
tron wave function as follows:

o (2.28)
Yia|oi) inside of Qp,

vy = {|\1/PW> = > o Ccle’®T) outside of Qg

where [UFPW) is the plane wave part and |¢;) are atomic partial wave part.

As usual, the wave function needs to be continuous and differentiable at the
edge of augmentation sphere.

The projector-augmented wave (PAW) method was introduced by Blochl |70].
The electron wave function is transformed into auxiliary functions (here I denote
with the tilde *™7) |W) = T'|¥), so the entire system can be efficiently spanned
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with plane wave basis. The transformation in PAW method has the form

T=1+) T, (2.29)
R

where T is a local operator. For each partial wave |phi;) a corresponding
auxiliary function |¢) is chosen such that

Tr|gs) = |:) —~|¢~5i>
’\I/> = ‘wPW> = Zz al\qm inside Of QR, (230)
|6:) = |s) outside of Qp.

The total wave function can be represented as

|T) = [v™™) + Z(|¢i> —|63)), (2.31)

where the total wave function is expressed only in terms of the projector func-
tions, the plane wave basis, and the physical and auxiliary partial waves.
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2.6 Computational details of

self-consistent DFT calculations

Initial guess

n(r)

;

Calculate the effective potential
dExc[n(r)]

n(r’
Veft (T) = Vext (T) + 62/ = (_ 72/|d1"' +

on(r)

'

2m

Solve the Kohn-Sham equation

(—h—2V2 + veff(r)> ¢i(r) = €:ds(r)

|

Calculate the charge density
1

n(r) = Zfi|¢i(r)|2 C fi= e(€i— Brermi)/F5T 4 1

l

Is total energy converged?
|Ecurrent - Eprevious| <1x 10_4 eV

No

+ Yes

Printout charge density, forces, wave function etc.

FIGURE 2.1: The self-consistent loop of DFT calculation solving the Kohn-Sham
equation. The self-consistent convergence criteria has been imposed on the total

energy difference between the previous and current step i.e., AE < 1 x 1074 eV.
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In this dissertation, first-principles calculations based on density-funcitonal
theory (DFT) have been performed for transition metal carbides and nitrides
(MXenes) and gallium nitride (GaN) in haeckelite phase. For overall calcu-
lations, the PBE-GGA exchange-correlation functional (the generalized gradi-
ent approximation of the exchange-correlation functional proposed by Perdew,
Burke, and Ernzerhof [29]) has been employed. The electronic structures are
obtained from self-consistent calculation for solving the Kohn-Sham equation.
A schematic of the self-consistent loop of DFT calculation is shown in Fig. 2.1.
The self-consistent DF'T calculations have been carried out with the VASP pack-
age |71, 72, 73, 74| using plane wave base sets and the projector augmented-wave

(PAW) method [70].

For treating localized features of 3d electrons of transition metals in MX-
enes, GGA+U scheme with the form of Dudarev using adequate U.g parameters
was adopted [69]. The SCAN meta-GGA functional [33] was adopted for DFT
calculations of MXenes. For simulating vibrational properties of MXenes, the
Phonopy package [75] and Dynaphopy package [76] were used. Additional com-
putational details such as cut-off energy and k-point sampling are presented in
each chapter.
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Chapter 3

Ab initio prediction of electronic

and magnetic properties of carbide
MXenes

This chapter provides an overview of Publication-1: Electronic and mag-
netic properties of carbide MXenes—the role of electron correlations,
Soungmin Bae et al., Materials Today Advances 9 (2021): 100118.

P Insulator M. Semimetal
Electronic Metal

M Xe ne X Carbon, nitrogen Magnetic i Ferro Nonmag

. . s Antiferro
T Tgr;monl_t'atnon group
(O.F,0H) Scasug | | Ti stz || V saue
Sc,CO,d°(HC)| [Ti,CO, d°(HH) ]
2 2 [Sc,CF, d°(HH)| [Ti,CF, d'(HH)
Y sase | | ZF arss | Nbuass | [MOua'ss

Y,CO, d°(HC)| (2r,CO, d°(HH)| [Nb,CO,d'(HH)
Y,CF, d°(HH)| [Zr,CF, d'(HH)| [Nb,CF, d’(HH)

d*(CC)
[Mo,CF,
Lasaes Hf5d2652 Tasees m
d(CC)
[W,CF, *(HH)

Transition metal

La,CO, d°(HC)| [HF,CO, d°(HH)| [Ta,CO, d'(HH)
La,CF, d(HH)| |HF,CF, d'(HC) @(CC)

In this chapter, 22 carbide MXenes (MyCTy with M= Sc, Y, La, Ti, Zr,
Hf, V, Nb, Ta, Mo, W and T= O, F) have been explored using density-
funcitonal theory with different exchange-correlation functionals, i.e., PBE-
GGA, GGA+U, SCAN, and HSE06 functionals, which include different degrees
of electron correlation and self-interaction correction. From the results, three
magnetic MXenes VoCO,, VoCFy and MoyCF, and one topological insulator
Tay,CFy have been found, which have not been predicted by DFT calculations
of PBE-GGA functional due to its self-interaction error. The comprehensive
description of vibronic properties of carbide MXenes has been outlined.
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3.1 Research backgroud

Since the first discovery of TizCy MXenes in the last decade, a large num-
ber of DFT (density functional theory) calculations have been performed to
reveal the electronic and magnetic structures of MXenes |77, 78, 79, 80, 81,
82, 22, 23, 83, 24, 84, 85, 86]. In previous studies, the PBE-GGA functional
(a semi-local generalized gradient approximation developed by Perdew, Burke
and Ernzerhof) [29] was dominantly used despite its well-known erroneous de-
scription of 3d states due to its self-interaction error [87, 88, 89, 34, 90, 91,
92|. While erroneous behavior of PBE-GGA functional is usually corrected by
several self-interaction correction methods, such as the PBE+U correction or
meta-GGA, PBE+U (PBE functional with the Hubbard-U potential) has been
recently applied to several MXenes and the specific choices of U parameters are
still poorly clarified. Because many DFT predictions using PBE and PBE+U
(with a wide range of parameters) coexist in the MXene field, many questions
remain unanswered, particularly about the magnetic properties of MXenes [93,
94, 95].

In this work, a wide range of carbide MXenes were systematically explored
using density functional theory with various approximate exchange-correlation
functionals. The work establishes a determinative description of electronic and
vibronic properties of MXenes through presenting comprehensive and compar-
ative predictions that reflect the effects of different functionals and different
Hubbard +U corrections.

3.2 Computational details

For 22 carbide MXenes, the kinetic cutoff energy was set to 520 eV, I'-
centered 12 x 12 x 1 and 21 x 21 x 1 k-points grids are adopted for structure
optimization and density of state calculations, respectively. The interlayer spac-
ing of slab models was fixed as 15 A. The structures are optimized using each
of PBE, PBE+U, HSE06, and SCAN functional. The force exerted on atoms
are minimized less than 10~° eV /A after the structure relaxation. The vibri-
onic properties including phonon dispersion are calculated with Phonopy pack-
age [97]. Force constants required for the phonon calculations are calculated by
the finite displacements added in 4 x 4 x 1 supercells.

3.3 Structural and electronic properties of M;CO,
MXenes

3.3.1 Atomic configurations of M;CT; MXenes

Five atomic structures of MyCTy with different positions of termination
groups are considered in the present work, as presented in Fig. 3.1 (a). In
experiments, surfaces of MXenes are terminated with a mixture of O, F, or OH
functional groups depending on the type of utilized acid during the exfoliation
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FIGURE 3.1: |[From Fig. 1 of Publication I| (reprinted with permission by Else-
vier) (a) Five representative geometrical structures of the functionalized MXenes.
(b) An illustrative description of the structure, electronic, and magnetic properties
of carbide MXenes obtained from ab initio calculations using density-functional
theory. For each MXene, information of electronic property (insulator, metal or
semimetal), magnetic property (non-magnetic, ferromagnetic, and antiferromag-
netic) as well as the ground state structure and the formal d" configuration are

presented.

process, e.g. hydrofluoric acid [17, 16]. The O and F terminations on M,C
MZXenes are considered as T atoms (termination groups) in this study. The
the H site
(hollow site), C site (carbon-top site), and the T site (transition metal top
site), respectively. Accordingly, five different structures (HH, CC, TT, HC, and

T atoms can occupy 3 distinct positions on the M,C layer, i.e.,

CT) are considered in our calculations.
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3.3.2 Formal oxidation numbers and related properties

Figure 3.1 (b) summarizes the calculated properties of the carbide MXenes
obtained in this work. Formal d" configurations (n = 0 ~ 3) for M elements in
M,;CO, and M;CF, based on the usual oxidation number have been defined for
the analysis with the typical octet rule.

First, typical oxidation numbers are assigned as C: -4, O: -2, and F: -1. The
oxidation numbers of M elements are +4 in MyCO5 and +3 in MyCF5 imposed
by the octet rule. After assigning the oxidation numbers, formal d"” configu-
rations for M elements are defined, which show the number of d electrons (d"
configurations) belonging to the M element. As a representative example, Ti
has its outermost electron configuration of 3d?4s?, Ti*" in Ti,CO, is assigned
to the d° configuration after 4 electrons are removed, and T >T in Ti,CF, is
assigned to the d' configuration.

The d™ configuration offers an intuitive description of the electronic and
magnetic properties of MXenes. For example, the d° MXenes (9 MXenes la-
beled with d° in Fig. 3.1 (b)) were predicted as insulators due to the empty d
band [15]. For d™ configurations of n > 0, electrons are filling d shells, which
would lead to the metallic or magnetic properties of d* MXenes. The DFT
calculations predict most of the d" (n > 0) MXenes are metallic and three of
the MXenes are magnetic (VoCOsq, VoCFy, and MosCFs).

For an additional note, the oxygen terminated MXenes having transition
metals belonging to group-three (ScaCO,, Y2COs, and LayCO,) have also been
assigned to d° MXenes because their HC ground state structure (one oxygen is
not located on the transition metal but the carbon) takes three electrons from
M (= Sc, Y, or La) elements, leading to d° configurations and insulating prop-
erties with finite band gaps.
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3.3.3 Ground state configurations predicted by various
XC functionals

Density-functional theory was used to determine the ground state struc-
tures of carbide MXenes using PBE-GGA [29], PBE+U [69] (U= 3 eV, U= 5
eV for transition metal d states), and SCAN [33] functionals across five different
termination configurations (HH, CC, TT, HC, CT).The obtained ground state
structures and their relative total energies are summarized in Table 3.1.

TABLE 3.1: [From Table 1 of Publication I| (reprinted with permission by Else-
vier) The ground state atomic configurations of MXenes among 5 possible atomic
structures (HH, CC, TT, HC, CT displayed in Fig. 3.1) and configurations of the
second stable structure (the type of structure, the relative total energy in parenthe-
ses) obtained by PBE, SCAN and PBE+U (U= 3 €V on transition metal d states)
functionals. SCAN and PBE-+U functional predict the same ground state structure
with PBE functional except for two cases i.e., HfyCF5 and TasCFs.

PBE PBE+U (U=3 eV) SCAN

Category: d° type-1

ScaCOs HC(CC,0.136),NM  HC(CC,0.071),NM  HC(CC,0.168),NM

Y,CO, HC(CC,0.144) NM  HC(CC,0.132),NM  HC(CC,0.174),NM

LayCOs HC(CC,0.403),NM  HC(CC,0.374),NM  HC(CC,0.384),NM
Category: d° type-2

Ti,CO, HH(HC,0.768),HH  HH(HC,0.892),NM  HH(HC,0.855),NM

ZrCOs HH(HC,0.903),NM  HH(HC,0.994),NM  HH(HC,0.903),NM

Hf,CO, HH(HC,0.982),NM  HH(HC,1.093),NM  HH(HC,1.058),NM

ScoCFy HH(HC,0.590),NM  HH(HC,0.292),NM  HH(HC,0.650),NM

Y,CF, HH(HC,0.504),NM  HH(HC,0.553),NM  HH(HC,0.555),NM

LayCFy HH(HC,0.342),NM  HH(HC,0.388),NM  HH(HC,0.339),NM

First of all, most of the MXenes (15 cases among 22 MXenes) have HH
structure as their ground state structure, and d’-typel MXenes have HC struc-
ture as their ground state structure, which are in agreement with previous
DFT studies of MXenes [16, 17]. Whereas SCAN and PBE+U mostly do not
change the ground structure from PBE results, two exceptional cases are found:
Hf;CFy and TayCFy. Their ground state structures with PBE functional are
HfsCFy (HH) and TayCFy (HH), but changed to HfsCFy (HC) and TayCFo
(CC) with SCAN and PBE+U functionals. For these two cases, I further ex-
amined dynamical stability with phonon dispersions calculation with both PBE
and SCAN functionals. It is demonstrated that Hf,CFy (HC) and TayCF, (CC)
are dynamically unstable. Hf;CFy (HH) and Ta2CF2 (HH) are also shown to
be dynamically unstable. This suggests that PBE+U and SCAN functionals
predict ground state structures correctly. As demonstrated here, +U correc-
tions or other functionals (HSE, SCAN, and so on) should not be regarded as
electronic perturbations on top of structures evaluated by PBE, but rather their
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results should be carefully considered when predicting the structural and vib-
rionic properties of MXenes. Intriguingly, the CC structure of TayCFy exhibits
a semimetal character similar to Mo,CFy and W,CF5 which were previously
reported as topological insulators [98, 99]. This implies that Ta,CF5 is also a
topological insulator like MoyCFy and WoCF,, as shown in Fig. 3.4.

3.4 Electronic and magnetic properties
of carbide MXenes

Once the ground state structures of carbide MXenes are clarified, the elec-
tronic structures of carbide MXenes were extensively studied with PBE, PBE+U,
SCAN, HSE06 and functionals. The 22 carbide MXenes have been categorized
into d°-typel, d-type2, d', d*> and d® with their formal d" configurations of M
elements which are intimately related to their electronic and magnetic proper-
ties. Among the 22 MXenes reported in this work, three magnetic MXenes:
V,CO,, VoCFy, and Moy,CF4 were not reported in previous works, to the best
of my knowledge. The electronic structures and magnetic phases of these three
MZXenes are discussed with their vibronic properties and dynamic stability.
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3.4.1 do-typel MXenes: SCQCOQ, YzCOz, LHQCOQ
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FiGureE 3.2: [From Fig. 2 (a) of Publication I]| (reprinted with permission by
Elsevier) The density of states of ScaCO2 (HC structure) obtained with PBE,
PBE+U, SCAN, and HSE06 functionals and their partial charge densities related
to the C-O antibonding of ScoCOq (HC structure). Density of states of ScaCO2 (HC
structure) is shown as representative cases of d’-typel categories. Density of states
of PBE+U calculations with various U parameters (U= 0~5 €V) are illustrated
with the denoted bandgap (in €V). The top view and side view of partial charge
densities of the C-O antibonding obtained with PBE and PBE+U (U= 5 eV) are
shown. The isosurface cut-off of the partial charge density plots is 0.01e/bohr?.

Density of States

The d°-type MXenes ScoCOs, YoCO,, and LayCO, should be differentiated
from the other d° MXenes due to their unconventional HC structure. As a rep-
resentative case of d’-typel MXenes, the density of states of Sc;CO; obtained
using PBE, PBE+U (U= 3 eV, 5 eV), SCAN, and HSE(06 functionals are pre-
sented in Figure 3.2. Unoccupied levels of ScoCO5 are dominantly contributed
from the transition metal (TM) d states with a weak hybridization between
O-p states and C-p states. ScaCOq, YoCO4, and LayCO5 band gaps are formed
by completely unoccupied bands. It is noted that SCAN and HSE06 shift the
bonding states of TM-d O-p states and TM-d C-p states downward. This indi-
cates that SCAN and HSE06 reduce self-interaction error of the PBE functional
and thus make bonding states more energetically deeper and spatially localized.
Conversely, the PBE+U correction does not affect the bonding states selectively
in contrast to SCAN and HSE06 functionals because the correction affects tran-
sition metal d states selectively (not to p states).

The type functional and various +U parameters change the prediction of
the band gaps of d°-typel MXenes. The band gap of ScoCOs is enlarged from
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1.77 eV (PBE) to 2.13 eV (SCAN) and 3.12 ¢V (HSEO06). The band gap opening
can be attributed to the reduction of the self-interaction and partially restores
the functional discontinuity of SCAN and HSEO06 functionals compared to the
erroneous PBE functional [52, 100]. On the other hand, the band gap gets
narrower than the PBE band gap (1.53 eV with U= 3 ¢V and 1.08 eV with U=
5eV) after PBE+U (U= 3 eV, 5 eV) is employed. The variation of the bandgap
and electronic structure with various U parameter of PBE+U funcitonal (U =
0 ~ 5eV) of ScaCOy (HC structure) are described in Figure 3.2. This band gap
narrowing is seemingly not induced by the downshift of unoccupied d levels,
but invoked by a considerable downshift of the C-O antibonding state with the
+U correction. For U= 3 eV and 5 eV, the C-O antibonding state is completely
isolated at the mid-gap. The side view and top view of partial charge density of
C-O antibonding state of PBE and PBE+U (U= 5 €V) functionals are shown
in the Figure 3.2. While a chemical connection between scandium and carbon
atoms is observed in PBE result, the bonding is being disconnected in PBE+U
(U= 5 €V) result. This shows that +U correction exerted on transition metal
d-states induces artificially weakening p — d hybridization in contrast to the
meta-GGA and hybrid functional (SCAN and HSEO06) which enhance p — d
hybridization by making p states of carbon and functional groups more localized.
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3.4.2 d’-type2 MXenes:
TizCOz, ZI‘2C02, Hf2C02, SC2CF2, YzCFz, and L&zCF2
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FiGure 3.3: [From Fig. 2 (b) of Publication I] (reprinted with permission by
Elsevier) The density of states of TinCOy (HH structure) obtained with PBE,
PBE+U, SCAN, and HSE06 functionals. Density of states of PBE+U calculations
with various U parameters (U= 0~5 eV) are illustrated with the denoted bandgap
(in eV).

d’-type2 MXenes have an HH type structure as shown in Figure 3.3. The
density of states of TipCO, is presented as a representative case of d°-type2
MXenes. It is shown that PBE+U, SCAN, and HSE06 functionals increase
the band gap compared to the PBE result, while any remarkable change of the
valance band and conduction band structures are not introduced at vicinity of
the Fermi level. Similar to cases of d’-typel MXenes, SCAN and HSE06 func-
tionals bring down the bonding states of Ti;CO; (located at —6 ¢V) and shrink
lattice constants of d’-type2 MXenes compared to that of PBE functional. This
indicates that SCAN and HSEO06 functionals enhance chemical interaction be-
tween TM-d and C-p states, while PBE+U selectively localizes TM-d states and
rather reduces the chemical bonding in-between C-p and TM-d. The bandgap
is monotonically increased from 0.24 ¢V (PBE) to 1.01 ¢V (PBE+4U, U = 5 ¢V)
as the U parameter is increased, which is attributed to the increased electron
correlation effect of transition metal d states induced by the +U correction.
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3.5 Magnetic and vibronic properties of
d" (n > 0) MXenes

d" (n > 0) MXenes have occupied d shells that are anticipated to induce
metallic or magnetic properties that d® MXenes do not exhibit. From DFT
calculations, it has been found that SCAN, HSE06, and PBE+U predict three
magnetic MXenes (VoCOz, VoCFy, and MoyCFy) while the other d" (n > 0)
MXenes remain nonmagnetic even with a strong +U correction (U= 5 eV) and
HSEO06 functional. For HfCF5 and TayCF,, the ground state structures are pre-
dicted as HC and CC structures using PBE+U, SCAN and HSEO06 functionals,
while PBE functional predicts HH structure for their ground state structures.
Among nonmagnetic MXenes, Mo,CO, and W5CO, are shown to be topologi-
cal insulators, as reported in previous studies [98, 99]. The vibronic properties
of three magnetic MXenes are presented to explore the intimate correlation be-
tween magnetic properties and the dynamical stability of magnetic MXenes.
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3.5.1 Nonmagnetic d" (n > 0) MXenes
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F1GURE 3.4: Top panel: Alternating of relative stability of TagCFy and Hf5CF4 be-
tween different termination positions by changing exchange-correlation functional.
Middle panel: [From Fig. 3 of Publication I| (reprinted with permission by Else-
vier) Phonon dispersions and band structures of TapCFy (HH and CC structure)
and HfyCFy (HH and HC structure). Phonon dispersions and electronic band
structures of TayCFy and Hf;CFy are calculated by SCAN functional. Bottom
panel: the electronic structure of TaoCFy behaving as a topological insulator with
a gigantic gap ~ 0.7 eV [101] (private communication).



Chapter 3. Ab initio prediction of electronic and magnetic properties of

36 carbide MXenes

By adopting PBE+U, SCAN functionals, Hf,CFy and TayCFy are found
to be different ground state structures compared to that PBE predicts. While
PBE assigns the HH structure to their ground state structures of Hf,CFy and
TayCFy, PBE4+U and SCAN predict the HC structure of HfCFyand the CC
structure of TayCF5. In Figure 3.4, the phonon dispersions and band structures
of Hf5CFyand TayCF5 calculated by SCAN are shown. In the phonon disper-
sions, it has been found that TayCFy (HH) is dynamically unstable, whereas
TayCFy (CC) dynamically stable. Remarkably, TasCFs is a semimetal in anal-
ogy to MosCOy and WoCO,, which were reported as topological insulators [98,
99]. Kang et al., revealed that TayCF5 is a topological insulator whose SOC
(spin-orbit coupling) gap is close to 0.7 eV evaluated by PBEO hybrid func-
tional [101] (private communication).

For Hf,CFy, both Hf,CFy(HH) and Hf,CFy(HC) are shown to be dynam-
ically stable and Hf,CFy(HH) and Hf;CFo(HC) exhibit metallic and semicon-
ducting characteristics. The two distinct phases of Hf;CFy are similar to the
polymorph 1T" (metallic) and 2H (semiconducting) phases of transition metal
dichalcogenides. The energy difference between Hf;CFy(HH) and Hf;CFy(HC)
(less than 50 meV/cell) would imply the feasibility of phase engineering of
Hf,CF5 in-between Hf; CFo(HH) (metal) and Hf; CFo(HC) (semiconductor), which
is already experimentally realized in transition metal dichalcogenides [102].
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3.5.2 Carbide MXenes with magnetic order:
V2C02, VzCFz, and MOzCFz

(a) AFM1 (b) AFM2
—> TM1
a ™2 b
a a
(c) AFM3 (d) AFM4

FIGURE 3.5: |[From Fig. 4 of Publication I| (reprinted with permission by Elsevier)
The spin polarization density of VoCFy for different AFM patterns considered in
this work. Four different AFM phases (a) AFM1, (b) AFM2, (c) AFM3, (d) AFM4
are tested in our calculations. Blue and red show up- and down-spin polarization
densities residing in transition metal atoms that are labeled as TM1 (up spin) and
TM2 (down spin).

Three of carbide MXenes, VoCOy, VoCFy, and MoyCFy, were found to be
magnetic when SCAN, PBE+U, and HSE06 are applied, while PBE always pre-
dicts the nonmagnetic phase of them. This indicates that PBE functional fail to
predict magnetic phases that originate from strongly localized d-electrons. Thee
electronic structures and phonon dispersions for nonmagnetic phase and five
magnetic phases, including antiferromagnetic phases (AFM1, AFM2, AFM3,
and AFM4 in Figure 3.5) and ferromagnetic phase (FM) with PBE, SCAN,
HSE06, and PBE+U (U= 3 eV, 5 €V) have been calculated to understand the
magnetic phases of MXenes and their magnetic and vibronic properties in detail.
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V2CO; : magnetic property and dynamical stability

The discussion of a representative magnetic MXene VoCO, is firstly pre-
sented. A few number of DFT studies have explored the electronic and mag-
netic properties of vanadium carbides using PBE functional to achieve practical
predictions for Li ion battery applications [103, 94, 104]|. In previous studies,
V,CO, and V,CFy were revealed as nonmagnetic with the HH ground state
structure [103, 94]. Previous studies applied the PBE+U method for vanadium
carbides. For example, Champagne et al. reported the nonmagnetic phase of
V,CO; in the HH structure, but the HH structure is dynamically unstable [94].
Hu et al. et al., reported the antiferromagnetic ground state of V,CF5 obtained
by DFT calculation with PBE+U (U= 4 eV) [105]. The description of vana-
dium carbides has been confused due to inconsistently applied various methods
for different cases (spin polarized or unpolarized, and PBE or PBE+U). Re-
markably, Champagne et al. also reported a symmetry broken V,CO, (HH)
structure as the ground state found in their study [94]. This implies the Peierls
like instability of non-magnetic VoCO5 that might be caused by spurious local-
ization of d states whose stability competes with antiferromagnetic ordering as
previously shown for magnetic surface states [106, 107].
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Structure(top) Structure(side) Fermi surface Band structure
Y
02 POV
o o gl LA
3 S "‘,\M{. g : « 3 BN
e S I
\ il | ! w
B @ Q| L \\
T T -
= SIS ol g
-1
QveceoO -0.2 ki(gﬁ% 02 \\ ﬁ
— — — primitive cell — CDW-commesurate Hole pocket “2r M K r
Electron pocket
r (b) V,CO,(HH): NM-CDW
Structure(top) Structure(side) Band structure Phonon dispersion

N
a

n
=]

il

o

0V, @V, ece0 Ty )

— CDW-commesurate f CDW displacements _;

B

FIGURE 3.6: [From Fig. 5 of Publication I| (reprinted with permission by Elsevier)
The atomic structures and electronic structures of VoCO2(HH) in symmetric and
CDW structure with the phonon dispersion of CDW structure obtained using PBE
functional. (a) The electronic structures are shown with the band structure and
the Fermi surface, which exhibits electron- and hole-pocket implying the Peierls
instability via Fermi surface nesting also shown in the phonon dispersion as imag-
inary modes. The primitive cell and the CDW-commensurate cell are delineated
with dash and bold lines. The nesting vector from I' — K is shown. (b) The
CDW structure is illustrated with the distortion displacements of vanadium atoms
from the symmetric structure induced by the CDW distortion.
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To resolve the confusion of inconsistency reported by previous studies on
V,CFy and V,CO, [103, 94, 105], the electronic structure and dynamic sta-
bility of VoCO9(HH) with the PBE functional were explored. In PBE results,
V,CO5(HH) does not show magnetism despite of the partially filled d-shall (d*
configuration) of the vanadium atom in VoCO,. By the fact that the partially
filled d band may induce large Peierls instability through enhanced electron-
phonon coupling by Fermi surface nesting [108]. To verify the existence of Fermi
surface nesting in the nonmagnetic VoCOy band structure, the band structure
and Fermi surface of the nonmagnetic phase VoCOy in the P31m symmetry
group (NM-symmetric structure) are presented in Figure 3.6 (a). From the
Fermi surface and band structure, a hole-pocket residing around the I' point
and electron-pockets around the K point are observed. The presented electron-
and hole-pockets induce the Peierls instability caused by the Fermi-surface nest-
ing, which is again shown as the dynamical instability in the phonon dispersion
of the VoCOy NM-symmetric structure.

The dynamical instability of the VoCOy NM-symmetric structure induces
the Peierls distortion in a larger commensurate unit, which would stabilize
the structure accompanied with a charge density wave (CDW) with sponta-
neous symmetry breaking [108, 109, 110]. Searching for the CDW phase of
V2COy(HH), the NM-symmetric structure has been optimized in its commen-
surate v/3 x v/3 supercell to consider the instability at the K point of the phonon
diseprsion. The fully relaxed structure in the v/3 x v/3 supercell of the non-
magnetic VoCOy (NM-CDW) structure is presented in Figure 3.6 (b). The dis-
torted NM-CDW structure is belong to the C'm space group lowered from P31m
space group. The NW-CDW V,CO; exhibits CDW behavior is observed with
outward /inward shifts of vanadium atoms in the vertical direction (illustrated
with blue and green colors in Figure 3.6 (b)) accompanied with oscillationary
behavior in electron numbers of vanadium atoms obtained with Bader charge
analysis [111] fluctuating between 2.91 and 2.79 electrons. Remarkably, the
CDW distortion opens up a band gap, therefore removing dynamical instabil-
ity via a metal-insulator transition. As presented in the phonon dispersion in
Figure 3.6 (b), the NM-CDW structure is being dynamically stable, while the
NM-symmetric structure is dynamically unstable. The total energy lowering
through the structure distortion from the NM-symmetric structure to the NM-
CDW structure is estimated about 0.06 €V /cell.

In a series of previous studies, it has been shown that the CDW behavior and
magnetic ordering would compete against each other when stabilizing the Peierls
instability [106, 107, 112, 113]. The PBE calculations presented in this work do
not exhibit any magnetic ordering for VoCO, and thus prefers the delocalized
states due to large self-interaction error (SIE) of the PBE functional [114]. In
order to obtain a correct description free of self-interaction error bias, SCAN
and HSE06 and Hubbard-U corrections were applied to DFT calculations of the
electronic, magnetic, and vibronic properties of VoCOs.



Chapter 3. Ab initio prediction of electronic and magnetic properties of

40 carbide MXenes

V,CO,(HH)

(a) — TDOS — C(p) — O(p) ] metastable phases
NM 1y

= = TDOS — C(p) — O(p) — TDOS — C(p) — O(p)
PBE ¢ ] AFMT i) —Tm2(a) M v

c

T - MLLL.A
SCAN O 0 -

5 -0 1
: g ™
U=3eV

$ -10

E -10 ‘ ‘ ‘ ‘ ‘
U=5eV © 0

o Al A1 IE8 Ay g -10

> R —— "

5 ' I . “10
HsEos & o[ jf ; by -

o 5 aMIA | AU o | AN A

's 6 4 2 0 2 4 6 -8 6 4 2 0 2 4 6 8 -8-6 420 2 4 6 8
E-E,(eV) E-E,(eV) E-E,(eV)

(b) PBE(NM)  (c) SCAN(FM) (d) U=3eV(FM) (e) U=5eV (FM)

— % 200 1 20
\—’/20%; 15% 15%

e ——— = e

n
o

(&

Frequency (THz)
o o

o
o
o
o

._]
=
~
=
-
<
~
=
=
<
=
-
-
<
~
=

SCAN(AFM1) U=3eV (AFM1)  U=5eV (AFM1)

FIGURE 3.7: [From Fig. 6 of Publication I] (reprinted with permission by Elsevier)
The density of states and phonon dispersions of magnetic and nonmagnetic phases
of VoCOq. (a) Density of states of VoCOg in nonmagnetic (NM) and magnetic
phases (AFM1 and FM) obtained with PBE, SCAN, PBE+U (U= 3 eV, 5 eV),
and HSEO06 functionals. (b), (c), (d), and (e) are phonon dispersions of magnetic
(SCAN, PBE+U) and nonmagnetic (PBE) phases. The density of states and
phonon dispersions of metastable states are highlighted with gray shading.
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Figure 3.7 presents the density of states of magnetic phases and phonon
dispersions of Vo,COy(HH) calculated with PBE, SCAN, PBE+U and HSE06
functionals. From the PBE results, VoCO2(HH) is predicted as a metal and its
phonon dispersion has instabilities at M and K points. While PBE functional
only gives nonmagnetic phase due to self-interaction error, PBE+U, SCAN,
and HSEO6 predict magnetic phases of VoCOs. This indicates that meta-GGA
(SCAN) and hybrid functionals (HSE06), and +U corrections need to examine
for predicting the magnetic phases of MXenes. In Figure 3.7, phonon disper-
sions and density of states of AFM1 phases are presented. The AFM1 phase
has been predicted as the most energetically stable AFM phase among consid-
ered four AFM phases. The prediction of the ground state are affected by the
choice of the functional. AFMI1 phase is predicted as the ground state with
SCAN, HSE06, and PBE+U (U= 5 €V) funcitonals, while FM phase is being
as the ground state with PBE+4U (U= 3 eV). Because the relatively small total
energy difference between AFM1 and FM phases obtained with SCAN, HSEO06,
and PBE+U (less than 40 meV /cell), the ground state configuration of VoCO,
is affected sensitively by changing the functionals or +U parameter. It is further
noted that the CDW structure of VoCO2(HH) (Cm symmetry, nonmagnetic)
has been also optimized with PBE+U, SCAN, and HSE06 functionals and its
total energies are higher than the total energies of magnetic phases. While
the net magnetic moment of the V,CO, for the FM phase is expected to be
2.0 ug/cell from the d' configuration of vanadium, the obtained total magnetic
moments of the FM phase were 1.78 ug/cell (SCAN) and 2.0 up/cell (PBE4U
and HSE06), which reflect moderate d electron localization of SCAN functional
compared to HSE06. As shown in 3.7 (b), the magnetic phases of VoCO, are
dynamically stable in contrast to the nonmagnetic phase of PBE (HH, sym-
metric). This supports the fact that the CDW behavior and magnetic ordering
are competing with each other and magnetic ordering (antiferromagnetic and
ferromagnetic phase) is dominant with SCAN, HSE06 and PBE+U functionals
for VoCO4 [106, 107, 112, 113]. This suggests that electron correlation effects
of different functional not only affect the electronic and magnetic properties of
MZXenes but also the dynamical stability therefore affecting the vibrionic prop-
erties of carbide MXenes.
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V2CF; : magnetic property and dynamical stability
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FIGURE 3.8: [From Fig. 7 of Publication I| (reprinted with permission by Elsevier)
The density of states and phonon dispersions of magnetic and nonmagnetic phases
of VoCFy. (a) Density of states of VoCF2 in nonmagnetic (NM) and magnetic
phases (AFM1 and FM) obtained with PBE, SCAN, PBE+U (U= 3 €V, 5 €V),
and HSEO06 functionals. (b), (c), (d), and (e) are phonon dispersions of magnetic
(SCAN, PBE+U) and nonmagnetic (PBE) phases. The density of states and
phonon dispersions of metastable states are highlighted with gray shading.
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The electronic structures, magnetic properties, and phonon dispersion of
V,CFy (HH) are presented in Figure 3.8. In analogy to VoCO,, it has been
observed that the phonon dispersions of nonmagnetic VoCFo(HH) of PBE func-
tional does not show any dynamical instability or CDW distortions in contrast
to the VoCOy (HH). The predicted ground state magnetic phase of V,CF5 also
depends on the type of applied functional; PBE functional predicts the nonmag-
netic phase, while SCAN and PBE+U (U= 3 eV) predict the AFM2 phase and
HSEO06 and PBE+U (U= 5 eV) predict the AFM4 as the ground state config-
uration. The energy difference between the AFM2 and AFM4 phases observed
with SCAN, HSE06, and PBE+U (U = 3 €V) is relatively small (10 meV /cell),
but PBE+U (U = 5 €V) is found to significantly stabilize the AFM4 phase by 70
meV /cell when compared to the AFM2 phase. The insulating/metallic behav-
ior of V,CF5 also depends on type of functionals and its magnetic phases. The
nonmagnetic phase is metallic for all functionals and the AFM4 phase is as an
insulator with SCAN, PBE+U, and HSE06. While PBE+U and HSE06 predict
a finite band gap for AFM4 phase, SCAN close the band gap and predict the
metallic state of the AFM2 phase. The difference can be observed in electronic
structures between the AFM2 and AFM4 phases at the location of C-p states.
For SCAN results, the AFM2 phase has deeper C-p states (at —8 eV) com-
pared to that of the AFM4 phase (at —6 €V). The lower energy level of the C-p
states of the AFM2 phase may induce stronger hybridization between the C-p
and TM-d states. The metallic behavior observed in AFM2 phase using SCAN
functional may be caused by the delocalization of the d states originating from
its strong p — d hybridization. On the contrary, HSE06 gives a finite band gap
for AFM2 and AFM4 phases, which again shows that SCAN functional would

have a residual self-interaction error on localized transition metal d states.

For the FM phase, the half-metallic behavior is obtained from PBE+U and
HSEO06 while SCAN gives the FM phase as a trivial metal. This half-metallic
behavior would be induced by the gap in the down spin channel of d states.
On the contrary, SCAN closes the gap in the down spin due to its residual
self-interaction error. The total energy difference between the AFM and FM
phases obtained with PBE+U, SCAN, and HSE06 is more than 400 meV /cell.
Therefore, it is anticipated that the FM phase is hardly realized in the usual
experimental environments.
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Mo,CF; : magnetic property and dynamical stability

Mo,CF ,(HH)

(a) NM — TDOS —C(p) — O(p) ] metastable phases
— TM(d)
= b —TDOS — C(p) —O(p) —TDOS — C(p) — O(p)
PBE g AFM1 —TM1(d) —TM2(d) FM —TM(d)
c — —
9 _|-101- : R
© FM(SCAN), not found
SCAN £ 77127 i ( )
] —Hr—t ——t :
= 10— =10l
(0]
U=3ev & 12% - %ﬁ‘%ﬁ&'qgf % 4
o} A A E S N L 1] 1 ,
g ol 1 T N b s
U=5ev © 0 s o :
5 im0 P i
b 12 10 ‘ ‘ ‘ ‘ ‘
‘B B MJ h -10— W
HSE06 ¢S 0 0
8 ﬁ“ﬁ T e ]
6 6 4 2 0 2 46 8-8-6 4 2 0 2 4 6 8
E-E.(eV) E-E,(eV)
(b)  PBE (NM) (c) SCANAFM1) (d) U=3eV (AFM1) (e) U=5eV (AFM1)
[ | 20 00—
- 20 2 \/\/
I 15 15 15
[ S— ]S
g~ ] o ———
S . ]
2 ° 5 5 5
L oM
[T 0 0 o
T M K r T M K T T M K T r M K T
U= 3 eV (FM) U=5¢eV (FM)

FIGURE 3.9: [From Fig. 8 of Publication I| (reprinted with permission by Elsevier)
The density of states and phonon dispersions of magnetic and nonmagnetic phases
of MoCF3. (a) Density of states of MoCF2 in nonmagnetic (NM) and magnetic
phases (AFM1 and FM) obtained with PBE, SCAN, PBE+U (U= 3 €V, 5 €V),
and HSEO06 functionals. (b), (c), (d), and (e) are phonon dispersions of magnetic
(SCAN, PBE+U) and nonmagnetic (PBE) phases. The density of states and
phonon dispersions of metastable states are highlighted with gray shading.
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Finally, the density of states and phonon dispersions of MosCFo(HH) in
various magnetic phases are shown in Fig. 3.9. First of all, the HH structure
of MosCF3 has been predicted to have the most structure among the five con-
figurations in PBE, SCAN and PBE+U (U= 3 €V) calculations, as shown in
Table 3.1. Khazaei et al. reported that Mo,CF5 can be a promising thermo-
electric material due to its large Seebeck coefficient which originated from the
insulating property [115]. The calculated results show that Mo,CF5 has a fi-
nite band gap in both the NM and AFM phases, but the band gap of the AFM
phase is approximately two times larger than that of the NM phase as predicted
with SCAN, PBE+U, and HSE06 functionals. The total energy of the AFM1
phase is much lower than the NM phase by 200 meV per/cell. Moreover, the
phonon dispersions of the AFM1 phase of Mo,CF, with PBE+U and SCAN
are also shown to be dynamically stable in contrast to the dynamically unstable
nonmagnetic VoCFy.

The calculated results in this section again demonstrate that many of pre-
vious studies using PBE functional predicted the NM phase of Mo,CFy with
a significantly underestimated band gap and incorrect dynamical stability. Ac-
cording to the predictions in this work, Mo,CF5 has a larger band gap and
dynamical stability with the AFM1 phase. Generally, the larger insulating gap
results in a higher Seebeck coefficient, and therefore a higher thermoelectric
efficiency [115].
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3.6 Chapter summary

In this chapter, a comprehensive DFT study for 22 carbide MXenes using
PBE, PBE+U, the meta-GGA (SCAN), and the hybrid functional (HSE06)
has been carried out for demonstrating how the choice of functionals affect the
predictions of electronic, magnetic, and structural properties of MXenes. In the
obtained results, for 17 out of the 22 systems, all functionals employed in this
work (PBE, PBE+U, SCAN, and HSE06) have been shown to give qualitatively
similar results in predicting the same ground state structure, and similar elec-
tronic and magnetic properties. However, for 5 remarkable exceptional cases,
PBE+U, SCAN, and HSEO06 give significantly contrasting electronic structures,
and sometime leading to different ground state structures and different mag-
netic configurations.

The obtained results indicate that the different functionals would bring dif-
ferent predictions on electronic structure, magnetic phases and dynamical sta-
bility of carbide MXenes. This would suggest that PBE-GGA can be used at
the starting point of the research of MXenes while it may lead to qualitatively
wrong results. PBE+4U (PBE+ Hubbard type U correciton) offers a simple
correction with a little computational cost despite of its limited correction only
exerted to the orbitals the where +U corrections are applied (mostly 3d states).

SCAN (a meta-GGA funcitonal) has shown to be a more balanced that also
affect electronic states of 2p states, while the computational cost increase with
a factor of 2 ~ 3 from the PBE calculations. It was observed that SCAN func-
tional does not always opens up d — d gaps, which are opened in HSEO6 or
PBE+U calculations. This suggests that self-interaction error is partially cor-
rected with SCAN funcitonal. HSEO6 likely offers a balanced description of p
and d states in carbide MXenes, but the computational cost is significantly in-
creased from the PBE calculations (approximately 20 ~ 50 times). I expect that
this work provides a practical guideline for the choice of exchange-correlation
functional of density-functional calculations for presenting convincible predic-
tions for future MXene studies.



47

Chapter 4

Discovery of (3 MXene electride
family

This chapter overviews Publication-2: MXene Phase with C3 Structure
Unit: A Family of 2D Electrides, Soungmin Bae et al., Advanced Functional
Materials (2021): 31, 2100009.

Conventional predictions

New discovery
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MXene electride with C, unit

As discussed in the previous chapter, carbide MXenes with transition metal
elements in the first column (Sc, Y, and La) have been predicted to have a
HC structure whose spatial pattern of termination groups is unsymmetric on
the upside and down side [15|. This broken symmetry is thought to result in
massive ferroelectricity for ScoCOq [116].

While ScyCOs previously predicted as a ferroelectric material with its gigan-
tic out-of-plane polarization, this work shows that the true ground state phase
of Sc,COy is a centrosymmetric structure with C3 carbon trimer which has been
found to be two-dimensional electride. The C3 MXene electrides have been also
found for MyCOy with M= Sc, Y, La, Lu, Tm, and Ho, this work reports a
famaly of C3 MXene electride. This chapter outlines the discovery of C3 MXene
electrides and discusses their electronic and vibrational properties that are able
to be applied to several practical applications, such as cold electron emitters
and anode materials for Li-ion batteries.
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4.1 Research backgroud

4.1.1 Previous predictions of ferroelectric ScoCQO»
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FIGURE 4.1: [From Fig. 1 of Publication II] (permitted by John Wiley
& Sons) Structure and energetic stability of C3 — ScoCOg, hex — ScaCO4 and
AFE-ScoCOy. Perspective and side views of (a) Cz — ScaCOg, (b) hex — ScaCO4
and (c¢) AFE — ScaoCO2 (AFE: antiferroelectric). The blue lines delineate the
primitive cell and the commensurate cell of C3 — ScoCOg, hex—ScoCOs and
AFE — ScoCO2 (2 x 1 and v/3 x+/3 of the hex — ScoCOy primitive cell, respec-
tively) and the dashed lines depict the primitive cell of hex — ScaCOs. (d) Rel-
ative total energy of C3 — ScoCOs , hex — ScoCOs and AFE — ScyCO4 per atom
as a function of lattice constant of the lattice constant (the lattice constant of
C3 — ScaCO5 and AFE — ScoCO4 scaled by 1/4/3 and 1/2 for commensurability).

MXenes are class of two-dimensional (2D) systems composed of graphite like
monolayers or multilayers of carbon or nitrogen (X) sandwiched between metal
(M) layers, usually terminated by oxygen or fluorine and hydroxyl groups [117,
118, 119, 120, 23, 16, 121, 122]. Within many of MXene systems, the oxy-
gen terminated scandium carbide MXene ScoCO5 has received much attention
due to its exotic giant polarization in the perpendicular direction to the basal
plane, which brings strong piezoelectric effects and ferroelecticity [116, 123].
The extreme polarization of ScoCOs origintaes from its non-centrosymmetrical
structure (the HC structure) with different bondings on either side of the carbon
plane |15, 124, 125], which indicates that the system is violating the octet rule.
The structures of ScasCO, in various phases are shown in Figure 4.1. Despite
fascinating predictions of ferroelectric or anti-ferroelectric hexagonal phases of
ScaCOy (AFE — ScaCO4 or hex — ScoCO», respectively, henceforth), successful
fabrications of them have not been reported yet [126, 127, 128|.
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4.1.2 Searching for the C3—Sco,CQO5 ground state
structure within v/3 xv/3 commensurate unit

ﬁmetry lowering
Energy stablization
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Ov,®v, ,eCeO

@QveceoO A
— — — primitive cell — CDW-commesurate

Sc,CO,(HH): symmetric C,-Sc,CO,
Structural relaxation

—

FIGURE 4.2: A concept art describing the optimization procedure of C3—ScoCOs.
Adopting the distorted nonmagnetic VoCOg to ScoCOg(cf. Fig. 3.6 in chapter 3),
the C3—ScyCO4 structure was obtained in the v/3 x /3 commensurate unit through
the structure optimization modifying the cell shape and atomic positions.

In chapter 3, a distorted centrosymmetric structure of VoCO, was obtained
for its non-magnetic phase accompanying a charge density wave and atomic
distortions. This distortion refines the unit of simulation cell with a v/3 xv/3
unit of the primitive unit, as illustrated in Fig. 4.2. Including wider commen-
surate units and structural optimization with initial atomic distortions would
present more stable configurations if the starting point is a metastable struc-
ture. For ScoCOg, starting from the centrosymmetric structure, full structural
optimization was performed with giving initial atomic distortions as same as

the distortion of v/3 xv/3 V,CO,.

After the full optimization including the cell shape and atomic positions,
the C3—ScyCOq structure was achieved. The structure of C3—ScyCOg is illus-
trated in Fig. 4.1 (c). The structure contains a Cz carbon trimer at the middle
of the cell instead of a hexagonal carbon network. As shown in Fig. 4.1 (d),
C3—-ScCOy is energetically stable compared to other metastable phases (hex-
ScoCO2 and AFE-ScyCOs), therefore the discovered C;—ScoCOs is the true
ground state.
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4.1.3 Polymorph of scandium carbides with
various carbon guises

AH [eV/atom]

FIGURE 4.3: The convex hull of scandium carbides (left) and atomic structure of
several phases (right). The convex hull was with OQMD database [129, 130] and
atom structures were acquired from Materials Project [131]. The carbon dimers
and trimers are highlighted with colored circles. Atomic structures are displayed
using VESTA software [132].

Carbon is a core element that forms various organic materials and many
carbides. The enormous number of carbon compounds appear to have origi-
nated from carbon’s unique electronic structure, which manifests the diverse
nature of its bonding nature [133]. Remarkably, scandium carbides have vari-
ous forms such as ScC, ScCy, ScaCsy, SczCy, Sci3Cip, ScaCe, and SczChp [134,
135, 136, 137, 138, 139, 140, 141, 142]. Carbon in these compounds exhibits
diverse guises, including C, dimer (ScaCs and Sc3Cy), Cs trimer (Sc3Cy), Cs
pentagon (Sc3Cyg), and ScegCgo volleyballene [136, 143]), as well as hexagonal
graphene 2D layers (ScCs). The convex hull and atomic structure of several
scandium carbides are presented in Fig. 4.3. While many of the scandium car-
bides are metals, Sc,Cs is an insulator, Sci3Cqq is a superconductor, and ScoC
is a topological electride [144, 145, 128]). It is noted that ScoC has a isomor-
phic structure with the MoC M-X layer in hexagonal MXenes or MAX phases
(for instance, ScoInC or ScoSnC the corresponding ScoCO, MXene of the new
ground state with the hexagonal carbon plane broken into Cs trimers is likely
found. Indeed, carbon has the propensity to alter its structural unit to offer a
variety of stable compounds, [146, 133]. Moreover, it has been found that the
gapped compounds Sc3Cy and ScoC also have many isotypic compounds i.e.,
M3C,y (with M=Y, La, Lu, Tm, Ho [147, 148, 149]) and M5C (with M =Y,
La [138, 139, 140, 141, 142]). As similar to these isotypic compounds substitut-
ing scandium with other rare metals, it has been confirmed the isotypic MXene
systems MoCOq (with M=Y, La, Lu, Tm, Ho) can be obtained with the same
Cjs structure as ScaCOs.
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4.2 Computational details

The electronic and vibrational properties of isotypic C3—MsCOy (M=Sc,
Y, La, Lu, Tm, and Ho), as well as hex- and AFE-(antiferroelectric) ScoCOs,
were calculated using density functional theory (DFT). The kinetic energy cut-
off was set to 520 €V for all systems, and I'-centered 6 x 6 x 1, 12 x 6 x 1 and
12 x 12 x 1 k-points grids were empolyed for C3 — MsCO,, AFE — ScoCO4 and
hex — ScoCOy. The length of the ¢ axis of slab models was set to 15 A for
all structures to circumvent artificial interaction between their periodic images.
All structures were optimized using the GGA-PBE functional [29] with force
criteria of 0.001 €V /A and the electronic structures of optimized structures were
calculated using HSE06 hybrid functional [150].

Vibrational properties (dispersion and phonon density of states) of C3 — ScoCO4
and hex — ScoCO4 were obtained with Phonopy package [75] and force constants
were obtained with the finite displacement method using displaced 2 x 2 x 1, 4 x
4x 1 and 4x2x1 supercells for C3 — MyCOs, hex — ScoCO4 and AFE — ScoCOs.
The IR and Raman spectra of ScoCOq (C2/m and P31m phase) were extracted
from the post-processing using VASP-infrared-intensity script [151] and VASP-
ramanrc script [152]. The born effective charges and polarizability for the IR and
Raman spectra were obtained with calculation routines of VASP package [153].
From first principles molecular dynamics results, the Dynaphopy package was
used to evaluate the phonon density of states of C3—ScyCO5 and its C3—M,CO,
isotypic compounds [154]. The time step of the molecular dynamics simulations
was set to 3 fs using the standard Nose-Hoover thermostats [155, 156] of 300K
and 3000 ionic steps for the extraction of phonon density of states via Fourier
transformation of velocity auto-correlation function. A energy transformation
path of ScaCO, from Cs phase to hex and AFE phase were obtained with the
solid-state NEB method implemented in atomic simulation environment [157]
and the TSASE code [158, 159, 160] using 61 and 30 images on the path from
C3 phase connecting hex and AFE phase, respectively. The migration path of
Li ion on C3 — ScoCO, surface was obtained using the climbing-image nudge
elastic (¢cNEB) method [161, 162] with the force criterion 0.015 eV /A and 10
images on the path. The real space distribution of wavefunctions of Cs trimer
and C3 — ScoCO, were extracted with VaspBandUnfolding code [163]. Atomic
structures, partial charge densities, and wavefuncitons were illustrated with
VESTA software [132].
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4.3 Atomic structure of C3—MyCO,

FIGURE 4.4: |From Fig. S1 of Publication II| (permitted by John Wiley & Sons)
The structure of C3-MsCO9 (M= Sc, Y, La, Lu, Tm, and Ho) structure (top view
and side view) with lattice parameters.

System XC functional @  dc-c  dthickness  dM(a)-M(a) IM(a)—-0  dM(a)—-C  AM(b)-C
ScaCOqg PBE 3.23 1.34 4.82 3.60 2.04 2.63 2.26
ScaCO2 SCAN 3.23 1.33 4.76 3.58 2.04 2.61 2.25
ScaCOqg optB88 3.23 1.33 4.80 3.59 2.04 2.63 2.26
ScaCO2 HSE06 3.20 1.32 4.79 3.59 2.03 2.61 2.25
Y2CO2 PBE 3.47 1.34 5.06 3.86 2.20 2.77 2.42
LaoCO2 PBE 3.72 1.34 5.39 4.11 2.36 2.92 2.59
LusCOq PBE 3.37 1.35 5.09 3.75 2.14 2.71 2.35
TmoCO2 PBE 3.41 1.35 5.02 3.79 2.17 2.73 2.38
Ho2CO2 PBE 3.45 1.35 5.08 3.83 2.19 2.76 2.40

TABLE 4.1: |[From Table. 1 of Publication II| (permitted by John Wiley & Sons)
The lattice parameters of C3 — MaCOs (in A) of figure 4.4 optimized with PBE [29]
and HSE06 [150] exchange-correlation (XC) functional.

The previously reported hex — ScoCOq [15, 125, 122] and AFE — ScyCO»
have trigonal and oblique structures which are highly symmetric in the 2D
plane, the hex—ScoCOj is highly asymmetric in the direction perpendicular to
the plane which yields a huge out-of-plane ferroelectricity. [125] The atomic
structure and lattice parameters of C3—MyCOy are presented in Fig. 4.4 and
Table 4.1. The C3—MyCO; structure contains a Cs trimer at the core and ar-
range of oxygen terminations are centrosymmetric. This centrosymmetry yields
zero polarization, which would stabilize the C3—MsCO; structure significantly
compared to hex-MsCOy [164, 165]. The bond length of the Cs unit between
carbon atoms in Cs—M,CO, structures is about 1.34 A, which is close to the
typical bond length of carbon double bonds C = C [146]. The double bond
character of Cs trimer in C3—M5COs is intimately correlated with their elec-
tronic properties, behaving as electrides. The chemical mechanism of electride
formation with the MyCOs structure is discussed in the following sections.
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4.4 Enmergy profile of transformation path of
hex- and AFE-SCQCOQ — C3-SCQC02
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FIGURE 4.5: [From Fig. 2 of Publication II| (permitted by John Wiley & Sons)
Adiabatic potential energy surface for transformation for (a) hex — Cs3 and (b) AFE
— C3 of ScaCO4 calculated by solid state NEB (ssNEB). The atomic structure of
the snapshot of each step is illustrated and barrier heights are denoted in meV. In
the snapshots, the blue line delineates the boundary cell, and the red line illustrates
the bond forming or breaking between atoms.

Fig. 4.5 presents the energy path along the structural transformation of
ScaCOy from hex to Cgz phase and from AFE to Cs phase, obtained with the
solid state NEB calculation [158, 159, 160]. Both transformation paths shown
in Figures 4.5 (a) and (b). The low transformation barriers of around 70 meV is
attributed to the breaking of C — O bondings marked in the Fig. 4.5. The fur-
ther energy stabilizations are induced by displacement of oxygen atoms in order
to preserve the centrosymmetry of the C3 phase that derives zero polarization
of C3—-ScyCO4. The transformation barrier presented here is comparable to the
barriers of transformation from 1T” to 2H of TMDCs (transition metal dichalco-
genides) typically in range of 0.4 eV~ 0.8 eV per formula unit [166, 167, 168|.
This suggests that phase engineering between C3 — ScoCO5 and hex — ScoCO,y
orAFE — Sc,CO, phases can be realistic.
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4.5 Electronic structure of C3-MyCQO5 electrides

(a)

C;-Sc,CO, is an electride.

* The minimun C2/m-Sc,CO, unit = Sc,C,04
* Oxidation number of elements: Sc*3, 02, [C,]*
* This results in electride [Sc*3]4[C;]4[0?]¢:2e
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FIGURE 4.6: (a) A schematic illustration and interpretation of the oxidation num-
bers and electronic structure of ScoCO5 when it behaves as an electride with anionic
two electrons.(b) [From Fig. 3 of Publication II| (permitted by John Wiley & Sons)

Density of C3 MaCO2 (M

=S¢, Y, La, Lu, Tm, and Ho) states and ScoCOq in hex

and AFE phases, as well as partial charge density of in-gap states. The band gap
resulting from the Fermi energy is denoted by arrows.The zero of energy is set to
the valance band maximum (VBM) of C3 — MaCOq. The isosurface of the partial
charge density plots are set to 0.01e/bohr?.
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FIGURE 4.7: [From Fig. S6 of Publication II| (permitted by John Wiley & Sons)
Molecular orbital diagrams of Cs originated states. (a) The isolated C3 trimer and
(b) Cs originated states in Cg — ScaCOs.

The electronic structure of C3 — ScoCO4 and C3—MyCOs isotypic structures
with ScoCOs in hex and AFE phases are shown in Figure 4.6. The zero point
of the energy axis is set to the VBM (valence band maximum) of C3 — MaCOs.
hex — Sc,CO, and AFE — Scy,CO4 show similar electronic structure in the con-
duction and valence bands compared to typical MXenes (cf. chapter 3). In
contrast to the conventional MXenes, C3—ScoCO, and its isotypic structures
(C3—M3CO9, M = Y, La, Lu, Tm, and Ho) have characteristic valence band
states delivered from a narrow detached band from the valence continuum of
states about 1 eV, in contrast to conventional MXenes.

This detached valence state corresponds to two electrons for the ScgC30g
unit that are trapped at quasi 0D hollows in-between the Cj units, as shown
in the Figure 4.6. By assigning the typical oxidation numbers to the ScgC3504
unit, the electride behavior of C5—MyCO, can be figured out; giving M™, O~
and C3' [169] (assuming C=C double bond), we would write the system with a
chemical formula M{'[C3]7™VOgz":2e™, or [MgC3506)™":2e™, indicating that the
two extra electrons are behaving as an anion of electrides [149, 170, 171, 172,
173, 174, 175]. To summarize, a violation of the Octet rule inM;CO, (M= Sc,
Y, La, Lu, Tm, and Ho) results in an electride in which the part of [MgC30g6] !
is stabilized by forming a Cs trimer and trapping 2e~ at its hollow space.

The C3 trimer has a strong bonding character in the electronic structures
of C3-M5COs5. The electronic states of the Cs trimer and their related states in
C3-M5CO, are extracted and visualized in Fig. 4.7. The isolated Cs trimer and
C3-ScyCO4 are calculated with the HSE06 functional [150]. VaspBandUnfolding
code [163] was employed to extract wavefunctions of the Cj trimer and Cj-
ScoCO,. Based on the obatined results, the molecular orbital (MO) diagram of
the isolated C3 and the density of states of C3-ScyCO» are presented with several
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Cj3 related states in figure 4.7. This results show that carbons strongly interacts
with neighboring carbons in the Cs trimer and create relatively weak bonding
between surrounding oxygen and transition metal atoms. It is noted that doubly
degenerated 7, states in C3-ScoCOy are fully occupied, which corresponds to
the anionic electride states of two electrons. This again supports the fact that
the oxidation state of the Cs trimer in C3-MyCO; is -IV.

4.6 lonization mechanism of C3-M,;CQO5 electrides
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FIGURE 4.8: [From Fig. 4 and Table 1 of Publication II| (permitted by John Wiley
& Sons) The ionization of C3 — ScaCOs2. (a) Density of states of C3 — ScaCOq in
charge the neutral state and ionized state (¢ = +2) . The zero of the energy axis
is set to the vacuum level. (b) A schematic of the vertical and thermal ionization
of C3 — ScaCOs. The vertical, thermal ionization energy and relaxation energy are
denoted as AEye, AE¢, and AE ey, respectively. (¢) The structure deformation
of C3 — ScaCO2 accompanied with double ionization (¢ = +2). (d) The vertical
and thermal ionization energy of C3 — MsCOs. ALy is the vertical ionization
energy and AFEy,(q) is the thermal ionization energy with ¢ = +1, 42 for the single
and double ionization process. Here the thermal ionization energy for the double
ionization process defines the work function.
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The anionic electrons in an electride are typically loosely bound, therefore
they are expected to be easily ionized. [171, 172, 173, 174, 175]. For instance,
such reactivity for the electride [12Ca0O - 7Al,03]™V:4e™ is evidenced by a work
function as low as 2.4 eV, accompanied with high electron field emission effi-
ciency, as previously reported by Toda et al. [171, 172].

To investigate the mechanism of ionization of C3 — MyCOy ([MgC306] ' :2e—),
doubly ionized (¢ = +2) C3-M2CO; are calculated. The vertical ionization en-
ergies AF, o were evaluated with the eigenvalue (weighted average over 1st
Brillouin zone) of the detached valence band (vertical ionizaiton) [176, 177,
178, 88] and the thermal ionization energies AFyy(q) were estimated as

AEth(Q) = Avaert - AErelax(Q)/Q' (41)

Here, ¢ = +1 and ¢ = 42 represent the single and double ionization pro-
cesses. In the results, thermal ionization energies of double ionization A Eyy,(+2)
are relateively lower than the vertical and single ionization energy AF, . and
AFE,(41) because structure relaxation energy of the double ionization are large
accompanied with large (~ 6 eV per formula unit). The structure deformation
involved from the ¢ = 0 — ¢ = +2 ionization process as illustrated in Figure 4.8
(b) and (c). As two electrons are removed, the transition metal atoms at the
center of the structure are shifted outward. Interestingly, it is preferable to
empty the detached valence band at once (¢ = +2), rather than the half-filled
state (¢ = +1), therefore the systems exhibits a 'negative U’ behavior.

The double ionization energies of C3—MyCQO, are lower than the measured
work function of [CaggAlygOgy|TV:de™ (2.4 €V). [171] Meanwhile, the thermal
ionization energies are negative for LusCOy and TmsCO,, which indicates that
these systems are not electronically stable even in their charge neutral state.
The other systems exhibit low thermal ionization energies (~ 2 eV or less),
which suggests that these systems would be good candidates for thermal field
emission materials.
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4.7 Vibrational properties of C3-M5CQO5

4.7.1 Harmonic phonon dispersion
and dynamical stability
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FIGURE 4.9: |From Fig. S4 of Publication II| (permitted by John Wiley & Sons)
The phonon dispersion of (a) hex-ScaCO2, (b) AFE-ScaCO4 and (¢) Csz — ScaCO2
is dynamically stable in hex, AFE and C3 phase.

To verify dynamical stability of hex-, AFE-, and C3—ScyCOs, phonon dis-
persions are presented in Fig. 4.9. The phonon dispersions show that the three
phases of ScoCO, are dynamically stable. In contrast to hex- and AFE-Sco,CO»,
specific carbon vibrations in a high frequency range (from 20 THz to 50 THz)
are observed for C3—ScoCOq, which are labeled with A, B, and C in 4.9. The

specific carbon vibrations reflect the Cs trimer formation.



Chapter 4. Discovery of C3 MXene electride family 59

4.7.2 Phonon density of states
and IR and Raman activities
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FIGURE 4.10: [From Fig. 6 of Publication II| (permitted by John Wiley & Sons)
Calculated IR and Raman sepctra of hex, AFE and Cs phase of ScaCOs and
displacement patterns of the typical vibrations of the C3 unit. (a) Three localized
carbon vibrations A, B, and C with their frequency, symmetry label and activities
of IR and Raman spectra. The mode B is Raman active, and modes A and C are
IR active. Calculated (b) IR intensity and (c) Raman intensity of hex, AFE and
C3 phase of ScoCOs.
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We now turn our attention to vibrational spectra (IR and Raman) for ex-
perimental verification. The phonon DOS and calculated vibrational spectra of
SceCO4 in hex, AFE and Cs phases are shown in Figure 4.10. As mentioned
above, C3 — ScyCO4 exhibits three localized carbon vibrations in a high fre-
quency range (700 cm™! ~1700 cm™!). From the atomic displacements of these
three modes, the modes are attributed to mode-A: By, (bending), mode-B: A,
(symmetric stretching), and mode-C: A, (asymmetric bending).|

The symmetry symbols of three carbon vibrations belong to the point group
2/m(Cyy), which results in modes-A (B,) and mode-C (A,) being IR active
(Raman inactive) and mode-B (A,) being IR active (Raman inactive).In the
calculated IR and Raman spectra (cf. Figure 4.10 (b)), the mode-B and mode-
C show strong signal IR and Raman spectra, which are expected to be confirmed
by experiment.

4.7.3 Molecular vibrations of the
isolated C3 and embedded C3 in C3-ScoCO5

TABLE 4.2: [From Table 2 of Publication II] (permitted by John Wiley & Sons)
The C-C bond length (in A) and vibration modes with frequencies (in cm™') of
three localized carbon vibrations for the isolated Cj trimer ( C3 and C3'V) and
C3 — M3COs.

exp. [179] MRCI [180] This work
Cs Cs Cz O3V C3—ScCOy
C-C bond length (A) - 1.28 1.29 1.32 1.32
A Bending, B, (cm™1) 63.4 52 20.5 414.1 770.9
B Sym. stretch., Ay (cm™?) 1226.6 1293 1240.0 1144.7 1089.7
C  Asym. stretch., A, (cm™1) 2040.0 2217 2147.6  1527.5 1631.3

The carbon vibrations in the high frequency regime of C3 — ScoCO, are
originated from the carbon bonding of Cs trimer. The vibration frequencies
of Cs vibrations evaluated by density functional theory with HSEO6 functional
and the values from experiment [179] are summarized in Table 4.2, confirming
excellent agreement between the calculated values in this work and the val-
ues from experiment and a previous quantum chemical calculation [180].The
Cs unit in Cg — ScyCO4 is more like Cy IV than the neutral Cj, according to
Table 4.2. Remarkably, the frequency of the bending motion of C3 — ScayCO,
is much higher (770.9 cm™) than that of neutral Cz (63.4 cm™).When four
electrons are added toCs, the C-C bond length changes from 1.29 A to 1.32 A,
which is also observed in C3 — ScoCO,. This indeed supports that the formal
oxidation number of Cs is -IV where the C3 trimer extracts four electrons from
surrounding atoms; therefore, the chemical formula ME[C3] 'V Og™:2¢~ holds.
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4.7.4

2x2x1 C,-M,CO, supercell

Molecular dynamics of M>CO; in 300K
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FIGURE 4.11: [From Fig. S4 of Publication II| (permitted by John Wiley & Sons)
Time variation of total energy fluctuations (per atom in meV) and bond lengths
(dyi—c, dyi—o, and do_c in A) of C3 — MpCOy (M=Sc, Y, La, Lu, Tm, and Ho)
in MD simulations at room temperature (300K).

The dynamical stability of C3-MsCOs (M=Se, Y, La, Lu, Tm,and Ho) were
verified with Ab initio molecular dynamics (MD) simulations at room tempera-
ture (300K) within a Nosé-Hoover thermostat [181, 182]. The 2 x 2 x 1 supercell

C3-M5CO4 were empolyed and and the trajectories were integrated untill 9 ps

(3000 steps) with the time step 3 fs. For Sc-M;CO,, both neutral (¢=0) and

ionized (g=+2) states were calculated. Results of MD simulations presenting
the time variation of energy fluctuation (per atom in meV) and the bond lengths
ie., duy_c, dvi_o, and dc_c shown in the Fig. 4.11. The energy fluctuation of
all systems were less than 1 meV /atom that ensures the thermal stability of
C3—M5COs. The thermal stability is also evidenced by the fact that the bond
lengths are oscillating around their average values for all C3-MsCOy (¢=0) and
ionized Sc-MoCO4 (g=+2).
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4.8 C3—ScyCO5 as an anode material of
litihum-ion battery
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FIGURE 4.12: [From Fig. 5 of Publication II] (permitted by John Wiley & Sons)
(a) The binding energy of Li atoms as a function of Li concentration. (b) Top and
side views of the lowest energy diffusion path of Li in C3 — ScaCOs. (c) Energy
profiles for Li diffusion between adjacent favorable adsorption site on C3 — ScaCOs.
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While applicability of MXenes for the Li-ion battery have been intensively
investigated [183, 79, 184, 185]. Aierken et al. reported that hex — ScoCO; is
highly unstable with Li atom adsorption [184|, which may reflect the intrin-
sic instability of hex-ScoCO,. The calculated results show that C3 — ScoCOsq
([ScgC306] ™ :2e7) is highly stable upon Li adsorption even with 100% Li cov-
erage. The binding energies of Li atom on C3 — ScoCO5 were estimated as

1
Eb = E [E(SCGCgoﬁ : .’ELI) - E(SC@CgOﬁ) - IE(LI, bulk)] s (42)

where E(ScC30g : zLi) and E(ScgC30¢) are the total energy of C3 — ScoCOq
with and without zLi atoms on the surface, E(Li;bulk) is total energy of single
Li atom of bulk bce phase. The relaxed structures of C3 — ScoCO4 with various
Li coverage and the binding energies are summarized in Fig. 4.12 (a). The
Li binding energies are negative and sufficiently large at overall concentrations,
which can be comparable to other MXenes (for instance, FEj is 3.57 €V of V,COy)
[183, 79, 184]. Li migration barrier on C3 — ScoCO4 was calculated by the cNEB
(nudged elastic band with climbing images)[161] method; the calculated value
of 0.45 eV is comparable to that of graphite[186, 185|. Therefore, it is expected
that C3—ScyCO4 can be used as an anode material in Li-ion batteries.

4.9 Chapter summary

In this work, discovery of a family of 2D MXene electride materials M;COq
(M=Sc, Y, La, Lu, Tm, and Ho) was presented. The discovered structure is
derived from the trigonal MXene phase of ScoCO, through the formation of Cs
trimer, which imposes centrosymmetry that eliminates electric polarization and
enhance thermostability of MoCO,. The C3 formation observed in this work oc-
curs in a V3 x v/3 commensurate unit of the primitive hexagonal MXene. This
shows that discovery of new structures in material science would involve more
larger commensurate units that are usually not considered in primary studies
of material search.

The chemical formula for the electride phase is expressed by [MgC30¢] ™:2e—,
where two electrons are adhered at the voids between the two trimers, behaving
as anions.Low ionization energies of ~ 2 eV or less per electron for the removal
were estimated for C3—MyCOs. It was also demonstrated that ScaCO, binds Li
atoms with low migration barriers and can thus be used as an anode material
in a Li-ion battery. Due to their very low ionization energies, these materials
might be applied as cold electron emitters, charge storage, and catalysis.
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Chapter 5

Strain engineering of hole carriers
in p-type haeckelite GalN

This chapter overviews Publication-3: Strain engineering to release trapped
hole carriers in p-type haeckelite GaN, Soungmin Bae et al., ACS applied elec-
tronic materials (accepted November 8th, 2021).

~2% tensile strain

Release hole carrier holeg carr‘@‘

® 0@ ©
[ | [ o4 o |
Trapped hole Detrapped hole
(polaronic) (delocalized)

The gallium nitride haeckelite (4|8-GaN) phase is an attractive material for
two-dimensional (2D) light-emitting diodes (LED), but its p-type doping is chal-
lenging due to hole carrier trapping. In this work, strain engineering as a route
to release trapped hole carriers of Mg doped 4|8-GaN is presented based on ab
inito calculation using density-functional theory. It has been shown that Mg
and Be impurities in 4|8-GaN exhibit multifarious hole states, including local-
ized (trapped) and delocalized (extended) states. While Mg and Be impurities
prefer trapped hole states, the trapped hole state of Mg impurity is shown to be
spontaneously detrapped with a moderate tensile strain of around 2% perpen-
dicular to the basal plane. This chapter suggest a concept of strain engineering
to enhance carrier dopability of atomically thin two-dimensional materials.
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5.1 Research backgroud

ITI-V semiconductors composed of elements group III and V of the peri-
odic table are fundamental materials for many optoelectronics and power de-
vices [187, 188, 189, 190]. In particular, gallium nitride (GaN) had a huge
influence on human society through the realization of blue light-emitting diodes
(LED) [35, 36, 191, 192, 193]. Despite remaining drawbacks such as low hole
concentration [194, 195, 196, 197, 198, 37|, GaN is an irreplaceable key material
for blue LEDs owing to its direct band gap.

The bulk-GaN ground state is wurtzite phase (w-GaN), which has a large
built-in polarization in the [0001] direction, which reduces the light-emitting
efficiency of GaN blue LEDs [30, 199, 200, 201, 202]. While several non-polar
phases of GaN were examined to overcome such obstacles [203, 30, 28, 204, 205,
206, 207, 208], haeckelite GaN (4|8-GaN) has emerged as a promising candidate
for optoelectronics applications. When the material is atomically thin (2~47
GaN atomic layers), 4|8-GaN is non-polar and acts as the thermal ground state
phase [28, 205]. Furthermore, 4|8-GaN is known to be fabricated using epitaxial
growth on a graphene buffer layer under strain free conditions [209, 210, 211,
212, 170].

It has long been known that the hole dopability (hole carrier concentration
contributing to the conductivity) of p-type GaN is typically low, which signifi-
cantly degrades the efficient operation of GaN based blue LED |35, 36, 195, 37].
Mg is dominantly doped into GaN for p-type doping, however the hole carriers
in GaN are shown to be trapped in localized polaronic states [38, 32, 39, 40,
41]. Moreover, Mg acceptors can exhibit a bistability, i.e., the hole states have
both trapped (polaronic) and extended (delocalized) states, with the polaronic
states lower in energy by ~ 30 meV [34, 32, 213, 214, 215, 216, 217]. On the
other hand, a strain control of the trapping and detrapping of hole carriers was
demonstrated for transition metal (TM) doped in w-GaN, which can switch on
and off the carrier mediated magnetism between the TM impurities |34, 217].
This implies that a strain control of 4|8-GaN would control the hole states be-
tween trapped and detrapped state and provides a practical route to acquire
sufficient hole carrier mobility and concentration for optoelectronic applications.
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5.2 Purpose of this work

In this chapter, the quantum details of the hole states induced by Mg and
Be impurities doped in 4|8-GaN were explored using self-interaction corrected
density-functional calculations. The results show that Mg and Be impurities
have a variety of hole states in 4|8-GaN, including the polaronic (trapped)
ground state and the metastable delocalized (extended) state. While Mg and Be
impurity hole carriers prefer trapped states as their ground state over metastable
delocalized hole states, a strain control was examined to de-trap the trapped
hole carrier by applying a moderate tensile strain to 4|8-GaN. The photolumi-
nescence spectra of polaronic hole states of Mg impurity 4/8-GaN were calcu-
lated with various lattice strains, which can be a spectroscopical indicator of the
degree of lattice strain. This work presents a simple strategy of strain control
for efficient p-type doping and ideal light-emitting operation of 48-GaN-based
blue LEDs for optoelectronics and nanophotonics, and therefore sheds some
light on strain engineering of atomically thin two-dimensional materials.

5.3 Computational details

All calculations were performed using density functional theory (DFT) as
implemented in the VASP package [71, 70, 72, 73]. The projector-augmented
plane wave (PAW) method and the GGA-PBE functional [29] were employed.
The HSE parameters a = 0.32, w = 0.20 A were employed for the band structure
calculation of primitive GaN, which were previously validated for the electronic
structure of wurtzite GaN [106, 218]. The plane-wave cutoff is 350 eV and
[-centered 8 x 8 x 11 and 11 x 11 x 8 k-meshes [219] were used for k-point
sampling of 4|8-GaN and w-GaN. The optimized lattice constants of 4|8-GaN
are 2= 5.53 A and 2= 5.25 A. The band gaps of 3.36 €V (4|8-GaN) and 3.35 eV
(w-GaN) obtained by HSE functional were used to account for the zero-phonon
line (ZPL) energy of the Mg acceptor in 4|8-GaN. The Mg and Be substitutional
impurities at the Ga site in 4|8-GaN are modeled with a 2 x 2 x 4 supercell
of the primitive 4|8-GaN including 128 atoms and a 4 x 4 x 4 Monkhorst-Pack
k-mesh was used for the supercell calculations. The total energy of negatively
charged impurites in the periodic boundary condition were corrected by SCPC
correction [220]. The dielectric constant of 4|8-GaN for the SCPC correction
was set to 7.0 as obtained by DFT calculation based on density functional per-
turbation theory (DFPT) [221].
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5.4 Primitive band structure of
w-GalN and 4|8-GaN
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FIGURE 5.1: [From Fig. 1 of Publication III] Atomic structure and band structures
of w-GaN (left) and 4|8-GaN (right). The band structure of w-GaN and 4|8-GaN
were obtained by GGA-PBE and HSE functionals.

The primitive atomic and electronic structures of w-GaN and 4|8-GaN ob-
tained by first principles calculations based on density-functional theory are
shown in Figure 5.1. The atomic structures of pristine w-GaN and 4|8-GaN
were optimized with PBE-GGA [29] functional and the band structures are
calculated with PBE-GGA and HSE [150] functionals (aw = 0.3 and w = 0.2).
Whereas w-GaN exhibits a built-in electric field along the ¢ axis induced by
strong polarity of [0001] surface, 4|8-GaN has rigorous zero polarization along
the z axis which significantly stabilizes the 4|8-GaN phase compared to w-GaN
with few-atom thickness (from 2 to 47 monolayers) |28, 205]. While PBE-GGA
gravely underestimates the band gap of GaN, the band gap of w-GaN obtained
with HSE functional is in good agreement with the experimental value (3.4
eV) [216], therefore the estimation of the direct band gap of 3.36 €V of 4|8-GaN
predicted by HSE functional might be reliable. The direct band gap 4|8-GaN at
[ point implies that 4|8-GaN also exhibits a high radiative recombination rate
of 4|8-GaN similar to w-GaN. Apart from the trivial band gap underestimation
by GGA-PBE for w-GaN and 4|8-GaN, the band dispersions are very similar
to those obtained by HSE functional, which verifies the reliability of the PBE-
GGA functional for band dispersion and valence band hole doping properties.
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5.5 Hole states induced by Mg and Be impurities
in 4|8-GaN
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FIGURE 5.2: |[From Fig. 2 of Publication III] Polaronic and delocalized hole states
of Mg acceptor in 4|8-GaN and their densities of states and atomic structures.
Three different hole states are shown: (a) delocalized state, (b) polaron in plane
(Polaron-X) and (c) polaron along z direction (Polaron-Z). The iso-surface of partial
charge density plots is set to 0.002 e/bohr3. (d) The density of states and bond
lengths between Mg acceptor and its first nearest neighbor nitrogen atoms are
presented.

TABLE 5.1: Relative energies (FEyelative) and acceptor transition levels [¢(0/-)] of Mg
and Be acceptors in 4/8-GaN calculated for polaron-X, polaron-Z and delocalized
hole states.

polaron-X (eV) polaron-Z  delocalized
Mg acceptor
Eielative (meV) 43.2 0 33.4
e(0/=) (&V) 0.66 0.59 0.20

Be acceptor
ETelatiUe (meV) 0 36.2 263.3
e(0/—) (eV) 1.23 2.04 0.17
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The atomic structures of localized hole states bound to magnesium (Mg)
and beryllium (Be) impurities in 4|8-GaN were first calculated to explore the
possible source of p-type doping in 4|8-GaN. Isolated Mg and Be impurities
were embedded in a 2 x 2 x 4 supercell of 4/8-GaN (11.06 Ax 11.06 Ax 12.9 A,
128 atoms). To correct spurious delocalization bias of PBE-GGA functional 87,
88, 48], we employed a self-interaction correction using a hole state potential
Vis = Ans(1 — N0 /Mnost) applied on nitrogen p states [215, 88]. Here ng,,
denotes the partial occupation of spin orbital mo and ny.s denotes the refer-
ence occupancy of the defect-free host system. The strength parameter \ is
uniquely determined as \ps = 3.0 €V when satisfying the generalized Koopmans
condition for the localized in-gap state of Mg and Be impurities in 4|8-GaN.

From the results of self-interaction corrected calculations, multiple hole
states including two polaronic states (polaron-X and polaron-Z) and one de-
localized state were found. There spatial distribution are down Mg impurity
in Fig. 5.2 (a), (b), and (c). It is noted that the polaron-X and polaron-Z
hole states configurations are the ground states of Mg and Be impurities. The
delocalized states behave as shallow acceptors without in-gap states, and the
hole state charge distribution is delocalized over many atoms in contrast to
the polaron-X and polaron-Z states. The two polaronic states (polaron-X and
polaron-Z) induce deep in-gap states which behave as a deep acceptor. Their
hole charge distribution are primary localized at a single nitrogen atom as small
polarons accompanied by significant elongation of a single Mg-N or Be-N bond
(cf. inset of Fig. 5.2 (d)).

The relative energies and acceptor transition levels of Mg and Be impurities
are presented in Table 5.1. The optical transition levels (acceptor transition
level) of Mg and Be impurities between ¢ = 0 and ¢ = —1 charge states were
estimated as

e(0/=) = E(qg=—~1;¢=0) - E(g=0), (5.1)

where F(q = 0) is the total energy for the charge state ¢ = 0 and E(q = —1;¢ =
0) refers to charge state ¢ = —1 in the geometry of ¢ = 0. The total energy
difference between the delocalized state and polaronic ground state (trapped
state) of Mg and Be impurities were 33.4 meV and 263.2 meV. This implies
that Mg doping is much preferable to Be doping for practical p-type doping of
4|8-GaN.
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5.6 Strain control of hole states for efficient
p-type doping of 4|8-GaN
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FIGURE 5.3: [From Fig. 3 of Publication III] Relative stability of multifarious
hole states of Mg acceptor in 4|8 GaN under axial strain. (a) Relative energies of
hole states with various strain of —8% ~ 8% applied along z axis. (b) The partial
charge density of three polaron states (Z-1D, Z and X) and delocalized state (d)
and the ground state phase with respect to the c axis strain.

For ideal p-type doping, it is desirable that the extended (delocalized and
mobile) states are the thermal ground state compared compared to the trapped
(immobile) states. By the fact that small polarons are intimately influenced by
the local bonding structure near by the impurities [33, 34, 87|, it is expected
that the muptiple hole states (polaron-X, polaron-Z and delocalized) of Mg and
Be impurity in 4|8-GaN can be controlled by applying lattice strain. To verify
this strain engineering concept, lattice strain is applied along z axis to 4/8-GaN.

Fig. 5.3 (a) depicts the relative energies and hole distributions of Mg im-
purity in 4|8-GaN under axial strain. It has been found that the ground state
of Mg impurity is switched from polaron-Z-1D — polaron-Z — delocalized —
polaron-X when the axial along z axis tensile is changed in the range of -8% ~
8%. It is noted that a new quasi-1D state called polaron-Z-1D appears under
compressive strain, which reflects the change of local structure around the Mg
impurity. In particular, the delocalized state is the thermal ground state at
2% tensile strain, this indicates that spontaneous detrapping of the hole carrier
may occur with a moderate tensile strain. However, the polaron-X state for
Be doping always remains as the ground state under the entire range of lattice
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strain, which indicates that Be doping is not promising for p-type doping of
4|8-GaN.

In practical fabrication conditions, GaN layers are deposited on a solid sub-
strate with a large lattice constant mismatch (~17% in case of quartz) [195, 196,
197|. The strong lattice strain exerted on GaN layers usually degrades the blue
LED performance. To reduce the lattice strain, epitaxial growth of GaN film
on graphene layer deposited on solid substrates as buffer layer were suggested.
It should be also plausible that 4|8-GaN might grow on rocksalt substrates that
have the same lattice pattern and a sufficiently small lattice constant mismatch
with 4|8-GaN, for instance, rectangular UOy (2.0%) and MgS (5.8%). Because
the localized hole polarons are intimately coupled with the atomic structure
around the acceptor [34, 87|, it is convincible that the lattice strain would con-
trol the hole state of Mg and Be acceptor in 4/8-GaN among polaronic and
delocalized state.

5.7 Photoluminescence from multiple polaronic
hole states
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FIGURE 5.4: [From Fig. 4 of Publication III| Simulated photoluminescence line
spectra of the (0/) transition of various polaronic hole states of Mg acceptor in
4|8-GaN. Polaron-Z-1D state of 4% compressive strain in z axis is delocalized,
thus its geometry relaxation and Huang-Rhys factor S = 2.2 is small compared to
other polaronic states (polaron-X and polaron-Z) resulting in its wide line shape
compared to other polaronic states and large optical transition dipole moment
almost 2 times larger than that of other polarons.
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Finally, influence of strain control on photoluminescence (PL) of Mg doped
4|8-GaN associated from the change of multiple polaronic hole states were ex-
plored. Photoluminescence spectra from the (0/—) acceptor transition of the
Mg impurity were simulated, where (0) is the charge neutral state with the
trapped hole state and a free electron, and (—) is the singly negative state
when the hole state is occupied by one electron. Here, polaron-X, polaron-Z
and polaron-1D states of hole carrier trapped at Mg impurity were considered
with strain-free, 4% compressive, and 4% tensile strain environment. The sim-
ulated PL spectra of Mg impurity for the (0/—) transition were obtained using
a one-dimensional approximation as [222, 223|

G(hw) = CpPw® >~ wn(T)] (Xem(Q)] Xgn(@)) |*
- (5.2)

M EzpL + hwem — hwg, — hw),

where (1 is the optical transition dipole moment, C' is a normalization factor, w
is the frequency of photon, w(T") is thermal occupation of phonon, x,. is the
ionic wave function of the ground and trapped exciton states, and Fyzpy, is the
zero-phonon line (ZPL) energy. () is an effective one-dimensional displacement
determined with Q% = Zmidf where m; and d; are the atomic mass and dis-
placement of i-th atom. In Table 5.2, effective one-dimensional parameters of
PL spectra simulation are summarized.

The simulated PL spectra in Figure 5.4 show that both peak position and
line shape are dynamically affected by lattice strain. At a first glance, tensile
strain along z axis drags down the PL peak in lower energy region with little
change of shape. This implies that the tensile strain make the polaron-X state
more deeper while its electronic structure has remained unchanged. On the
other hand, compressive strain makes PL peak more stronger and sharper. It
should be noted that the polaron-Z-1D state is spatially less localized compared
to the polaron-X or polaron-Z states that results in small lattice distortions.
This induces a sharp PL shape and two times larger transition dipole moment
compared with the polaron-X or polaron-7Z states. The presented PL spectra
implies that impurity luminescence of Mg doped 4|8-GaN can be a spectro-
scopical barometer of the degree of the lattice strain, which is important for
experimental fabrication of 4|8-GaN for optoelectronics.
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TABLE 5.2: Effective one-dimensional parameters of (0/—) transition of Mg im-
purity in 4/8-GaN calculated for polaron-X, polaron-Z and polaron-Z-1D under
strain and strain-free conditions. A(Q) is the effective one-dimensional displacement,
Ry is the effective phonon energy of the initial (¢g=-1 with a free electron at
the conduction band edge) and final state (¢=0).

AQ(amu'/?bohr)  hQ, (meV) hQ, (meV)

polaron-X (strain free) 3.72 22.2 24.0
polaron-Z (strain free) 4.90 16.5 18.0
polaron-Z-1D (z strain -4%, compressive) 1.35 35.3 5.8
polaron-X (z strain 4%, tensile) 5.32 15.9 16.5

Sy Se  m(eA)  Ezpr (eV)

polaron-X (strain free) 10.3 111 10.2 3.12
polaron-Z (strain free) 13.2 144  10.2 3.06
polaron-Z-1D (z strain -4%, compressive) 2.2 0.4 21.0 3.19
polaron-X (z strain 4%, tensile) 151 156  10.3 2.68

5.8 Chapter summary

The multiple polaronic and delocalized hole states for Mg and Be impu-
rities in 4/|8-GaN were reported from the results of self-interaction corrected
density-functional calculations. For the strain-free environment, both Mg and
Be impurities have polaronic ground states, where the delocalized states of Mg
and Be acceptors are higher in energy by 33.4 meV and 263.2 meV compared
with their trapped hole states. A strain control of the Mg impurity hole state
in 4|8-GaN was demonstrated, which would offer efficient hole doping engineer-
ing of atomically thin 4/8-GaN. Most remarkably, a tensile strain of 2% leads
to spontaneous detrapping of the hole state of the Mg impurity, which enables
efficient p-type doping of 4|8-GaN. The strain-dependent photoluminescence
spectra of Mg impurity in 4|8-GaN provide a spectroscopical barometer of the
lattice strain which should be useful for experimental fabrication of optoelec-
tronic devices.
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FIGURE 6.1: The main topics of this dissertation with their motifs and connections.

This dissertation has presented a series of ab initio calculations of carbide
MZXenes, MXene electrides, and atomically thin GaN. For practical calculations,
density-functional theory (DFT) was employed with its approximate exchange-
corrleation functionals. The current work includes a comprehensive description
of carbide MXenes in chapter 3, a novel discovery of MXene electrides in chap-
ter 4 and a proof of concept for strain engineering of haeckelite GaN in chapter 5.
Chapter 3 presents a systematic study of MXenes containing several physical
insights such as correlation between magnetic property and mechanical stability
and structural anisotropy associated with charge imbalance of ScoCO5 in its HC
structure. Chapter 4 developed the idea of structural stabilization via alterna-
tion of electronic property such as electronic polarization and charge balance
achieved with Sc,CO4 by deforming the structure into the non-polar Cs struc-
ture. Chapter 5 adopts the concept of the structural stabilization by reducing
surface polarization to the conventional III-V GaN structure. The polarized
bulk GaN in wurtzite phase is further stabilized into its haeckelite structure
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when the thickness of GaN is atomically thin. As carrier doping into such semi-
conductors is a key technology for optoelectronic applications, the hole carrier
doping into haeckelite GaN with Mg and Be dopant was examined.

The expected outcomes and contributions of each work are summarized be-
low.

1. In chapter 3, a comprehensive first-principles study of carbide MXenes
various theoretical approaches was presented. While strong electron cor-
relation effect of transition metal 3d states is not properly considered in
a large number of current MXene studies, this work advocates the usage
of proper corrections to resort erroneous results affecting the electronic,
magnetic, and vibronic properties of MXenes. From novel findings of this
work, the strongly coupled features of magnetic phase and dynamical sta-
bility of magnetic MXenes were revealed. 1 expect that these findings
should have significant impact on many future DFT calculations for pro-
viding reliable predictions that are essential for the material design of
MXenes.

2. In chapter 4, a novel discovery of a family of 2D MXene elctrides with Cs
trimer unit was reported. In the MXene field, ScoCO5 has been known
as a promising candidate as a ferroelectric material with a world-record
strength of ferroelectricity. However, this work clearly reveals that such
unrealistically huge ferroelectricity is hardly realized and that such huge
charge accumulation in two-dimensional materials would be readily wiped
out by deforming or transforming the two-dimensional atomic structure
because 2D materials are highly flexible compared to conventional three-
dimensional materials. The deformation pattern that nullifies the ab-
normally huge ferroelectricity was to form the Cj trimer structure in a
V3 X v/3 commensurate unit in Sc,CO,. Astonishingly, the highly stable
C3—ScyCO;4 structure acquires an exotic electronic property as an elec-
tride. 'This work contributes to the MXene society not only with the
novel discovery of C3 MXene electrides but also by presenting a new prin-
ciple of material design.

3. In chapter 5, practical predictions of p-type doping of atomically thin
haeckelite GaN and its strain control were provided. In fabrication pro-
cesses of 2D materials, 2D materials are loaded on substrates where var-
ious degree of lattice strain with exerted on the 2D materials. Moreover,
strain control of 2D material is highly feasible with deformable substrates
made of polymers or plastics. Additionally, because carrier trapping in
2D material is typically much easier than that of 3D materials due to the
weak screening effect (i.e. low dielectric constant) in the vertical direction.
Therefore, localization and trapping of carriers should be extensively con-
trolled by strain engineering.
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