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ABSTRACT

STRUCTURAL, ELECTRONIC AND MAGNETIC
PROPERTIES OF GROUP III MONOCHALCOGENIDE
NANORIBBONS

Emin Aliyev
M.S. in Material Science and Nanotechnology
Advisor: Seymur Jahangirov
May 2025

Owing to the promising optoelectronic and thermoelectric properties of two-
dimensional (2D) group III-VI materials (MXs), their nanoribbons (NRs) have
attracted notable attention as an emerging class of quasi-one-dimensional (quasi-
1D) nanostructures. Due to the fact that the most stable 2D monolayer poly-
morph of MXs is the 1H phase, to date, existing studies in the literature have
predominantly focused on the NRs formed from 1H phase MXs. Nevertheless,
NRs of the 1T phase have received little to no attention. Employing ab ini-
tio simulations based on density functional theory, we systematically compared
the thermodynamic stability of hydrogen-passivated and unpassivated 1T and
1H zigzag (ZNR) and armchair (ANR) edge NRs of GaS, GaSe, and InSe. Our
results reveal that nonpolar 1T phase MX ZNRs are thermodynamically more
favorable than polar 1H MX ZNRs at widths up to 34 nm, a range that is real-
izable through contemporary experimental fabrication techniques. On the other
hand, as both 1H and 1T ANRs are nonpolar, 1T is more favorable only in
unpassivated cases in very narrow widths of up to 3.3nm in the case of InSe
ANRs. Furthermore, unlike metallic 1H ZNRs, 1T ZNRs remain semiconductors
and retain Mexican-hat-shaped (MHS) top valence bands. Complementarily, hy-
drogenation energies of 1T InSe NRs are positive, and due to the edge-localized
states, the 1T unpassivated ZNRs possess nearly flat top valence bands. These
electronic properties present compelling opportunities for exploiting 1T MX NRs
in spintronic applications. We demonstrate that, upon hole doping, these MX
NRs develop itinerant magnetization across a broad range of carrier densities and
display half-metallic behavior, with only one spin channel intersecting the Fermi
level. Moreover, the spin-polarization energies (SPE) of these NRs increase re-
markably relative to their 2D counterparts, indicating stronger stability of the
ferromagnetic state. We elucidate that the SPE of NRs strongly depends on the
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degree of edge-localization of the carriers along the width of NRs, which in turn
depends on the edge passivation, width, and edge shape of NRs. Overall, this
study highlights the critical interplay between the thermodynamic favorability
of the novel 1T phase MX NRs below certain critical widths and the resulting
electronic and magnetic properties, which together enable their promising appli-

cations in spintronics and nanoelectronics.

Keywords: Density functional theory, nanoribbons, monochalcogenides, half-

metallicity, hole-doping, ferromagnetism.



OZET

GRUP 111 MONOKALKOJENUR NANOSERITLERIN
YAPISAL, ELEKTRONIK VE MANYETIK
OZELLIKLERI

Emin Aliyev
Malzeme Bilimi ve Nanoteknoloji, Yiiksek Lisans

Tez Danigmani: Seymur Jahangirov
Mayis 2025

Iki boyutlu (2B) grup ITI-VI malzemeler (MX’ler) olaganiistii optoelektronik
ve termoelektrik ozellikler gostermektedirler, bu nedenle bu malzemelerin
nanoseritleri (NS’ler) son yillarda kuasi tek boyutlu (kuasi-1B) nanoyapilar olarak
yogun ilgi gormiistiir. En kararli 2B monolayer polimorfin 1H faz1 olmasi se-
bebiyle, literatiirdeki calismalar agirlikli olarak 1H fazli MX NS’lerine odak-
lanmigtir; ancak 1T fazli NS’ler neredeyse hi¢ incelenmemistir. Bu eksikligi gi-
dermek amaciyla, yogunluk fonksiyonel teorisine dayali ab initio simtilasyonlar ile
hidrojen pasivasyonlu ve pasivasyonsuz 1T ile 1H fazli GaS, GaSe ve InSe zigzag
(ZNS) ve koltuk (KNS) kenarli N§'lerinin termodinamik kararliliklar: sistematik
olarak karsilagtirilmigtir. Elde edilen sonuglar, 34 nm’e kadar olan genigliklerde,
cagdas deneysel liretim teknikleriyle gerceklestirilmesi miimkiin bir aralikta, ap-
olar 1T fazlh MX ZNS’lerinin, polar 1H fazli MX ZNS’lerine kiyasla termod-
inamik olarak daha kararli oldugunu gostermektedir. Buna karsilik, hem 1H
hem de 1T fazli ANR’ler apolar oldugundan, 1T sadece pasivasyonsuz durum-
larda, InSe ANR’lerde en fazla 3,3 nm’ye kadar olan ¢ok dar genisliklerde daha
kararhidir. Ayrica, metalik davranig sergileyen 1H ZNS’lerin aksine, 1T fazh
ZNS’ler yariiletken karakterini koruyarak iist valans bandinda Meksika sapkasi
bi¢imli (MSB) bant yapisimi muhafaza etmektedir. Buna ek olarak, 1T InSe
NS’lerin hidrojenasyon enerjileri pozitif olup, kenar-yerellesmis durumlar ne-
deniyle pasivasyonsuz 1T ZNS’ler neredeyse diiz iist valans bantlarina sahip-
tir. Soz konusu elektronik ozellikler, 1T fazli MX N§’lerinin spintronik uygu-
lamalarda kullanimi igin 6nemli firsatlar sunmaktadir. Caligmamizda, desik
katkilanmasi sonucunda bu MX NS’lerinin genis bir tasiyic1 yogunlugu araliginda
gezici manyetizasyon gelistirdigini ve yalnizca bir spin kanalinin Fermi seviyesini

kestigi yari-metal davranisi sergiledigini gosteriyoruz. Ayrica, s6z konusu NS’lerin
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spin polarizasyon enerjileri (SPE), 2B karsitlarina kiyasla énemli 6lgiide arttigim
ve ferromanyetik durumun daha giiclii bir sekilde kararli hale geldigini ortaya
koymaktayiz. NS’lerde SPE’'nin, tasiyicilarin genislik boyunca kenarlarda lokalize
olma derecesine giiclii sekilde bagimli oldugunu ve bunun da kenar pasiflestirmesi,
geniglik ve kenar gekli gibi faktorlere bagh oldugunu agikliyoruz. Genel olarak,
bu calisma, belirli kritik genigliklerin altinda yeni 1T MX NS’lerin termodinamik
kararlihig: ile elektronik ve manyetik Ozellikleri arasindaki kritik etkilesimi vur-
gulayarak, soz konusu yapilarin spintronik ve nanoelektronik uygulamalardaki

potansiyelini ortaya koymaktadir.

Anahtar sozcikler: Yogunluk fonksiyonel teorisi, nanoseritler, monokalkojenitler,
yari-metallik, degik katkilama, ferromanyetizma.
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Chapter 1

Introduction

Since the isolation of two-dimensional (2D) graphene monolayer from graphite [4]
and the fabrication of further confined 1D materials such as graphene nan-
otubes [5] and nanoribbons (NRs) [6], the exploration of low-dimensional struc-
tures has attracted considerable attention from researchers. It became evident
that dimensional confinement in 2D leads to the emergence of a wide range of
novel electronic, magnetic, and optical properties that were absent in the bulk
counterpart. Moreover, NRs fabricated by confining 2D layers laterally [7, 8], fur-
ther broadened the spectrum of properties, and enabled fine-tuning of these prop-
erties by altering the width [9], edge shapes, and various edge functionalizations
of ribbons [10, 11]. Size and tunable properties made NRs attractive candidates
for nanoscale applications in a wide range of fields, including spintronics [12],

optoelectronics [13, 14], catalysis [15], and biomedical applications [16].

Honeycomb-like shape of graphene monolayer enable fabrication of its nanorib-
bons (GNRs) with two primary distinct edge shapes: armchair (AGNR) and
zigzag (ZGNR). AGNRs depending on the width, can exhibit either metallic or
semiconducting behavior [17]. Consequently, various field effect transistors were
successfully fabricated from a few atom-wide AGNRs [18, 19, 20]. On the other
hand, all ideal ZGNRs are metallic and possess localized edge states, independent

of the ZGNR’s width. Nevertheless, theoretical and experimental studies have



shown that one can passivate the dangling bonds at edges by hydrogenation, ox-

idation, or functionalization with other compounds and open up the band gap in
ZGNR’s [21].

While GNRs have been extensively investigated, the emergence of diverse two-
dimensional materials has broadened the exploration of NR structures beyond
carbon systems [22]. Among these, group III metal monochalcogenides (MXs,
M = Ga, In and X = S, Se) have garnered substantial research interest in the
past years, offering distinctive properties, due to a remarkable variety of poly-
morphs [23, 24, 25, 26, 27, 28, 29, 30]. To date, two phases of 2D MX com-
pounds have been subject to extensive research: honeycomb-like trigonal pris-
matic (eclipsed, H) and trigonal anti-prismatic (staggered, T') phases. The ground
state of GaS, GaSe, and InSe in 2D is H phase, where a unit cell consists of metal
atoms sandwiched between chalcogen atoms in an X-M-M-X like arrangement.
Conversely, the T phase, a metastable polymorph in the aforementioned MX sys-
tems, exhibits structural characteristics analogous to the H phase, differing princi-
pally in the crystallographic arrangement of chalcogen atoms. Specifically, within
the X-M-M-X tetralayer configuration, the upper chalcogen sheet undergoes a 60°
azimuthal rotation with respect to the underlying layer (see Figure 1.1) [31].

Numerous theoretical investigations [30, 32, 31] have shown that these phases
of 2D MXs can be considered nearly energetically degenerate as the energy dif-
ference between them is less than kgT at room temperature, which is possible
to overcome with strain or doping. Indeed, both H and T phases 2D MXs were
successfully fabricated in recent years. Few-layer and monolayer 2D structures of
H-phase GaS, GaSe, and InSe were successfully synthesized with various meth-
ods [33, 34, 35, 36]. In a recent study, Jiang and co-workers demonstrated a ballis-
tic field-effect transistor based on mechanically exfoliated 2D InSe that surpasses
all previously reported silicon FETs [37]. Beyond transistor applications, H-
phase MXs have been identified as highly promising for optoelectronic, spintronic,
and thermoelectric devices [34, 38]. In another recent investigation, Gutierrez et
al. synthesized T-phase 2D GaS films via chemical vapor deposition [24]. Like-
wise, T-phase GaSe monolayers have been realized through molecular beam epi-

taxy [23, 29]. Furthermore, 2D GaSe with T-phase-like layer formation induced
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Figure 1.1: Schematic representations of 1T and 1H MX NRs and the unit cells
of the corresponding 2D monolayers. Adapted from Aliyev et al. [1] under a CC
BY license.

by intralayer Se atom sliding was reported to display exotic nonvolatile memory

behavior characterized by a high channel current on/off ratio [25].

The distinguishing properties of 2D MXs inspired many researchers to investi-
gate their 1D counterparts as well. To date, various 1D 1H MX nanostructures,
such as nanobelts, nanowires, and NRs, have been fabricated and demonstrated
to exhibit promising properties for the next generation of nanophotonics and op-
toelectronics [39, 40, 41, 42, 43, 44, 45, 46]. Besides, theoretical investigations
of 1H MX NRs have revealed distinctive electronic and magnetic characteristics.
GaS ZNRs are known to exhibit robust intrinsic ferromagnetism (FM) that per-
sists under variable strain conditions, transitioning to antiferromagnetic (AFM)
state only at significant compressive strain thresholds [47, 48]. Edge passiva-
tion also significantly modulates electronic properties: hydrogen-passivated GaS
ANRs demonstrate band gap enhancement to 2.48 eV with width-independent
behavior [49]. In contrast, GaS and InSe ZNRs maintain metallic character even
after passivation except in ultranarrow configurations (N < 4). GaSe and InSe

NRs display analogous electronic behavior to their GaS counterparts, while InSe



is also reported to exhibit promising catalytic performance in hydrogen evolution
reaction [50, 51].

While the existing literature has predominantly focused on the 1H phase of
MX NRs, the 1T MX NRs are left substantially underexplored. Notably, the
investigation of phase transitions in nanoscale systems has attracted significant
research interest owing to their profound impact on functional properties and
potential applications. In various nanostructured materials, such transitions can
be effectively modulated through external stimuli, including electric and magnetic
fields, as well as mechanical deformation [52, 53]. Furthermore, confinement
effects at narrow widths have been demonstrated to significantly influence phase

stability and electronic structure [54].

In this thesis, we conducted a systematic and comprehensive study using ab
initio density functional theory (DFT) calculations [55, 56] to examine how ribbon
width influences the relative stability between the 1T and 1H polymorphs in both
zigzag (ZNR) and armchair (ANR) edge configurations of MX nanoribbons, as
well as their electronic and magnetic properties. Our results reveal that, for
both hydrogen-passivated ZNRs (P-ZNRs) and unpassivated ZNRs (UP-ZNRs),
the 1T-phase ZNRs remain thermodynamically preferred over their 1H-phase
counterparts up to specific threshold widths of approximately 23 nm for GaS, 31
nm for GaSe, and 34 nm for InSe. This pronounced stability advantage of 1T
ZNRs originates from the absence of a built-in electric field, which in the polar 1H
phase leads to elevated formation energies. Moreover, the intrinsic electric field
in 1H ZNRs, not only alters their atomic configuration, but also significantly
impacts their electronic structure. Specifically, we demonstrate that polar 1H
ZNRs exhibit metallic conductivity even after edge passivation, consistent with
earlier reports [50, 49, 57, 47, 58, 48], whereas nonpolar 1T ZNRs preserve a finite

band gap across all studied widths and passivation conditions.

On the other hand, we discovered that in MX armchair nanoribbons (ANRs),
the intrinsic electric field polarization is absent in both 1H and 1T crystallographic
phases. Consequently, the difference between formation energies of 1T and 1H

phase ANRs is significantly smaller than in ZNRs, and the 1T phase demonstrates
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thermodynamic favorability over the 1H phase in UP-ANRs exclusively at very
narrow widths up to 3.3nm in the case of InSe. Besides, in P-ANRs, the electronic
saturation of edge dangling bonds with hydrogens diminishes the edge effects
and makes the 1H phase thermodynamically more favorable even at minimal NR
widths.

The structural and electronic characteristics of these NRs establish the foun-
dation for exploring their emergent magnetic properties. While the magnetic
response to hole doping has been extensively investigated in the parent 2D MX
systems, the effects of further spatial confinement to 1D remain largely unex-
plored. This dimensional reduction introduces additional quantum confinement
effects and edge-state contributions that may significantly affect the charge dis-
tribution and alter the magnetic ordering mechanisms. Previous theoretical stud-
ies on MX systems have demonstrated that, upon hole doping, two-dimensional
GaSe and InSe can exhibit half-metallicity and itinerant ferromagnetism within
a specific range of carrier densities [3, 59]. To quantify the energetic stabil-
ity of the ferromagnetic state, the spin polarization energy (SPE) is defined as
the energy difference between the FM (spin-polarized) and nonmagnetic (non-
spin-polarized) states, reaching up to about 3.5 meV /carrier for GaSe [3] and
10 meV /carrier for InSe [59]. Furthermore, analogous studies on GNRs have re-
vealed GNRs with certain edge passivations also exhibit similar properties upon
hole doping, and GZNRs manifest higher SPE compared to their GANR counter-
parts, reaching values up to 17 meV /carrier [60]. The aforementioned properties,
including half-metallicity, itinerant ferromagnetism, and sizable spin polarization
energies, make these materials promising candidates for spintronic applications,
where control over spin-dependent transport is essential for next-generation op-
toelectronic and magnetic devices. Besides, investigation of these properties in
NRs is critically important from both fundamental and technological perspec-
tives, as they represent ideal platforms for achieving extreme miniaturization in
next-generation nanoelectronic devices, where quantum confinement effects can
be harnessed for enhanced functionality beyond the limitations of conventional

semiconductor technologies.

Consequently, in the second part of this work, we systematically investigate
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how the magnetic properties evolve upon hole doping in MX NRs, elucidating the
interplay between reduced dimensionality, electronic structure modulation, and
spin distributions that are distinct from their 2D counterparts. We consider hole
doping of MX NRs of 1T and 1H phases, with both zigzag and armchair edges,
as well as with and without hydrogen passivation. Spin polarization energies of
these structures are discussed by comparing their magnetization density profiles
(MDPs) and electronic band structures. The considered hole doping range is from

1.5 x 10" em~2 to 1.35 x 10" em 2.

The primary finding of this part of the thesis is that SPE in MX NRs can
be significantly higher than in their 2D counterparts. The primary cause of this
difference lies in the edge-localization of carriers in p-doped MX NRs as a re-
sult of the quantum confinement effect. Higher edge-localization leads to higher
SPE. Such edge states are generally more pronounced in the case of UP-NRs, as
passivation saturates the dangling bonds and reduces the edge effect. Further-
more, due to the structural symmetry of the 1H phase, its NRs exhibit stronger
edge-localization in NRs, unlike the centrosymmetric 1T phase. In addition, the
ANRs generally exhibit lower edge effects than ZNRs. Nevertheless, as these MX
NR systems are considerably complex, various parameters can result in different
behaviors. Herein, we aim to show correlations between edge-localization and
high SPE, as well as additional factors that may come into play in each MX NR
scenario with various combinations of parameters such as passivation, edge shape,

phase, and atomic composition.



Chapter 2

Theoretical Background

2.1 Many-Body Schrodinger Equation and

Born-Oppenheimer Approximation

In order to describe a nanoscale material quantum-mechanically, one must, in
principle, solve the time-dependent Schrodinger equation for all electrons and

nuclei. In the stationary case, the many-body Schrédinger equation is as follows:
HU;(r,R) = E; ¥,(r,R) (2.1)

where r = (rq,...,ry,) and R = (Ry,..., Ry) denote electronic and nuclear

coordinates, respectively, and H is the Hamiltonian

N N —hz 9 2 62 Z[ZJB Z[B
H = Vi —V
;QMI *Z +;|ri—r3| Z| “R,| Zm Ry|’
(2.2)
Direct solution of Eq. (2.1) is only feasible for the smallest systems, due to the

3N, + 3N degrees of freedom and the electron—electron correlations.

The Born—Oppenheimer approximation decouples electronic and nuclear mo-

tion by exploiting the large mass difference between them. One writes the total



wavefunction as

¥(r,R) = O(R)d(r;R), (2.3)
and treats nuclei classically while solving the electronic problem at fixed R. The
electronic Hamiltonian becomes

A Ze? 1 e?
H, = — — = _ 2.4
2} ViRl T T (24)

and the total energy separates into kinetic, external (nuclear—electron), and in-

teraction terms:
E =T+ Vexs + Vi . (2.5)

Solving for ®(r; R) remains a many-electron problem, which motivates further

approximation.

2.2 Density Functional Theory

Density Functional Theory (DFT) reformulates the electronic problem in terms
of the three-dimensional electron density p(r), rather than the many-electron
3N.-dimensional wavefunction (see Figure 2.1. All ground-state properties can,

in principle, be obtained from p(r).

2.3 Hohenberg—Kohn Theorems

The fundamental theoretical framework of DFT was established by Hohenberg
and Kohn in their pivotal 1964 work [55], consisting of two main theorems. The
first Hohenberg—Kohn theorem states that, for a given external potential v(r),
the ground-state density po(r) uniquely determines v(r) (up to an additive con-
stant). Consequently, all observables are functionals of p(r). The second theorem
establishes a variational principle: there exists a universal energy functional E[p]
whose minimum at the true ground-state density yields the exact ground-state

energy. However, these theorems do not tell us how to construct E[p] in practice.
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Figure 2.1: DFT reformulates the complex many-body electron problem by em-
ploying electron density as the fundamental variable, circumventing the need to
solve for the complete many-electron wavefunction. Reproduced from [2] with
permission from Springer Nature.

2.4 Kohn—Sham Equations

In 1965, Kohn and Sham introduced a fictitious non-interacting system that re-

produces the true density [56]. The density is expressed as:
N,

plr) =) |wi(r)f? (2.6)

i=1
and replaces the true kinetic energy by
Ns

Tolp) = (il = V2 |s) . (2.7)

=1

The total energy functional becomes

Bl = Tlal + oot 5 [[EEEE @ Bl e

where FEy.[p] is the exchange—correlation (XC) functional. Stationary variation

leads to the Kohn—Sham equations,

{— 2?71@ e Ueﬂ(r):| bi(r) = () (2.9)
with
Vet (r) = v(r) + v (r) + vy (r) P Vee(T) = (?p%g)
(2.10)

These equations are solved self-consistently until p(r) converges.
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2.5 Exchange—Correlation Approximations

As the exact exchange—correlation (XC) functional is unknown except for the

homogeneous electron gas, practical calculations employ approximations.

In the Local Density Approximation (LDA) [61], one uses the XC energy den-

sity of the uniform gas at each point,

E%Mmr:/p@nﬂmwu»&r. (2.11)

which often overbinds molecules and underestimates the band gaps.

Generalized Gradient Approximations (GGAs) [62] incorporate density gradi-

ents,
ESNo) = [ £(.Vo) . (2.12)

improving energetics and structures. In this study, we employ PBE func-

tional [63], which is one of the most widely used GGA functionals.

We also utilize hybrid functionals, which mix a fraction of exact Hartree-Fock
exchange with GGA exchange—correlation. A notable example is the HSE06 func-
tional [64], which partitions the Coulomb kernel into short-range and long-range
parts and replaces 25% fraction of the short-range GGA exchange by the exact
exchange, while retaining GGA exchange at a long range. This screening reduces
self-interaction errors and yields much improved electronic band dispersions and

bandgaps in solids.

2.6 Pseudopotentials

Since core electrons vary rapidly near nuclei yet do not contribute significantly to
bonding, one replaces the full nuclear plus core potential with a smooth pseudopo-
tential acting only on valence electrons. Norm-conserving and ultrasoft pseudopo-

tentials enforce orthogonality to core states while lowering plane-wave cutoffs [65].
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On the other hand, the Projector Augmented-Wave (PAW) method transforms
all-electron wavefunctions into smooth auxiliary ones plus atom-centered correc-
tions, retaining full accuracy with moderate cutoffs [66]. Both of these methods

aim to reduce the number of plane waves needed to expand valence states.

2.7 Plane-Wave Basis and k-Point Sampling

For periodic solids, Bloch’s theorem allows each Kohn—Sham orbital to be written

Unk(r) = ek Unk(T),  Upk(r + L) = upi(r), (2.13)

and wu,y is expanded in plane waves,

unk(r) = Z Cn,k+G €iG'r s (214)
G

where G are reciprocal-lattice vectors. The infinite Brillouin-zone integral is

replaced by a finite sum over a mesh of k-points:

é/BZ F(k) &k ~ Zj:wj F(k;), (2.15)

with weights w;.

I'-centered grids place a point at k = 0 and sample symmetrically around it,
which better preserves crystal symmetry and avoids spurious offsets in metallic
or small-gap systems. Monkhorst—Pack grids can be shifted, but for layered or
low-dimensional materials a I'-centered mesh often yields faster convergence of

total energies and forces.

In this thesis, we present results of DFT calculations executed using VASP
(Vienna Ab initio Simulation Package) [67], which implements plane-wave basis

sets under periodic boundary conditions.
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2.8 Inverse Participation Ratio

First introduced in 1970 by Bell and Dean [68], the Inverse Participation Ratio
(IPR) to this day remains a widely used quantitative measure of localization for
a given distribution, such as wavefunctions or charge densities. For a normalized
distribution f(y) defined on a discrete or continuous domain, the IPR is defined

as:

IPR = / W) dy (2.16)

or, for a discrete set of points,
IPR = |fi| (2.17)
i
where f; is the normalized value at site ¢ and the normalization condition is

S =1 (2.18)

7

The IPR quantifies the degree of localization:

e For a completely delocalized (uniform) distribution over N sites, f; =

1/v/N, so IPR = 1/N.

e For a maximally localized distribution (all weight at a single site), f; = 1

for some j, fix; =0, so IPR = 1.

Thus, higher IPR values indicate stronger localization.

In our study, the IPR is utilized to quantify the degree of localization of the
magnetization (carrier) distribution along the width of the hole-doped nanorib-

bons.
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Chapter 3

Structural Properties:
Width-dependent Phase
Favorability

The structural properties of NRs are predominantly governed by edge configura-
tion, width, crystallographic phase, and edge functionalizations, with hydrogen
termination being one of the most widely utilized and energetically favorable for
most systems [22, 69]. Experimental characterizations reveal edge reconstruction
phenomena where pristine edges spontaneously reconstruct to minimize dangling
bonds and edge energy [70]. It has been shown theoretically, using DFT calcula-
tions, that phase transitions to metastable or energetically unfavorable phases in
2D systems may occur in NRs due to intrinsic or external effects [52]. The most
common causes for phase transitions in NRs include strain, chemical doping, and
externally applied electric fields [52, 53]. Furthermore, it has been shown that
phase transitions show reduced energy barriers in NRs compared to their 2D
counterparts due to edge-facilitated nucleation processes [8, 71, 72]. The width-
dependent phase preference enables controlled engineering of electronic and mag-
netic properties through dimensional confinement, broadening the spectrum of

perspective applications of NRs [22].
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Two-dimensional (2D) group IIT metal monochalcogenides (MXs, where M =
Ga, In and X = S, Se) have attracted extensive interest owing to their multiple
polymorphic phases, each exhibiting unique physical characteristics [23, 24, 25,
26, 27, 28, 29, 30]. In their ground state, these materials adopt a hexagonal
(H) phase with Ds;, symmetry, characterized by an X-M-M-X stacking sequence
within the unit cell. However, first-principles studies [30, 32, 31] have shown
that MXs can also exist in a metastable staggered T phase belonging to the
D34 point group. The T-phase energy lies very close to that of the H phase,
separated by a barrier smaller than kg7 at room temperature, and differs only
in the arrangement of the chalcogen atoms while retaining an otherwise similar

structural framework (see Figure 1.1) [31].

The presence of promising characteristics such as the Mexican-hat-shaped va-
lence band in 2D MXs has stimulated investigations of their 1D analogs [73, 74].
To date, however, most studies have focused exclusively on NRs derived from
the 1H phase, leaving the 1T-phase NRs largely unexplored. In this chapter, we
demonstrate that for both P-ZNRs and UP-ZNRs, the 1T-phase configuration
remains thermodynamically favorable up to critical widths of approximately 23
nm, 31 nm, and 34 nm for GaS, GaSe, and InSe NRs, respectively. This pro-
nounced stability of 1T ZNRs over their 1H counterparts arises from the absence
of a built-in electric field in the 1T phase, which leads to increased formation en-
ergies in the polar 1H ZNRs. In contrast, in MX ANRs, both 1H and 1T phases
are non-polar; in P-ANRs, the 1H phase is thermodynamically more favorable,
while in UP-ANRs, the 1T phase is thermodynamically more favorable in the

very narrow widths regime up to 3.3nm in the case of InSe UP-ANRs.

This chapter is partially based on our following publication: [1].

3.1 Computational Details

Density functional theory (DFT) calculations are performed using the Vienna Ab

initio Simulation Package (VASP) [67]. We employ projector augmented-wave
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(PAW) pseudopotentials [75, 66] in conjunction with the generalized gradient ap-
proximation of Perdew, Burke, and Ernzerhof [63, 76, 77], with spin polarization
considered. Ribbons are placed in the x-y plane (see Figure 1.1), and a vacuum
of 15 A is considered along the non-periodic directions to eliminate interactions
between periodic images. Geometry optimizations are carried out using a plane-
wave kinetic energy cutoff of 500 eV, while Brillouin zone sampling is performed
with a I'-centered 10 x 1 x 1 and 6 x 1 x 1 k-point mesh is used for sampling
the ZNRs and ANRs, respectively. The convergence criteria are set such that the
total energy change between electronic steps does not exceed 107 eV, and the

Hellmann-Feynman forces on each atom are reduced below 1072 eV/A.

3.2 Results and Discussion

Here, we denote N as the number of 2D monolayer unit cells composing each
nanoribbon. We have examined MX ZNRs with N varying from 4 to 14 and ANRs
with N ranging from 4 to 10. As described in Table A.1, our computed structural
parameters and energy differences for the corresponding 2D MX systems are in
excellent agreement with earlier studies [78, 31]. Moreover, upon increasing N,
the lattice constants of the fully relaxed ZNRs and ANRs gradually approach
those of the pristine 2D monolayer, indicated by dashed lines (see Figures A.1
and A.2).

Figure 3.1 depicts the dependence of the total ground-state energy difference
between the 1H and 1T phases of MX ZNRs (AE = Eyy — Eyr) on the ribbon
width N. The first striking observation from this plot is that, in contrast to
the corresponding 2D monolayers, AFE remains positive for all investigated ZNR
widths, signifying that the 1T phase is thermodynamically favorable. As NN in-
creases, UP-ZNRs exhibit a linear decline in AF, whereas in P-ZNRs, AE only
begins to decrease after reaching a peak value. This trend is anticipated, since
beyond a certain critical width, the 1H phase is expected to become more stable
than the 1T phase (at AE < 0).
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Figure 3.1: Energy difference between the 1H and 1T phases in passivated (blue

circles) and unpassivated (black diamonds) ZNRs with respect to N. Lines are
guides for the eye. Adapted from Aliyev et al. [1] under a CC BY license.

On the other hand, as can be seen from Figure 3.2, in MX ANRs AF is signif-
icantly smaller than in ZNRs, showing positive values only in the unpassivated

cases, while in P-ANRs AF is negative even at very narrow ANR widths.

As demonstrated in Ref. [54], the critical ribbon width for the phase transition
can be obtained by evaluating the formation energy of the NRs. For UP-NRs,
the formation energy is defined by:

Eform(N) = E.(N) — NEsp, (3.1)

where E,.(N) denotes the total energy of the nanoribbon containing N unit
cells, and Fsp represents the energy per formula unit of the corresponding two-
dimensional monolayer. In the case of P-ZNRs (or ANRs), the energy equivalent
to two (or four) hydrogen molecules is additionally subtracted on the right-hand
side of Eq. 3.1. Thereafter, by examining the converged values of E} —and

E}ZTm as functions of N, one can extract the critical width N, according to:

B BT
Nc — orm orm 3‘2
Bl - B3 o

The formation energies with respect to N are shown in Figures 3.3 and 3.4,
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Figure 3.2: Energy difference between the 1H and 1T phases in passivated (blue

circles) and unpassivated (black diamonds) ANRs with respect to N. Lines are
guides for the eye.

where convergence with increasing N is evident. The energy values at the largest
ribbon widths considered were utilized to determine E}gm and E}OTTm The re-
sulting critical widths N, are listed in Table 3.1. For ZNRs, the smallest NN, is
72 (corresponding to 23 nm) for GaS P-ZNRs, whereas the largest N, is 95 (34
nm) for InSe UP-ZNRs. Importantly, these predicted widths are within the reach
of current fabrication techniques [79, 40, 45, 41], and are substantially greater
than those reported for TMD nanoribbons, where the maximum critical width
is 2.5 nm [54, 80]. On the other hand, for ANRs, 1T is more favorable only
in unpassivated cases in very narrow widths of up to 3.3nm in the case of InSe

ANRs.

The hydrogenation energies (Fy) shown in Figure 3.5 provide additional un-
derstanding of the nonlinear variation in AE for passivated ZNRs. While £y for
1T ZNRs remains essentially invariant, 1H ZNRs exhibit a nonlinear dependence
of AE that can be fitted by = + 3, as indicated by the dashed red curves in Fig-
ure 3.5. This nonlinearity in E'y originates from the behavior of Ey,,, illustrated
in Figure 3.3, where 1H-P-ZNRs display a nonlinear trend, whereas 1H-UP-ZNRs
maintain an almost constant Ef,.,. Furthermore, planar-averaged local poten-

tials (Vpa ), presented in Figures 3.6, A.3, and A .4, reveal another characteristic of
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Figure 3.3: Calculated formation energies of MX ZNRs plotted against ribbon
width. Solid Lines are guides to the eye. Adapted from Aliyev et al. [1] under a
CC BY license.

1H-P-ZNRs. Across the ribbon width, V,,; exhibits oscillatory extrema of nearly
constant magnitude for most ZNRs, with the exception of 1H-P-ZNRs, which
display a near-linear progression of extrema, a phenomenon analogous to that

observed in polar surfaces [81, 82] and nanoribbons [83].

Importantly, Figure 3.6 reveals a built-in electric field present exclusively in 1H
ZNRs, which plays a crucial role in determining their thermodynamic stability.
As theorized by Zhong et al. [84] in 2012 and confirmed experimentally next year
by Kuiper et al. [85], the stability of ultrathin films is governed by the competition
between the built-in electric field and reconstruction processes; as the number of
layers decreases, non-polar thin films become energetically favored, compensating
for residual electrostatic energy. In this context, we observe that non-polar MX
ZNRs attain greater stability when their ribbon widths are sufficiently small. Of
particular note, STEM images of few-layer 2D GaSe have demonstrated that, due
to the presence of a built-in electric field, an H-to-T phase transition can occur,

which has been exploited for ferroelectric switching [25].
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Figure 3.4: Calculated formation energies of MX ANRs plotted against ribbon
width. Solid Lines are guides to the eye.

Consequently, the MX ANRs, which do not possess built-in potential between
the edges, exhibit small AE for the UP-ANRs and negative AFE for the P-ANRs,
indicating the thermodynamic favorability of the 1H phase, similar to the 2D
counterparts. Furthermore, they do not show <% + 8 behavior of Epy, which is
again in agreement with their V,,,; profile. The Ey of ANRs show convergence to
a certain value, except at very narrow widths where one may observe some oscil-
lations. The width-dependent oscillations in energies observed in ANRs originate
from quantum confinement effects that induce distinct electronic states at the
edges, conforming to a characteristic periodicity. The differences in edge symme-
try cause width-dependent variations in edge state decay lengths and charge re-
distributions. With increasing width, these edge effects become negligible, which
is also observed in all our energy vs ribbon width figures. For example, similar
phenomena are observed in AGNRs, where oscillations in formation energies and
band gaps can be seen depending on the width. Nonetheless, unlike AGNRs,
where oscillations are grouped in periods of 3, in MX ANRs, we observe periodic-
ity of 2, which is likely due to the bilayer structure, which modifies the symmetry
of ANRs.
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Table 3.1: The calculated values of critical width in terms of N, (defined in
Eq. 3.2) where the crossover between the 1T and 1H phases occurs in MX ZNRs
and ANRs.* Adapted from Aliyev et al. [1] under a CC BY license.

ZNRs ANRs
Unpassivated Passivated Unpassivated
N, W (nm) N, W (nm) N, W (nm)
GaS 73 23 72 23 13 2.1
GaSe 93 31 87 29 15 2.4
InSe 95 34 92 33 19 3.3

2 The approximate width (¥ in nm) is calculated using the lat-
tice constant of the corresponding 2D monolayer.

GaS GaSe InSe
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11} { -0.6¢ 1-0.14} 1T
== Fitted curve
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Ribbon width (V) Ribbon width (N) Ribbon width (N)

Figure 3.5: The calculated hydrogenation energies of 1T (black diamonds) and
1H (blue circles) MX ZNRs as a function of width. Solid lines are guides to the
eye. The red dashed lines are <z + f3 fits for describing the nonlinear behavior of
1H ZNRs. Adapted from Aliyev et al. [1] under a CC BY license.

In a related context, for MX ANRs at narrow widths, as shown in Figures 3.3
and 3.4, the Ey,,, values increase when ANR N is odd, and decrease when
N is even. Another noteworthy observation induced from FEy,.,,, values is the
relative stability of ZNRs to ANRs. One may notice that independent of atomic
constituents, the UP-ZNRs(P-ZNRs) have lower Ef,,,,, than UP-ANRs(P-ANRs).
Furthermore, there is an increasing trend in (Fy) as the atomic number of the
constituents in MX NRs increases (see Figure 3.5). In the case of InSe NRs, both
ZNRs (see Figure 3.5) and ANRs (see Figure 3.7) show positive Ey, indicating
that UP-NRs are more thermodynamically favorable than P-NRs.
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Figure 3.6: Planar average of the local electrostatic potential of (a) unpassivated
1H, (b) unpassivated 1T, (c) passivated 1H, and (d) passivated 1T N = 8 InSe
ZNRs. Vertical dashed lines show the position of the first and last atom along
the width of the NRs. Reproduced from Aliyev et al. [1] under a CC BY license.

In summary, DFT calculations were utilized to investigate the influence of rib-
bon width on the structural and electronic properties of both hydrogen-passivated
and pristine MX zigzag and armchair nanoribbons. The principal outcome is the
identification of a width-induced transition between the 1T and 1H polymorphs.
Unlike the corresponding infinite monolayers, where the 1H phase is energetically
preferred, in MX ZNRs, the nonpolar 1T configuration becomes thermodynami-
cally more stable when the ribbon width falls below a critical value. This reversal
of phase stability is a consequence of the competition between the intrinsic elec-
tric field of the ZNRs in the 1H phase and atomic reconstruction effects. The
critical widths at which the 1T phase overtakes the 1H phase span from 23 nm for
GaS to 34 nm for InSe ZNRs, dimensions that are accessible using contemporary
fabrication methodologies. On the other hand, for ANRs, 1T is more favorable

only in unpassivated cases in very narrow widths of up to 3.3nm in the case of
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Figure 3.7: The calculated hydrogenation energies of 1T (black diamonds) and
1H (blue circles) MX ANRs as a function of width. Solid lines are guides to the
eye.
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Figure 3.8: Planar average of the local electrostatic potential of (a) unpassivated
1H, (b) unpassivated 1T, (c) passivated 1H, and (d) passivated 1T N = 8 InSe
ANRs. Vertical dashed lines show the position of the first and last atom along
the width of the NRs.
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InSe ANRs.

The origin of the difference between ZNRs and ANRs lies in their correspond-
ing symmetries. Upon lateral confinement of 2D monolayer, polar M-X bonds are
broken in MX NRs. However, the 1H ZNRs exhibit a non-centrosymmetric crystal
structure with distinct edge terminations, producing uncompensated polar bonds,
resulting in an intrinsic electrostatic potential gradient across the NR width, and
creating localized charge distributions at opposing edges and increasing NR for-
mation energy. Conversely, 1T phase ZNRs maintain inversion symmetry, which
cancels electrostatic potential effects. The centrosymmetric configuration ensures
that for each polar bond vector, a symmetrically equivalent counterpart exists
with equal magnitude but opposite direction, yielding zero net dipole moment.
Finally, in the case of ANRs, even 1H possesses inversion symmetry. Hence, there
is no built-in potential between the edges, and AFE only depends on edge effects,
explaining the slight favorability of 1T phase in UP-ANRs where some edge ef-
fects are present. And upon passivation, the edge effects diminish, making the

1H phase more favorable.
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Chapter 4

Electronic Properties of Undoped

Nanoribbons

The electronic properties of NRs emerge as direct manifestations of their struc-
tural configurations. While the preceding chapter established the fundamen-
tal structural characteristics of these quasi-1D systems, their electronic behav-
ior exhibits profound structure-property correlations that are of utmost interest.
Edge termination (zigzag vs. armchair), ribbon width, chemical composition,
and passivation state collectively dictate electronic band structures, magnetism,
and transport capabilities [22]. Notably, structural confinement induces quan-
tum size effects absent in bulk counterparts, generating unique electronic states
localized at edges. However, passivation can fundamentally alter these local-
ized states, causing charge redistribution by saturating the dangling bonds at the
edges [69]. Based on first-principles calculations, one can study how the aforemen-
tioned structural modifications affect the charge density and electronic properties
of NRs, and determine how to exploit them for use in advanced nanoelectronic

devices.

Up to now, research efforts have focused exclusively on the electronic char-

acteristics of MX nanoribbons in the 1H phase. Several theoretical works have
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revealed compelling electronic and magnetic behaviors in these systems, for in-
stance, the emergence of intrinsic ferromagnetism (FM) in GaS nanoribbons with
zigzag termination (ZNRs) [47, 48]. Remarkably, this FM ordering in GaS ZNRs
remains robust under both tensile and moderate compressive strains, with an
antiferromagnetic (AFM) configuration only appearing under substantial mag-
nitudes of compressive stress [57]. Furthermore, passivation studies on 1H MX
NRs revealed edge-configuration-dependent electronic modifications, manifesting
distinct effects according to ribbon width and edge termination geometry. The
GaS and InSe ZNRs are reported to remain metallic and magnetic even after
passivation with hydrogen, except at very narrow widths (N < 4) [49, 86, 58].
In contrast, both UP- and P-ANRs remain nonmagnetic semiconductors at all
widths studied with even-odd dependence: increasing for odd N, and decreasing
for even N. Furthermore, upon passivation, these ANRs exhibit an increase in
bandgap values by at least 1leV [49, 86].

While prior investigations have focused almost exclusively on the 1H poly-
morph, our first-principles calculations established that the 1T phase is, in fact,
thermodynamically favored in NRs below a certain critical width. Accordingly,
this chapter is devoted to a comprehensive study of these stable 1T-phase ZNRs,
with particular emphasis on their electronic properties and a direct comparison to
both the corresponding 2D monolayer sheets and the well-studied 1H-phase NRs.
We find that, unlike 1H-phase ZNRs, which typically exhibit edge-induced mag-
netism and metallic behavior, the 1T-phase ZNRs are inherently nonmagnetic
semiconductors, regardless of width and passivation. In contrast, the electronic
spectra of ANRs remain essentially unchanged between the 1H and 1T phases, a
consequence of the preserved symmetry of the armchair edges, and the absence
of the built-in potential. Finally, we demonstrate that hydrogen passivation of
either zigzag or armchair edges in the 1T NRs uniformly increases the bandgap

by saturating dangling bonds and diminishing the edge states.

This chapter is partially based on our following publication: [1].
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4.1 Computational Details

For the electronic band structure calculations, we employed the same projector
augmented-wave pseudopotentials within the Perdew-Burke-Ernzerhof general-
ized gradient approximation [63, 76, 77] used for structural optimization with
spin polarization considered. Self-consistent calculations were performed with the
energy cutoff of 500 eV for the plane-wave basis and k-point meshes of I'-centered
10 x 1x 1 and 6 x 1 x 1 for sampling the Brillouin zone (BZ) of ZNRs and ANRs,
respectively. The convergence tolerance for the total energy of the system is set
to be less than 1077 eV. Non-self-consistent band structure calculations utilized a
more dense 60 x 1 X 1 k-point sampling along the periodic direction to accurately

resolve the band dispersion.

For selected NR widths, we implemented the screened hybrid functional
HSEO06 [87] to confirm the observed band gaps and dispersions obtained using
PBE. Due to its significant computational cost, HSEO6 calculations were feasi-
ble only for narrow-width ribbons within available computational resources. The
HSEO06 functional is constructed by mixing 25% of the Fock exchange at short
range with 75% of the PBE exchange at long range and 100% of the PBE cor-
relation. This approach provides more accurate electronic structure predictions,

particularly for systems with localized states.

4.2 Results and Discussion

The existence of an intrinsic potential significantly influences not only the struc-
tural but also the electronic characteristics of NRs. Previous investigations have
demonstrated that the application of an external electric field to graphene and
hexagonal boron nitride NRs and nanotubes induces a Wannier—Stark (WS)-like
phenomenon, which causes displacement and splitting of degenerate electronic
bands, a reduction in band gap, and ultimately drives semiconductor-to-metal
transitions [88, 89, 90, 91, 92, 93]. In our study, we find that polar MX 1H
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Figure 4.1: Spin-polarized band structures of (a) unpassivated 1H, (b) unpas-
sivated 1T, (c) passivated 1H and (d) passivated 1T N = 8 InSe ZNRs with
magnified view of top valence bands in the inset. The callout figures depict the
partial charge distribution summed over all k-points of the two highest valence
bands. Adapted from Aliyev et al. [1] under a CC BY license.

ZNRs exhibit metallic band dispersion even after hydrogen passivation, consis-
tent with earlier reports [50, 49, 57, 47, 58, 48]. In contrast, nonpolar MX 1T
ZNRs maintain a finite band gap irrespective of their passivation with hydrogen
or their width (see Figures 4.1, A.5, A.6, and 4.3). A direct comparison between
the electronic band dispersions of InSe 1H and 1T ZNRS8s and those of their 2D
monolayer supercells of matching dimensions (depicted in Figure 4.2) reveals a
WS-like splitting of degenerate bands for 1H-P-ZNRS, one can recall that these
NRs exhibit a ladder-like V,,,; profile across the ribbon width (see Figure 3.6(c)).
Other nanoribbons, however, show only minor lifting of band degeneracy observed

in 2D due to structural distortions arising from quantum confinement.
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Figure 4.2: Spin-polarized band structures of InSe a) 2D 1H 1 x 8 supercell, b)
1H-P-ZNRS, ¢) 1H-UP-ZNRS8, d) 2D 1T 1 x 8 supercell, e) 1T-P-ZNR8, and f)
1T-UP-ZNRS8. Adapted from Aliyev et al. [1] under a CC BY license.

Furthermore, as shown in Figure 4.3 the band gaps of 1T-P-ZNRs show a de-
creasing trend that converges to 2D monolayer band gaps as the width increases,
while the band gaps of UP-ZNRs exhibits no substantial width dependence. On
top of it, similar to the 2D counterparts, 1T ZNRs possess a Mexican-hat-shaped
top valence band, which is known to result in van Hove singularities (VHS) in
the electronic density of states (DOS), leading to enhanced magnetic instabili-
ties and potential ferromagnetic ground states under specific conditions of charge
doping or applied electric field. Furthermore, as depicted in Figures 4.1 (b), A.5
(b), and A.6 (b), 1T-UP-ZNRs exhibit a nearly flat, edge-localized top valence
band. Notably, as we demonstrated in the previous chapter, the Ey of InSe
ZNRs is positive (see Figure 3.5), indicating the possibility of 1T InSe ZNRs

formation without hydrogen passivation. To address the inherent deficiencies
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Figure 4.3: Variation of the bandgap of 1T MX ZNRs with ribbon width. Dashed
lines represent the band gaps of 2D MXs, and the symbols represent the 1T ZNRs.

Colors are consistent to indicate the respective materials. Adapted from Aliyev
et al. [1] under a CC BY license.

in PBE-derived electronic band structures, we supplemented our computational
analysis with the more rigorous HSEO6 hybrid functional methodology. As de-
picted in Figure A.7, the obtained band dispersions from HSEO6 calculations
for 1T-ZNRs reveal remarkable consistency with their PBE counterparts in both
1T-UP and 1T-P configurations. However, the HSE0O6 functional systematically
shifts the conduction bands to higher energies, increasing the bandgap magni-
tude by approximately 0.8eV, resulting in band gaps of about 1.9eV and 2.3eV
for 1'T-UP-ZNR5 and 1T-P-ZNRS5, respectively.

On the other hand, in the case of MX ANRs, all structures, regardless of
phase, passivation, and width, are observed to be nonmagnetic semiconductors.
This fundamental difference originates from the intrinsic structural properties of
ANRs. As described in the previous chapter, unlike ZNR counterparts, ANRs
inherently possess inversion symmetry even in the 1H phase, thereby neutralizing
the effect of broken polar bonds and eliminating any net built-in potential. This
symmetry-induced phenomenon is unambiguously demonstrated in the electronic
band structures and partial charge density distributions presented in Figure 4.5.
The bandgaps of 1T ANRs depicted in Figure 4.4 display characteristic oscillatory

behavior, with amplitudes increasing at even N and decreasing at odd N values,
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Figure 4.4: Variation of the bandgap of 1T MX ANRs with ribbon width. Dashed
lines represent the band gaps of 2D MXs, and the symbols represent the 1T ZNRs.
Colors are consistent to indicate the respective materials.

before converging at larger widths. Analogous to their ZNR counterparts, the
1T-P-ANR bandgaps demonstrate a monotonic decreasing trend asymptotically
approaching the 2D monolayer bandgap values, independent of elemental com-
position. This convergence behavior represents a universal quantum confinement
effect in passivated NR structures, with the electronic properties systematically
evolving toward bulk-like characteristics as the width increases. Notably, ANRs
lack the characteristic MHS dispersion in the topmost valence band that is preva-
lent in 1T ZNRs. However, they do exhibit considerable band flattening, particu-
larly pronounced in 1H-UP-ANRs, which display the most spatially localized edge
states among all ANR configurations due to their unique symmetry properties, as
evidenced by the partial charge density maps in Figure 4.5(a). Furthermore, the
passivation process effectively saturates dangling bonds, substantially diminish-
ing the edge states in both 1H and 1T UP-ANRs, providing direct visualization

of the electronic structure modification mechanism.

In summary, while 1H-ZNRs remain magnetic and metallic irrespective of hy-
drogenation, MX 1T-P-ZNRs exhibit a top valence band with a Mexican-hat
dispersion analogous to that observed in the corresponding 2D monolayer struc-
tures, and their electronic band gaps decrease toward the values in 2D coun-

terparts. These features of 1T-NRs make them a highly adaptable platform for
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Figure 4.5: Spin-polarized band structures of (a) unpassivated 1H, (b) unpas-
sivated 1T, (c) passivated 1H and (d) passivated 1T N = 8 InSe ANRs with
magnified view of top valence bands in the inset.

thermoelectric and optoelectronic applications. Moreover, the positive hydro-
genation energies combined with nearly flat valence band maxima make InSe
1T-UP-ZNRs promising candidates for spintronic and thermoelectric devices. In
contrast, all MX ANRs are nonmagnetic semiconductors without the MHS dis-
persion in the topmost valence band. The bandgaps of MX 1T-ANRs display
an oscillatory trend due to edge symmetry dependence on N, which decreases
with increasing N. Similar to 1T-P-ZNRs, band gaps of 1T-P-ANRs also show a
downward trend asymptotically approaching 2D monolayer values with increasing
width. These results show that ribbon dimensionality and edge structure directly

control the electronic and magnetic properties of MX NRs. One can predictably
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adjust bandgaps, magnetism, and charge-carrier behavior by choosing the phase
(1H or 1T), edge orientation (zigzag or armchair), and applying edge passiva-
tion. This provides a clear pathway for designing MX NRs in nanoelectronic and

spintronic devices.
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Chapter 5

Tunable Magnetization and
Half-Metallicity via Hole Doping

Over the last decade, various materials have been investigated for utilization in
the emerging field of spintronics, where charge and electron spin, along with their
magnetic moments, are harnessed for information processing and storage [94].
This approach enables more energy-efficient devices with non-volatile memory
capabilities. As technology advances toward miniaturization, the development
of low-dimensional materials with tailored spin properties has become a major
research focus [95]. Doping is a widely used method to induce new electronic and
spintronic properties [3, 96]. As low-dimensional materials are often fragile, elec-
trostatic doping (ED) using field-effect transistors (FETSs) is now preferred over
substitutional doping, since ED does not introduce defects and allows reversible
and finely tunable control of the doping level, ensuring a prolonged lifetime of

the designed devices [96].

Given the complexity and cost of experimental trial and error in designing
such spintronic materials, numerous theoretical studies have employed DFT to
investigate and predict low-dimensional materials, that could be potential can-
didates for spintronic applications. In a pioneering study in this field by Cao et

al. [3], the electrostatic hole doping in the GaSe 2D monolayer was simulated by
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reducing the total number of electrons and compensating it with a jellium back-
ground. It was shown that hole doping results in spin splitting and the emergence
of itinerant magnetism persisting in a wide range of carrier densities, as well as
half metallicity, meaning that only one spin channel crosses the Fy, leading to
spintronic properties. The underlying reason for such properties is MHS of the
topmost valence band, as it results in VHS (see Figure 5.1) in the DOS near E
that, in turn, leads to ferromagnetic instabilities. In subsequent studies, it has
been shown that such behavior in 2D materials upon hole doping is characteristic
of materials with MHS electronic band structures, as in the competition between
exchange and kinetic energies in systems with sharp singularity in DOS, the ki-

netic energy quenches, while exchange interaction is enhanced, resulting in spin

splitting.
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Figure 5.1: a) Electronic band-structure of undoped 2D GaSe monolayer with
characteristic Mexican-hat-shaped topmost valence band. b) van Hove singularity
in the corresponding DOS. Reproduced with permission from [3] Copyright (2015)
by the American Physical Society.

Consequently, in recent years, researchers have been directed toward inves-
tigating hole doping implications on electronic and magnetic properties in NRs.
Employing DFT calculations, Gao and Yang [60] demonstrated that narrow dihy-
drogenated GZNRs exhibit robust itinerant magnetism and half-metallicity upon

electrostatic hole doping in the carrier density range of about 10** ¢m=2, with
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spin-polarization energies (SPE) up to 17 meV /carrier. In addition, they simi-
larly studied hole doping of mono- and di-hydrogenated GANRS, reporting once
again itinerant magnetism and half-metallicity, although with lower SPE values
than in the case of GZNRs, reaching up to about 12 meV /carrier. The authors
noted that the SPE decreases with increasing width of NRs, as quantum confine-
ment effects diminish. Notably, these values are significantly higher than in the
pioneering study by Cao et al. [3], where the maximum observed SPE in 2D GaSe
was approximately 3 meV /carrier. In a recent study by Ma et al. [97], hole doping
of chevron GNRs (CGNRs) under an in-plane transverse electric field has been
investigated using DFT calculations. The authors demonstrated that the ap-
plied electric field causes the collapse of valence and conduction bands into pairs
of ultra-flat isolated m-bands, which lead to ferromagnetic instability, and upon
hole doping, these bands undergo exchange splitting, resulting in half-metallicity.
Authors highlighted that holes are distributed in these CGNRs at protrusions
along the edges of the NR, creating a ferromagnetic, one-dimensional spin-1/2

chain along the ribbon length.

In this chapter, based on spin-polarized DFT calculations, we explore hole
doping implications in MX NRs of 1T and 1H phases, with zigzag and armchair
edges, as well as with (P-NRs) and without (UP-NRs) hydrogen passivation. The
trends in SPE of these structures are analyzed by building correlations between
real-space hole distributions along the width of NRs and corresponding electronic
band dispersions. The considered hole doping range is from 1.5 x 10 em=2 to
13.5 x 10'3 em~2, which lie within the experimentally achievable range for low-

dimensional materials using state-of-the-art gating techniques.

Our work demonstrates that SPE in hole-doped NRs can be significantly higher
than in their 2D counterparts, even at small carrier densities. The primary cause
of this difference lies in the edge-localization of carriers in hole-doped MX NRs
as a result of the quantum confinement effect. Higher edge-localization leads
to sharper VHS near £y in DOS and, hence, higher SPE. Such edge states are
generally more pronounced in the case of UP-NRs, as passivation saturates the
dangling bonds and reduces the edge effect. Furthermore, due to the absence of

the inversion symmetry of the 1H phase, it exhibits stronger edge-localization in
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NRs, unlike the centrosymmetric 1T phase. However, as mentioned previously,
the 1H ZNRs are non-magnetic semiconductors only upon hydrogen passivation
and at a very narrow width of up N = 4 and are less thermodynamically fa-
vorable than 1T ZNRs. In addition, we show that the ANRs generally exhibit
lower edge localization effects than ZNRs, leading to lower SPE than NRs of
comparable size. Finally, we illustrate a consistent correlation between SPE and
valence band maximum (VBM) trends across all MX NRs considered. At car-
rier densities where SPE exhibits an increasing trend, the spin-up VBM shifts
upwards, while the spin-down VBM shifts downwards; on the contrary, at cer-
tain carrier densities where SPE starts to reduce, the spin-down VBM starts to
shift upwards. We attribute this behavior to the amount of DOS being shifted
with every doping, which alters the balance between exchange and kinetic energy
contributions. Initially, only the spin-up band is being shifted, as its top section
contains high DOS due to the Mexican-hat shape or flatness, leading to strong
exchange splitting. As doping increases and at a critical carrier density, that high
DOS section is entirely above the Ey; from this point, the spin-down bands start

to shift upwards as well, and we see a downward trend in SPE.

5.1 Computational Details

We employ spin-polarized DFT with projector augmented-wave pseudopoten-
tials [75, 66] within the generalized gradient approximation of Perdew, Burke,
and Ernzerhof [63, 76, 77]. Ribbons are placed in the x-y plane (see Figure 1.1),
and a vacuum of 15 A is considered in non-periodic directions to eliminate inter-
actions with images. Electrostatic hole doping is achieved by removing electrons
from the unit cell and compensating with a uniform jellium background of oppo-
site charge to preserve neutrality. The structures are fully relaxed at every doping
density using a kinetic energy cutoff of 500 eV for the plane-wave basis and a I'-
centered 10 x 1 x 1 and 6 x 1 x 1 k-point mesh for sampling the Brillouin zone
(BZ) of ZNRs and ANRs, respectively. The convergence tolerance for the total

energy of the system is set to be less than 10~7 eV, and the Hellmann-Feynman
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forces are minimized to be less than 1072 eV/A. To obtain well-converged en-
ergies and magnetic moments in doped structures, we sample the Brillouin zone
with dense I'-centered 32 x 1 x 1 and 20 x 1 x 1 k-point mesh for ZNRs and
ANRs, respectively, and apply a Gaussian smearing of 0.001 eV for the electronic

occupations.

In accordance with [3], the SPE is defined as the total energy difference be-
tween the hole-doped nonmagnetic (spin-unpolarized) and ferromagnetic (spin-

polarized) configurations, normalized by the number of doped carriers.

ENM - EFM

SPE = (5.1)

Nearriers
In this formulation, the SPE serves as a quantitative measure of ferromagnetic
stability: a larger (positive) SPE corresponds to a more stable ferromagnetic

state.

5.2 Results and Discussion

In this section, we begin by examining hole-doping effects in the 2D parent ma-
terials and then proceed with their corresponding NRs. The analysis in each
subsection starts from relatively simple MX systems and then proceeds to in-

creasingly complex ones as additional factors emerge affecting magnetization and
SPE.

5.2.1 2D monolayers

In agreement with previous reports [3, 59], upon hole doping of 2D MXs, namely
InSe and GaSe, we observe exchange splitting of the topmost valence bands,
which leads to half-metallicity and itinerant magnetization. The highest SPE

magnitudes for 2D InSe and GaSe are approximately 11 and 7 meV/carrier,

37



respectively, as depicted in Figure A.8. Notably, the structural differences of
1H and 1T phases have negligible effect on magnetization and SPE in 2D MX
structures, as the hole distributions are uniform across the structure, contrary
to 1D NRs, that we demonstrate in the following subsections. Furthermore, as
can be seen in Figure A.9, in 2D upon, hole doping, the bands exhibit rigid shift

without noticeable deformations and changes in bandwidths.

5.2.2 ZNRs

In this section, various structural combinations of ZNRs are examined for com-
parative analysis and illustration of underlying mechanisms of hole doping. How-
ever, it is crucial to note that the structural properties described in Section 2
remain applicable: the 1T phase is thermodynamically more favorable than the
1H phase for all MX ZNRs till critical width N.. Furthermore, InSe ZNRs are
thermodynamically more stable in UP configuration, unlike GaSe and GaS ZNRs.
Consequently, the primary emphasis is placed on InSe 1T-UP-ZNRs and GaSe
1T-P-ZNRs.

5.2.2.1 ZNRs with strong edge-localization: 1T-UP and 1H-P

In UP-ZNRs, the highest SPEs among considered NRs are observed, reaching
magnitudes of about 38 meV /carrier at p = 10.5 x 10" ¢m ™2 in the case of InSe
1T-UP-ZNR6, which is about a fourfold increase in SPE compared to its 2D
counterpart (see Figure A.10). Notably, in the case of GaSe 1T-UP-ZNR6, the
SPE reaches about 32 meV /carrier at p = 10.5 x 10'® em™2 (see Figure A.11),
which is about a sixfold increase in SPE compared to its 2D counterpart. As can
be seen from magnetization profiles of InSe 1T-UP-ZNR6 in Figure 5.2 (c), car-
riers in 1T-UP-zNRs are strongly localized at the edges of NRs in the considered
doping range. Consequently, we observe itinerant magnetism in practically all

considered doping densities, as shown in Figure 5.2 (b).
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Figure 5.2: InSe 1T-UP-ZNR6 and 1T-2D a) spin polarization energies and b)
magnetic moments per carrier as a function of the carrier density. InSe 1T-UP-
ZNR6 ¢) magnetization profiles along the width of NR and d) spin-polarized band
structures at different carrier densities.
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Figure 5.3: InSe 1T-UP-ZNR10 and 1T-2D a) spin polarization energies and b)
magnetic moments per carrier as a function of the carrier density. InSe 1T-UP-
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On the other hand, with increasing NR width and beyond certain doping, car-
riers also appear in the center region of the NR (see Figure 5.3 (¢)). For instance,
in the wider InSe 1T-UP-ZNRS, SPE is higher than in InSe 1T-UP-ZNR6 till
carriers appear in the center of NR at p = 9 x 103 em™2 (see Figure A.10).
Moreover, in the case of even wider NR, InSe 1T-UP-ZNR10, this occurs at even

% as shown in Figure 5.3 (c¢). This, once

lower doping of p = 7.5 x 103 em~
again, shows the correlation between edge-localization and SPE. Notably, in the
case of InSe 1T-UP-ZNR6, upon hole doping, only the topmost two flat bands
cross the Ey (see Figure 5.2 (d)). While in wider InSe 1T-UP-ZNRS8 and InSe
1T-UP-ZNRI10 (see Figure 5.3), the appearance of carriers in the center region,
coincides with the crossing of lower dispersive bulk bands the Ey, in addition to
the flat bands. Furthermore, at higher doping densities, the second spin channel
also crosses the Ey (see Figures 5.2 (d-III) and 5.3 (d-III)), resulting in a loss
of itinerant magnetism, which is particularly noticeable in wider UP-ZNRs (see
Figure 5.3 (b)). Consequently, SPE decreases with increasing width, as NRs lose

edge-localization, with diminishing confinement effects.

The case of the most narrow InSe 1T-UP-ZNR4 is quite peculiar: the carriers
seem to be localized at the edges (see Figure A.12 (c), and SPE shows only
an increasing trend across the considered doping range (see Figure A.12 (a)).
However, the maximum SPE value is lower than that of wider NRs, which is due to
the ratio of edge to the whole ribbon. Despite having localization on the same edge
atoms as larger ribbons, these edges are very close to each other and practically
near the center of NR. As a result, the magnetic and electronic properties of InSe
1T-UP-ZNR4 differ significantly from those of its wider counterparts. In terms
of band structure, we see that with increasing width of InSe 1T-UP-ZNRs, the
two valence flat bands become more degenerate, and upon doping, both topmost
flat bands cross the £ (see Figures 5.2 - 5.3). On the other hand, as depicted in
Figure A.12 (c) in the case of InSe 1T-UP-ZNR4, these bands are not degenerate,
they cross E; at different carrier densities, and only at p = 7.5 x 10" ¢m ™2 the
second flat band starts to cross Ey, which can also be observed as a change in its

corresponding SPE curve in Figure A.12 (a).

Another prominent example of the correlation between localization and SPE
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is the case of GaSe 1H-P-ZNR4. As 1H phase NRs do not possess inversion
symmetry and have different atomic coordination on edges (one side only Ga,
other only Se atoms), they exhibit outstanding localization only on one edge (see
Figure. 5.4 (c)), while previously described 1T-UP-ZNRs exhibit localization on
both edges of NRs. Consequently, such a strong edge-localization of 1H-NR,
results in SPE as high as 33 meV /carrier at p = 7.5 x 1013 em =2 (see Figure. 5.4
(a)), which is about a fivefold increase in SPE compared to its 2D counterpart.
However, unlike the aforementioned UP-ZNRs, this system exhibits the topmost
valence band with larger bandwidth, meaning less DOS near £y and quicker loss of
itinerant magnetization, as shown in Figure 5.4 (b). Nonetheless, it is important
to keep in mind that 1H phase NRs are not thermodynamically favorable, 1T-NRs

are.

Notably, a similar correlation between localization and ferromagnetism upon
hole doping in low-dimensional materials has been observed in a few recent stud-
ies. For instance, Chen et al. [98] investigated hole-doping implications in kagome
graphene, which exhibits nearly flat bands topmost valence bands, which orig-
inate from single-particle states that localize on hexagonal plaquettes through
destructive interference of hopping processes. Consequently, electrons in these
states have negligible kinetic energy, and when the flat band is partially filled
by hole doping, the overlap of neighboring localized wavefunctions produces a
strong exchange interaction, and spontaneous spin splitting is observed. In a
related context, our 1T-UP-ZNRs form localized states at the edges of ZNRs,
which result in nearly flat distribution in the topmost valence band and, conse-
quently, strong exchange splitting and itinerant ferromagnetism. Furthermore,
in a very recent theoretical study [97], the authors demonstrated that chevron
GNRs (CGNRs) under an in-plane transverse electric field exhibit collapse of
valence and conduction bands into pairs of ultra-flat isolated w-bands. Upon
hole-doping, these bands undergo exchange splitting, resulting in half-metallicity.
The authors noted that hole distribution in these CGNRs is at protrusions along
the edges of the NR, creating a ferromagnetic, one-dimensional spin-1/2 chain
along the ribbon length. In addition, Son et al. [99], in their seminal paper on

half-metallic ZGNRs, demonstrated how an applied electric field shifts one edge’s
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orange) and localization quantified by inverse participation ratio (IPR, right axis,
blue) of magnetization profile at carrier density corresponding to SPE,,,, for
selected InSe and GaSe NR structures.

potential down, pulling carriers towards that edge and the other edge’s up; such a
strong localization limits the kinetic energy, making exchange interactions dom-
inant and resulting in half-metallicity. Remarkably, our GaSe 1H-P-ZNR4 pos-
sesses an intrinsic electric field, which results in similar phenomena, exhibiting
localization of holes on one edge of the NR and displaying exceptionally high

spin-polarization energies and itinerant ferromagnetism.

To quantify and visualize the degree of localization of magnetization (holes)
along the width of NRs, we utilize inverse participation ratio (IPR) (see Sec-
tion 2.8 for more details). In agreement with our discussion above, from Fig-
ure 5.5, one can infer that 1H-P-ZNR exhibits the highest localization among
considered structures due to its symmetry properties, which cause carriers to ac-
cumulate on one end of the NR. The second highest in terms of localization and
SPE are 1T-UP-ZNRs; one may note that the degree of localization (IPR values)
at the equivalent size of N = 6 are practically identical for GaSe and InSe, despite

InSe exhibiting higher SPE magnitude. One can also clearly see the consequence
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of increasing size and appearance of carriers not only at the edges but also in the
center in wider 1T-UP-ZNRs, as shown in the example of InSe 1T-UP-ZNR10,
which demonstrates lower IPR value and SPE relative to narrower counterpart.
Finally, the 1T-P-ZNRs show significantly lower localization than unpassivated
counterparts, regardless of atomic constituents, leading to lower SPE magnitudes.
The following section will discuss such NRs with weak edge-localization in more
detail.

5.2.2.2 ZNRs with weak edge-localization: 1T-P

1T-P-ZNRs exhibit lower SPE than 1T-UP-ZNRs, as passivation saturates the
dangling bonds, eliminating the localized flat band and diminishing edge effects.
In both InSe and GaSe configurations, 1T-P-ZNR6s (see Figure 5.6 (a)) demon-
strate a maximum SPE value threefold smaller than the corresponding 1T-UP-
ZNR6s (see Figure 5.2 (a)). In a related context, the distribution of carriers in
1T-P-ZNRs (see Figures 5.6 (c¢) and A.14 (c)) is not as localized at the edges as in
the case of 1T-UP-ZNRs (see Figures 5.2 (c¢) and 5.3 (c)), but is more dispersed
and closer to the center of NRs. Consequently, the itinerant magnetism in 1T-
P-ZNRG6 is also observed in the smaller doping range than in the unpassivated
counterpart, as shown in Figures 5.6 (b) and 5.2 (b), respectively. Nevertheless,
despite 1T-P-ZNRs exhibiting lower SPE than 1T-UP-ZNRs, they still demon-
strate higher SPE than 2D counterparts, reaching up to about 30% enhancement
at p="7.5x 103 em~2.

GaSe 1T-P-ZNR6 and 1T-P-ZNRS8 show a similar trend in SPE till p = 7.5 x
10" em™2 (see Figures 5.6 (a) and A.14 (a)), after which 1T-P-ZNRS displays a
significant drop in SPE, as second spin channel also crosses E; turning it from half
metal to normal metal and reducing the magnetization (see Figure A.14). On the
other hand, as depicted in Figure 5.6 (b), 1T-P-ZNR6 does not become metallic
in the considered doping range, and a reduction in magnetization is observed
only from p = 12 x 10'® em~2. This behavior indicates that SPE of 1T-P-ZNRs,
similar to their unpassivated (UP) counterparts, scales inversely with NR width,

which has been previously also observed in hole doped GNRs [60].
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Nevertheless, despite 1T-P-ZNR4 being narrower, it does not show a higher
SPE than 1T-P-ZNR6 or 1T-P-ZNRS from the same family (see Figure A.13
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(a)). As can be seen from the magnetization profiles (Figure A.13 (c)), this ZNR
is so narrow that carriers cannot separate to the edges of NR and accumulate
in the middle, resulting in lower SPE than in larger widths where carriers are
separated and more localized at the edges of NRs. Furthermore, in 1T-P-ZNR4
(see Figure A.13 (d)), only a single band crosses the Ey, while in 1T-P-ZNR6
(see Figure 5.6 (c¢)) and 1T-P-ZNRS (Fig. A.14 (c)), two bands cross the Ey.

5.2.3 ANRs

Similar to the previous section, herein, ANRs are examined for comparative anal-
ysis and illustration of underlying mechanisms of hole doping. However, once
again, it is crucial to note that the structural properties described in Section 2
remain applicable. Particularly, P-ANR(UP-ANR) configurations are thermody-
namically less favorable than their P-ZNR(UP-ZNR) counterparts. Nonetheless,
we have examined them and present below the most energetically favorable ex-
amples, namely InSe 1T-UP-ZNR and GaSe 1H-P-ANR for N = 6, to deepen
our understanding of the relationships among structure, doping, and magnetic

behavior in MX nanoribbons.

Carriers in the InSe 1T-UP-ANRG in the considered doping range are predomi-
nantly localized at the edges (Figure 5.7 (¢)). Starting from p = 10.5x 10'% cm ™2,
in addition to edges, magnetization starts to appear near the center of NRs (Fig-
ure 5.7 (c)), which coincides with changes in the band structure (see Figure 5.7
(d)), where the second spin-up band cross the Ey , while the spin-down bands
start to shift downwards once again (see Figure 5.8), leading to another increas-
ing trend in SPE (see Figure 5.7 (a)). Furthermore, as depicted in Figure 5.7
(c-III), at higher doping rates, flattening of topmost valence bands is observed,

associated with increased localization at the edges.

In the case of GaSe 1H-P-ANRG6, we observe a maximum SPE of about 10.5
meV /carrier at p = 6 x 10'3 em™2 (see Figure A.15 (a)). Unlike InSe 1T-UP-
ANR, herein, the carriers are dispersed around the center of the NRs (see Figure

A.15 (c¢)). Furthermore,as can be seen from Figure A.15 (d), the topmost valence
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band does not exhibit MHS dispersion, and only single band is crossing the E
upon hole doping. In this context, the spin splitting completely vanishes at high

doping rates and consequently SPE also diminishes to zero.
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5.2.4 Correlation between SPE and VBM trends

Viewed collectively, the results analyzed above reveal a correlation between SPE
and valence band maximum (VBM) trends for each spin, which is observed for
all MX NRs considered, regardless of atomic constituents, passivation, phase, or
edge shape. By comparing the variation of SPE as a function of carrier density
with VBM as a function of carrier density in Figures A.16, A.17, and 5.8, one
may notice that at carrier densities where SPE exhibits an increasing trend,
the spin-up (blue) VBM shifts upwards, while the spin-down (red) VBM shifts
downwards; on the contrary, at certain carrier densities where SPE starts to
reduce, the spin-down VBM starts to shift upwards. We ascribe this behavior
to the progressive shift in the density of states (DOS) with increasing doping.
At low doping levels, only the spin-up band moves upward since its top part,
characterized by a Mexican-hat profile or a near-flat dispersion, hosts a large
DOS (VHS). Once the carrier concentration is high enough that this high-DOS
region lies entirely above the Ef, the spin-down band also begins to shift upward,
and the SPE then decreases with further doping.

Notably, similar behavior in spin-polarized bands upon hole doping has been

reported previously for 2D monolayers of SnS, and SnSey, where one of the
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spin-polarized bands was observed to shift upwards, while the one shifted down-
wards [100]. In addition, Chen et al. reported such behavior not only upon
hole doping, but also under tensile and compressive strains in 2D H-MnNs; mono-
layer [101]. This phenomenon is attributed to the competition between exchange
interactions and kinetic energy in systems exhibiting a sharp singularity near £
in DOS. In such systems, upon hole doping or strain, the kinetic energy becomes
quenched, while the exchange interaction is significantly enhanced, leading to a

spontaneous spin splitting of the electronic bands.
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Chapter 6

Outlook

In this thesis, we carried out a systematic analysis employing ab initio simulations
based on DFT to investigate the width-dependent phase favorability between the
1T and 1H phases of group III metal monochalcogenide (MX, M = Ga, In and X
=S, Se) zigzag-edge nanoribbons (ZNRs) and armchair-edge NRs (ANRs), as well
as corresponding electrical and magnetic properties in undoped and hole-doped

configurations.

Our analysis revealed that, for both hydrogen-passivated ZNRs (P-ZNRs) and
unpassivated ZNRs (UP-ZNRs), the nonpolar 1T phase becomes thermodynam-
ically favorable over the polar 1H phase when the ribbon width falls below a
critical threshold. This behavior contrasts with the corresponding 2D monolay-
ers, in which the 1H polymorph is the thermodynamically stable configuration.
The crossover is driven by the competition between the intrinsic electric field
and atomic reconstructions, and occurs at widths ranging from 23 nm for GaS
up to 34 nm for InSe ZNRs, dimensions that are attainable using contemporary
fabrication techniques. In contrast, we discovered that in MX ANRs, the intrin-
sic electric field is absent in both the 1H and 1T phases. Hence, the difference
between formation energies of 1T and 1H phase ANRs is significantly smaller
than in ZNRs, and the 1T phase demonstrates thermodynamic favorability over

the 1H phase in UP-ANRs exclusively at very narrow widths up to 3.3nm in the
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case of InSe. Besides, in P-ANRs, the saturation of edge dangling bonds with
hydrogens diminishes the edge effects and makes the 1H phase thermodynami-
cally more favorable even at minimal NR widths. Furthermore, unlike GaS and
GaSe NRs, in the case of InSe NRs, both ZNRs and ANRs show positive hydro-
genation energies, indicating that UP-NRs are more thermodynamically favorable
than P-NRs.

Notably, the intrinsic built-in potential in 1H ZNRs significantly influences
not only their structural characteristics but also their electronic properties. Our
results reveal that polar MX 1H ZNRs remain metallic even after hydrogen passi-
vation, whereas nonpolar MX 1T ZNRs preserve a finite band gap independent of
both passivation and ribbon width. In addition, for MX 1T-P-ZNRs, the highest
valence band continues to exhibit a Mexican-hat dispersion similar to that of the
corresponding 2D monolayers, and the magnitude of the band gap monotonically
decreases toward the monolayer value. These characteristics make these NRs
attractive for thermoelectric and optoelectronic device applications. Moreover,
the positive hydrogenation energies, together with the nearly flat valence-band
maxima, suggest that InSe 1T-UP-ZNRs are promising candidates for spintronic
applications. On the other hand, all MX ANRs are nonmagnetic semiconduc-
tors without the MHS dispersion in the topmost valence band. The band gaps
of MX 1T ANRs exhibit an oscillatory behavior as a function of ribbon width
N, alternating between even and odd N, and this oscillation amplitude dimin-
ishes as N increases. Similar to zigzag-edge counterparts, 1T-P-ANR band gaps
also exhibit a downward trend asymptotically approaching 2D monolayer values
with increasing width. These findings demonstrate that the electronic and mag-
netic properties of MX NRs are strongly governed by their dimensionality and
edge configuration. Systematic modulation of bandgap, magnetic ordering, and
charge-carrier characteristics can be achieved through tailored selection of crys-
tallographic phase (1H or 1T), edge termination (zigzag or armchair), and edge
passivation. This establishes a rational framework for the design of MX NRs in

nanoelectronics and spintronics.

Consequently, we systematically investigated how the magnetic properties al-

ter upon hole doping in these MX NRs, examining the interplay between reduced
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dimensionality, electronic structure modulation, and spin distributions that are
distinct from their 2D counterparts. We considered hole doping of MX NRs of
1T and 1H phases, with both zigzag and armchair edges, as well as with and
without hydrogen passivation. The stability of the ferromagnetic state was eval-
uated via spin-polarization energies (SPEs) by comparing both magnetization
density profiles and the corresponding electronic band structures of the investi-
gated architectures. We discovered that upon hole doping, NRs exhibit itinerant
magnetization and half-metallicity in a broad doping range, as well as SPE mag-
nitudes significantly higher than in their 2D counterparts. The primary cause
of this enhancement lies in the edge-localization of carriers in hole-doped MX
NRs as a result of the quantum confinement effect. Higher edge-localization
results in sharper singularity near the Fermi level in DOS and, subsequently,
higher SPE. To quantify the degree of localization of holes along the width of
NRs depicted in magnetization profile plots, we utilized the inverse participation
ratio (IPR). We showed that 1H-P-ZNR exhibits the highest localization among
considered structures due to its symmetry properties with distinct atomic envi-
ronments at the edges, which causes all carriers to accumulate on one end of the
NR, limiting the kinetic energy, hence making exchange interactions dominant
and resulting in half-metallicity. The second highest in terms of localization and
SPE are 1T-UP-ZNRs, which also show strong edge localization, independent of
atomic composition, but on both edges, due to the inversion symmetry of the 1T
phase. Nonetheless, with increasing width of these 1T-UP-ZNRs, we observed the
appearance of carriers not only at the edges but also in the center of wider 1T-
UP-ZNRs, as shown in the example of InSe 1T-UP-ZNR10, which demonstrates
lower IPR value and SPE relative to narrower counterpart. Finally, the 1T-P-
ZNRs show significantly lower localization than their unpassivated counterparts,

regardless of atomic constituents, leading to lower SPE magnitudes.

The findings in this thesis pave the way for a range of future research direc-
tions, including the investigation of width-dependent phase transition in NRs
of other material families that exhibit polymorphism in 2D. Such studies could
reveal a variety of electronic and magnetic phase changes analogous to those re-

ported in this work, and might ultimately enable novel practical applications.
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Ultimately, the 1D confinement of 2D structures can be extended to other ma-
terials exhibiting Mexican-hat—shaped dispersions in the topmost valence band,
potentially enhancing ferromagnetic stability upon hole-doping even at low carrier

concentrations.
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Figure A.1: Variation of the calculated lattice constants of MX ZNRs with ribbon
width. Red and blue dashed lines show the calculated lattice constants of 2D 1T
and 1H MXs, respectively. Adapted from Aliyev et al. [1] under a CC BY license.
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Figure A.2: Variation of the calculated lattice constants of MX ANRs with ribbon
width. Red and blue dashed lines show the calculated lattice constants of 2D 1T
and 1H MXs, respectively.

Table A.1: The calculated energy differences (AE) between 1T and 1H phase
of 2D MXs and lattice constants of the structures are compared with previous
works.

Material This Work Previous Work Ref
1H Lattice 1T Lattice 1H Lattice 1T Lattice
AE (meV) Constant (A) Constant (A) AE (meV) Constant (A) Constant (A)
GaS 20 3.63 3.64 20 3.63 3.64 [31]
GaSe 15 3.82 3.83 15 3.82 3.83 [31]
InSe 13 4.0 4.09 13 4.09 4.09 [78]
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Figure A.3: Planar average of the local electrostatic potential of (a) UP-1H, (b)

UP-1T, (c¢) P-1H, and (d) P-1T N = 8 GaS ZNRs. Reproduced from Aliyev et
al. [1] under a CC BY license.

a) 1H-UP-ZNR (b) 1IT-UP-ZNR

Figure A.4: Planar average of the local electrostatic potential of (a) UP-1H, (b)
UP-1T, (c) P-1H, and (d) P-1T N = 8 GaSe ZNRs. Reproduced from Aliyev et
al. [1] under a CC BY license.
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Figure A.5: Spin-polarized band structures of (a) unpassivated 1H, (b) unpassi-
vated 1T, (c) passivated 1H and (d) passivated 1T N = 8 GaS ZNRs. Reproduced
from Aliyev et al. [1] under a CC BY license.
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Figure A.6: Spin-polarized band structures of (a) unpassivated 1H, (b) unpassi-
vated 1T, (c) passivated 1H and (d) passivated 1T N = 8 GaSe ZNRs. Repro-

duced from Aliyev et al. [1] under a CC BY license.
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Figure A.7: Comparison of electronic band structures of InSe 1T-UP-ZNR, and
1T-P-ZNR for N =5, calculated using PBE and HSEO06 functionals.
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Figure A.8: 1H and 1T 2D InSe and GaSe spin polarization energies as a function
of the carrier density.
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Figure A.9: Spin-polarized band structures of 2D 1T GaSe at different carrier
densities.
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Figure A.10: Spin polarization energies as a function of the carrier density of all
investigated InSe ZNRs.
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Figure A.11: Spin polarization energies as a function of the carrier density of all
investigated InSe ZNRs.
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Figure A.12: InSe 1T-UP-ZNR4 and 1T-2D a) spin polarization energies and b)
magnetic moments per carrier as a function of the carrier density. InSe 1T-UP-
ZNR4 ¢) magnetization profiles along the width of NR and d) spin-polarized band
structures at different carrier densities.
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Figure A.13: GaSe 1T-P-ZNR4 and 1T-2D a) spin polarization energies and b)
magnetic moments per carrier as a function of the carrier density. GaSe 1T-P-
ZNR4 ¢) magnetization profiles along the width of NR and d) spin-polarized band
structures at different carrier densities.
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Figure A.14: GaSe 1T-P-ZNRS8 and 1T-2D a) spin polarization energies and b)
magnetic moments per carrier as a function of the carrier density. GaSe 1T-P-
ZNRS8 ¢) magnetization profiles along the width of NR and d) spin-polarized band
structures at different carrier densities.
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Figure A.15: GaSe 1H-P-ANRG6 and 1H-2D a) spin polarization energies and b)
magnetic moments per carrier as a function of the carrier density. GaSe 1H-
P-ANRG6 c¢) magnetization profiles along the width of NR and d) spin-polarized
band structures at different carrier densities.

77



InSe 1T-UP-ZNR4 InSe 1T-UP-ZNR6

03 :
—e—VBM 1

0.2 k|l~e—vBMm |
< —~A— Splitting
S
~ oAt
=

041}

0.3 InSe 1T-UP-ZNR8 InSe 1T-UP-ZNR10
oz}
S
o
~ 01f
>
| Il
0 W

041} 11

0 3 6 9 12 0 3 6 9 12

Carrier density (1 0130m'2) Carrier density (1 013cm'2)

Figure A.16: InSe ZNRs VBM and spin splitting of the topmost valence band
vs. carrier density.
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Figure A.17: GaSe ZNRs VBM and spin splitting of the topmost valence band
vs. carrier density.
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