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PE®EPAT

Jlana Marictepchka kBamidikaiiiiiHa podota o0csarom 47 CTOpiHOK BKIIIOYA€E B cebe
TEOPETUYHHUH OTJISAI, PO3ILT METOMOJIOTII Ta aHami3 pe3yibTaTiB. PoboTa Mictuth 22
pucyHka, 3 Tabmuii, 1 momgarok ta 50 miteparypHe JKeperno.

PoGoTa mnpucBsSYeHA TEOPETHUYHOMY JOCTIDKCHHIO OKcuay [HHKY (ZnO),
aeroBaHoro MapranueM (Mn), 13 3aCTOCYBaHHSIM METOJIB TeOpil (YyHKILIOHAITY I'yCTUHU
(DFT). O0'ekToM mochimkeHHs] BUCTYNAaOTh 00’ eMHI Ta moBepxHeBi (Slab) monmeni Zn0O,
B SKUX po3risganacs mnoBeAiHka Mn-gomaHTy B pI3HHUX  KpHUCTajorpapiaHux
nonoxeHHsX. OCHOBHY yBary mpuiiicHo nopiBHsHHIO ¢yHKIioHaniB GGA (optPBE),
DFT+U (optPBE+U) Tta riopuaHoro PBEQ momo omucy eJleKTPOHHOI CTPYKTYpH,
I'YCTUHU CTaHIB 1 MAaTHITHUX BJIACTUBOCTEN CUCTEMHU.

Mertoto € aHali3 3aleKHUX B1J MOJ0KEHHS e(ekTiB JeryBanHa ZnO MaHraHOM Ha
HOro CTPYKTYpHI Ta €JIEKTPOHHI BIACTUBOCTI y O€HAHH] 3 oIiHKo0 metony DFT+U y
MOPIBHSAHHI 3 TIOpUIHMMH (YyHKIIIOHAJaAMH, 3aKJIaJalodd OCHOBY JUISI PO3pOOKH
MNOTEHIAIIB MANIMHHOIO HAaBYaHHS JJI  BEIMKOMACIITA0OHOTO  MOJIEIIOBAHHS
iHTepdeiiciB Mn/ZnO, 30kpema y cuctemax ZnO—Boja.

Y poOoTi MNpoOBEeNEHO TIEOMETPUYHY ONTUMI3AII0, PO3PAXYHKH EHEPreTHUKH,
enektponHoi ryctunu craHiB (DOS/PDOS) ta anani3 BiumBy mapametpiB Xaooapmaa (U)
Ha €JICKTPOHHY CTPYKTYpy jJeroBanoro ZnO. ITokazano, mo merox DFT+U (U(Zn)=4 eB,
U(Mn)=2 eB) 3a6e3neuye 0au3bKi 10 riOpuIHOTO QYHKIIIOHATY pe3yabTaTH MPU 3HAYHO
HIDKYUX OOYMCIIIOBAIbHUX BUTpaTax. [IpoBeneHo aHami3 BIUIMBY I1HIIiamizamii
mar"iTHoro MomeHTy (MAGMOM) Ha TOYHICTH MOJAEIOBaHHS CHIHOBUX cTaHiB Mn. ¥V
slab-mMozensix BCTaHOBJIIGHO TEPMOJUHAMIUHY IepeBary MOBEPXHEBOTO PO3MIIICHHS
atoMa Mn, mo mae BaxJIMBe 3HAYCHHS /IS KaTAJITUYHUX 3aCTOCYBaHb. PesynbraTtn
poOOTH € IIHHOI OCHOBOIO ISl TIOJIAJIBIIIOT0 MOJIENIOBaHHs B3aemoii ZnO 3 Bojomw 3
BUKOPUCTAaHHSAM METOJIB MAIIMHHOTO HaBYaHHSI Ta pO3POOKH (YHKIIOHATBHHX
MaTepianxiB HOBOTO IMOKOJIIHHS.

Karouosi cioBa: MAPI'AHEILb, OKCHJ] IUHKY, JIETYBAHHS, DFT+U,
PBEO, TEOPIA ®YHKIIOHAJIY TI'YCTUHUW, MATHITHI BJIACTUBOCTI,
['YCTUHA CTAHIB, SLAB-MO/IEJII, [IOBEPXHEBA EHEPI'ETUKA.



ABSTRACT

This master's thesis consists of 47 pages and includes a theoretical overview, a
methodology section, and an analysis of results. The work contains 22 figures, 3 tables, 1
appendix, and 50 references.

The study is devoted to the theoretical investigation of zinc oxide (ZnO) doped
with manganese (Mn) employing density functional theory (DFT) methodologies. The
research focuses on both bulk and surface (slab) models of ZnO, examining the behavior
of Mn dopants at various crystallographic positions. Comparisons are made between the
performance within the GGA (optPBE), DFT+U (optPBE+U), and hybrid (PBEO)
functionals in terms of defining the electronic structure by means of density of states, and
magnetic characteristics.

The aim is the analysis the site-dependent effects of Mn doping on the structural
and electronic properties of zinc oxide ZnO is combined with an evaluation of the
DFT+U method versus hybrid functionals, providing a foundation for the development of
machine learning potentials for large-scale simulations of Mn/ZnO interfaces,
particularly ZnO—water systems.

The work includes geometry optimization, total energy calculations, electronic
density of states (DOS/PDOS) analysis, and an evaluation of the effect of Hubbard U
parameters on the electronic structure of Mn-doped ZnO. It is shown that the DFT+U
method (with U(Zn) = 4 eV and U(Mn) = 2 eV) yields results comparable to hybrid
functionals while significantly reducing computational costs. The influence of initial
magnetic moment (MAGMOM) initialization on the accurate modeling of Mn spin states
is also analyzed. In the slab models, a thermodynamic preference for surface substitution
of Mn atoms was established, which is particularly important for catalytic applications.
The findings of this work provide a valuable foundation for further modeling of ZnO-
water interactions using machine learning methods and for the design of next-generation
functional materials.

Keywords: MANGANESE, ZINC OXIDE, DOPING, DFT+U, PBEO, DENSITY
FUNCTIONAL THEORY, MAGNETIC PROPERTIES, DENSITY OF STATES, SLAB
MODELS, SURFACE ENERGETICS.



TABLE OF CONTENTS

INTRODUCTION ..ottt sttt 6
CHAPTER 1. THEORY REVIEW ......oooiiiiiiiet e 10
1.1 First-PrincCiples Methods .........cccovviiiiiiiiiicice e 10
1.2 Density Functional TheOIY .......ccccvviiiiiiicce e 10
1.3 Exchange—Correlation Functional in DFT ........c.cccccovviiiiiiiiccc e, 12
1.4 Hubbard-U SChemE........ccooiiiie e 13
CHAPTER 2. COMPUTATIONAL METHODS ........ooiiiiiiiieeeiec e 16
2.1 Structure MOdeliNg .....cvoecieeie e e 16
2.2 Computational Details ...........cccooveiieiiiiiec e 18
CHAPTER 3. RESULTS AND DISCUSSION ......cooiiiiiiiiiiiieieesee e 20
3.1 CONVEIGENCE TESTS....eiitiiiiiieiieie sttt siee ettt sttt ettt snae e sree e 20
3.2 Lattice Parameter ANAlYSIS .......cccccoveiieiiie i 23
3.3 Density of States (DOS) .....ccovveiiee e 26
3.4 BUIK CalCUIALIONS .....ccuviiiiiiiiiitcseee s 32

3.5 Role of Initial Magnetic Moment Initialization (MAGMOM) in Spin-

Polarized DFT Calculations of Mn-Doped ZNO .........cccccccvevieeiieeiie e 35
3.6 Slab CalCulations ..........cooiiiiiiie e 36
CONCLUSIONS ...ttt ettt ettt e re e b e sbeaneas 38
REFERENCES .......coo oottt sttt nas 39

APPENDIDX AL 44



INTRODUCTION

Zinc oxide (ZnO) is a type of material of significant scientific interest due to its
wide band gap of approximately 3.37 eV and an immense excitation binding energy of
about 60 meV, combined with outstanding thermal and chemical stability[1-3]. The
subsequent argumentation will look at the strategies by which ZnO is indispensable for
applications in optoelectronics, photocatalysis and transparent conducting oxides[4-5].
The development of modern technologies relies on these three areas, and thus ZnO is an
essential component in this field.

ZnO can be synthesised in various forms, including nanoparticles, nanorods,
nanowires, nanoflowers, and 2D nanosheets[6-7]. It has been demonstrated that the
synthesis method and specific conditions — such as pH, temperature, and capping agents,
significantly affect the morphology and properties of the resulting material[8-9]. ZnO can
be produced through a diversity of procedures, including sol-gel, hydrothermal,
solvothermal, and mechanochemical processes[10]. The selection of methodology exerts
a considerable influence on the characteristics of the resulting particles, including their
size, shape, and functional behaviour, such as photocatalytic efficiency and surface
activity.

Furthermore, the doping of ZnO with different elements — or even the co-doping
of multiple dopants — enables precise calibration of its optical, electrical, magnetic, and
photocatalytic properties[11-13]. For instance, the addition of transition metals such as
manganese, cobalt, or nickel can result in the manifestation of magnetic behaviour, while
rare-earth metals have been found to stimulate their ability to function as luminescent
[14-15]. This renders ZnO a flexible and multifunctional material suitable for next-
generation applications in fields ranging from photovoltaics and gas sensing to
antimicrobial coatings and biomedical imaging[16]. ZnO has been revealed to exhibit
piezoelectric and pyroelectric properties, which enable the generation of electric charges
in response to mechanical stress or temperature changes. This renders it a valuable
material for applications such as energy harvesting devices and smart sensors[17-18].

Mn-doped ZnO materials have attracted significant research interest due to their
modified structural, optical, electrical, magnetic, and photocatalytic properties[19-20].

Doping ZnO with manganese alters its characteristics, making it suitable for multiple
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uses, notably photocatalysis, optoelectronics, spintronics, and energy storage[21].
Manganese doping has been depicted to markedly boost the reactive capacity of zinc
oxide and encourage the oxygen evolution process[22]. It was properly highlighted that,
under typical circumstances, Mn-doped ZnO exhibits a hexagonal wurtzite structure, with
Mn ions substituting Zn in the lattice without forming secondary impurity phases at
moderate doping levels[23]. The significance of supplementing grain growth is well
documented, with the process of increasing grain size and promoting grain boundary
diffusion being especially pronounced at higher Mn concentrations. Morphological
changes have been observed, including transformation from nanosheets to nanorods and
nanoparticles as the Mn content increases[19, 24]. The following discussion will address
defects and strain. The integration of manganese into the ZnO lattice has been shown to
increase defect sites, dislocation density, and microstrain. These changes have the
potential to affect the material's physical and functional qualities. At low concentrations,
the material exhibits a tendency to reduce the band gap, therefore increasing its ability to
absorb visible light. Nonetheless, it has been demonstrated that, under conditions of
elevated Mn concentration, there may be an augmentation of the width of band gap[20,
25-26]. From an electrical standpoint, the addition of manganese (Mn) to a substance
typically results in an enhancement of resistivity and a reduction in charge carrier
mobility, particularly as the quantity of Mn increases.

The ZnO-water interface plays a crucial role in various advanced applications due
to its unique surface chemistry, which allows for both molecular and dissociative
adsorption of water. This mixed adsorption behavior is central to ZnO’s effectiveness in
fields such as medicinal chemistry, biosensors, pH sensors, and catalysis. The interface
between ZnO and water is critical for photocatalytic degradation of pollutants.
Modifications such as forming heterojunctions with other materials or doping with metals
enhance charge separation and interfacial reactions, leading to higher efficiency in
water splitting[27-28].

Standard generalized gradient approximation (GGA) functionals in density
functional theory (DFT) often struggle to accurately describe the electronic structure of
ZnO, primarily due to the presence of localized Zn 3d orbitals. This leads to significant

underestimation of the band gap and incorrect positioning of d-states in ZnO[29-31].
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The DFT+U method is an extension of standard density functional theory (DFT)
that sets up a Hubbard correction (the parameter U) to better account for strong electron-
electron interactions, especially in systems with localized electrons such as transition
metal oxides[32]. This correction helps overcome DFT’s limitations in describing
correlated materials, leading to more accurate predictions of electronic, structural, and
spectroscopic properties. It is particularly effective for systems with d- or f-electrons,
such as transition metal oxides and rare-earth compounds[30-31]. DFT+U modifies the
energy functional by penalizing fractional occupancies in localized orbitals, thereby
better capturing strong correlation effects. The preciseness of DFT+U strongly depends
on the value of the Hubbard U parameter. Methods to determine U include linear
response calculations and machine learning approaches, such as Bayesian optimization,
which can yield U values that closely reproduce results from more accurate but
computationally expensive methods. The choice of local orbitals (the subspace where U
is applied) significantly affects the results, especially in systems with strong covalent
bonding[33].

Object: The object of this research is manganese-doped zinc oxide in both bulk
and slab (surface) geometries. The study focuses on understanding how Mn substitution
affects the structural, electronic, magnetic, and surface properties of ZnO using state-of-
the-art quantum mechanical simulations. Particular emphasis is placed on the influence of
Mn dopants under different concentrations and crystallographic positions.

Method: The study employs density functional theory (DFT) calculations
effectuated with the Vienna Ab initio Simulation Package (VASP), using both GGA-
based functionals (optPBE) and Hubbard U-corrected approaches (DFT+U), in spite of
hybrid functionals (PBEO, HSEO06). A key methodological aspect is the application and
tuning of U parameters and the proper initialization of magnetic moments via the
MAGMOM tag to describe the high-spin d* configuration of Mn. Surface slab models of
the ZnO plane were constructed and analyzed with Mn dopants placed in six distinct
substitutional positions.

Aim: Analysis of the site-dependent effects of Mn doping on the structural and
electronic properties of ZnO is combined with an evaluation of the DFT+U method

versus hybrid functionals, providing a foundation for the development of machine
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learning potentials for extensive simulations of Mn/ZnO interfaces, particularly ZnO—

water systems.

1)

2)

3)

4)

5)

6)

7)

Tasks:

To optimize computational parameters (ENCUT, k-point mesh, spin initialization)
for both pure and Mn-doped ZnO systems.

To determine the optimal value of the Hubbard + U parameter by analyzing 16
different DFT+U configurations and visually comparing the resulting density of
states (DOS) with those obtained using hybrid functionals.

To perform DFT+U calculations for bulk ZnO using supercells of various sizes
(2x2x2, 3x3x1, 4x2x1) with single Mn dopants, simulating different
concentrations.

To analyze the total and projected density of states (DOS/PDOS) for both non-
magnetic and spin-polarized configurations and assess the role of MAGMOM
initialization.

To compare DFT+U results with hybrid functional results (PBEO, HSEQ6)
concerning correctness and computational cost.

To construct and relax slab models of the ZnO surface and calculate relative
replacement energies of Mn at six distinct Zn locations.

To detect through thermodynamics favoured dopant spot.
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CHAPTER 1. THEORY REVIEW

1.1 First-Principles Methods

First-principles methods are grounded in quantum mechanics, offering a rigorous
description of the interactions between electrons and atomic nuclei within various
systems. The cornerstone of these methods is the Schrodinger equation, which determines

the quantum state of a system:
AY = EY, (1.1)

where H represents the Hamiltonian operator, W is the wavefunction, E denotes

the total energy of the system[34]. The Hamiltonian operator spans both the kinetic and
potential energy contributions arising from Coulombic interactions among electrons and

nuclei. Its explicit form is:

_ P_? p_lz ZIZJEZ e? . ZIQZ
H — ZI 2M; + 12mi + ZI<] -R; + ZK} |?’i—?’j| ZI,; |R;—7; ' (12)

where Py and pi are the momentum operators for nuclei and electrons,

correspondingly, while R, and r; indicate their spatial coordinates. Z, is the nuclear
charge, eis the elementary charge, and M; , m; denote the masses of nuclei and

electrons[35].

The direct solution of the Schrédinger equation for systems with multiple interacting
electrons is computationally infeasible due to the many-body nature of the problem and
the exponential scaling of complexity with system size. Practical applications in
computational and theoretical chemistry, therefore, rely on methods that are

computationally efficient and scalable, as will be elaborated in the following discussion.

1.2 Density Functional Theory

Density Functional Theory (DFT), based on the pioneering contributions of
Hohenberg and Kohn in 1964, transformed the understanding of many-electron systems

by introducing a framework predicated on the electron density, p(r). The principles of



11

DFT were established by the groundbreaking work of Hohenberg and Kohn(1964),
encapsulated in two key theorems:
1. The ground-state properties of a many-electron system is uniquely defined by its
electron density p(r). This indicates that all information on the system, including
its energy and wavefunction, may be articulated as functionals of p(r).
2. The ground-state electron density p(r) reduces the energy functional E[p],
guaranteeing that actual ground-state energy aligns with the lowest value of E[p].
The electron density is formally defined as:
p(r) =N [W (r,1e v, )P, 7oy v, Ty) ATy . dry, (1.3)

where ¥ is the many-body wavefunction, N is the total number of electrons, and r;

represents the spatial coordinates of the i-th electron. The total energy of the system is

expressed as a functional of the electron density:

E[p] = Tlp] + Vyelp] + Veelp], (1.4)

where T[p] denotes the kinetic energy of the electrons, V,.[p] is the electron-nuclear
attraction energy, and V,.[p] accounts for the electron-electron repulsion[36].

Building upon this foundation, Kohn and Sham(1965) introduced a method to
simplify the treatment of many-body systems by proposing a fictitious system of non-
interacting electrons reproducing the same ground-state density as the interacting system.

Under the Kohn—-Sham formalism, the total energy can be stated as:
E[p] = Ts[p]l + [ veu(r)p(r) dr + Excp], (1.5)

where T,[p] denotes the kinetic energy of the non-interacting reference system, v_,(r) is
the external potential due to the nuclei, and Ey|p]| represents the exchange-correlation

energy, which encapsulates the effects of electron exchange and correlation. The exact

form of the exchange-correlation functional Ey ]p| is unknown, and practical

applications of DFT rely on approximations[37]. Commonly employed approaches
include the Local Density Approximation (LDA) and the Generalized Gradient
Approximation (GGA), which offer varying degrees of accuracy depending on the

system under study. Despite its approximations, DFT has become a cornerstone of
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modern quantum chemistry and materials science, providing a balance between

computational efficiency and accuracy[38].

1.3 Exchange—Correlation Functional in DFT

The exchange—correlation functional, Ey{p], is a fundamental component of DFT,

evaluating the many-body effects of electron migration and correlation effects. Since the

exact form of Ey{p] remains unknown, practical applications rely on approximations.

Two of the most frequently applied approximations are the Local Density Approximation
(LDA) and the Generalised Gradient Approximation (GGA), both of which offer a
balance between computational efficiency and accuracy. The Local Density
Approximation posits that the exchange—correlation energy relies only on the local
electron density p(r), as if the system were a homogeneous electron gas[38]. The

exchange—correlation energy functional in LDA is defined as:
Ex*[p] = [ & [p(M]p(r) dr, (1.6)
where €™ [p(1)] is the exchange—correlation energy density of a uniform electron

gas at the local density p(r). The LDA is particularly effective for materials with nearly
uniform or slowly varying electron densities, such as simple metals and some
semiconductors. However, its inherent limitations become apparent in systems with
strongly localized electrons or significant electron density variations. For example, LDA
often struggles to accurately describe systems with strongly correlated electrons, such as
transition metal oxides, leading to significant deviations from experimental results.
Similarly, the GGA, which improves upon LDA by incorporating density gradients, also
fails to fully capture the complex interactions in these materials. Both LDA and GGA are
insufficient for describing the strongly localized d-electrons in transition metal oxides
like ZnO, necessitating the use of more advanced approaches, such as the DFT+U
method[30]. The Generalized Gradient Approximation extends the LDA by incorporating
the gradient of the electron density, Vp(r), to account for inhomogeneities in the system.

The GGA functional is expressed as:
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Eg#p] = [ flo(r), Vp(r)] dr, (1.7)
where f[p(r),Vp(r)] is a functional that includes both the local density and its

gradient. The inclusion of the gradient term enables GGA to provide a more accurate
description of systems with varying electron densities, such as molecular systems,
surfaces, and semiconductors. Notable examples of GGA functionals include the
Perdew—Burke—Ernzerhof (PBE)[39] functional and its solid-state variant, PBEso [40].
GGA is widely applied in computational studies of ZnO and similar materials, where
electron density variations play a critical role in determining electronic and structural
properties. Despite their widespread use, both approximations have limitations,
particularly for strongly correlated materials or systems requiring precise treatment of
exchange and correlation effects. This has motivated the development of more advanced
methods, such as meta-GGA and hybrid functionals, which incorporate higher-order
corrections and exact exchange terms. These methods, though computationally more
demanding, provide enhanced accuracy for challenging systems. Hybrid functionals, in
particular, provide a thorough classification of transition-metals compounds, due to their
ability to account for localized d-orbitals. However, this comes at a significant increase in

computational expense, and many problems require computationally cheaper methods.

1.4 Hubbard-U Scheme

For systems exhibiting strongly localized electrons, such as ZnO, the conventional
LDA and GGA often underestimate the bandgap and fail to accurately describe electronic
properties. To address these limitations without resorting to very expensive hybrid
functionals, the Hubbard-U correction was introduced, incorporating an on-site Coulomb
interaction term, U, into the exchange—correlation functional. The Hubbard-U corrected

functional is expressed as:

Ezlig’gA+U = E)[ng + EU - Edcr (18)
where Ej; is the additional energy contribution accounting for the on-site Coulomb

repulsion of localized electrons, and E, is a double-counting correction that removes
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redundant interactions already included in the LDA functional[41]. In the approach

introduced by Dudarev et al.[30], the energy functional is given by:
v-J
EDFT+U = ELDA + TEG[Z?HJ_ ngll,ml - Zml,mz ngll,mz nglz,ml]: (19)

where U and J are the on-site Coulomb and exchange interaction parameters,

respectively, and ng, ., is the occupation matrix for electrons in orbital m with spin o.

This method may be thought of as the introduction of a penalty functional that enforces
idempotency of the on-site occupancy matrix :

— -

n°® = n°nsc, (1.10)

ensuring that the eigenvalues of the occupancy matrix correspond to fully occupied or
fully unoccupied states. The Hubbard-U correction is widely implemented in
computational packages such as VASP, offering a practical and computationally efficient
efficient strategy to better the electronic structure of compounds with strongly correlated
electrons. For ZnO, this correction effectively adjusts the position of the d-states, leading
to an improved description of the bandgap and other electronic properties that are not
well captured by LDA or GGA alone. Despite its advantages, the Hubbard-U approach
requires careful parameterization, which can introduce ambiguity and system

dependency.
1.5 The Projector-Augmented Wave (PAW) method

The Projector-Augmented Wave (PAW) The technique, executed inside the
Vienna Ab-initio Simulation Package (VASP), is a computational methodology that
integrates aspects of ultrasoft pseudopotentials and the linearized augmented-plane-wave
(LAPW) method. Initially introduced by Blochl in 1994[42] and refined by Kresse and
Joubert in 1999[43], it has grown into a conventional approach for first-principles
computations in density functional theory (DFT). The PAW method reconstructs
computationally efficient pseudo-wavefunctions into accurate all-electron wavefunctions

1 through the linear relationship:

|";bnk = + Z |¢z (pzhbnk) (1.11)



15

where |¢);) are the all-electron partial waves, |cE) are the pseudo partial waves, and (p, |

are the projector functions. This formulation enables accurate reconstruction of
wavefunctions while maintaining computational efficiency. The total electron density

n(r) in the PAW method is expressed as:
n(r) = i(r) — f;(r) +ny(r), (1.12)
where 7i(r) indicates the uniform pseudo charge density, n;(r) the one-center

pseudo charge density, and n,(r) the one-center all-electron charge density. This

partitioning facilitates efficient treatment of core and valence electron densities. The

pseudo wavefunctions are expanded in reciprocal arrangement as:

— 1 . .
(rllpnk) = \/_EZG anGel(G-l-R) r’ (1-13)

where G are the reciprocal lattice vectors, k the k-point index, and Cne the expansion
coefficients. In VASP, the frozen-core approximation is employed, where core electron
configurations remain fixed, greatly lowering computational expenses while maintaining
elevated accuracy. The PAW method is highly accurate, reproducing results close to all-
electron calculations while reducing computational cost via pseudo wavefunctions and
the frozen-core approximation. It is a versatile method applicable to various systems,

including metals, semiconductors, and magnetic materials.
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CHAPTER 2. COMPUTATIONAL METHODS

2.1 Structure Modeling

Structural models of pure ZnO and Mn-doped ZnO were constructed to investigate
the material’s properties. The pure ZnO system was Simulated as a basic 1x1x1 unit cell
(4 atoms), while the Mn-doped ZnO system was constructed as a 2x2x1 supercell (16
atoms) to accommodate dopant atoms and minimize artificial periodic interactions. In the
Mn-doped model, one Zn atom was replaced with Mn, resulting in a doping
concentration of 12.5%. These models (Figure 2.1) serve as the basis for further first-

principles calculations[44].

Figure 2.1 Atomic structures of ZnO. (A) Simple ZnO unit cell, where red spheres
represent oxygen atoms and blue spheres represent zinc atoms. (B) Mn-doped ZnO
structure (12.5% Mn) corresponding to a 2x2x1 supercell with 16 atoms in total: 7 Zn, 8
O, and 1 Mn. The red spheres denote oxygen atoms, blue spheres zinc atoms, and the

purple sphere marks the manganese dopant.

To investigate the influence of Mn doping on the structural, electronic, and
magnetic properties of ZnO, we constructed and optimized several bulk and surface
models. For the bulk phase, three supercells derived from the primitive ZnO wurtzite
structure were used (Figure 2.2): 2x2x2 (32 atoms), 3x3x1 (36 atoms), and 4x2x1 (32
atoms). In every scenario, one Zn atom was substituted by a Mn atom, corresponding to
doping levels between 5.55% and 6.25%. These structures were visualized using OVITO

and served as the basis for spin-polarized DFT calculations.
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Primitive cell \

4 atomes: 2Zn,20

4x2x1
32 atomes
6,25% Mn

2x2x2

32 atomes 3x3x1
6,25% Mn 36 atomes
5,55% Mn

Figure 2.2 Schematic of Mn-doped ZnO supercells. Zn atoms are shown in purple,

O atoms in red, and the substituted Mn atom is highlighted in green.

To extend this investigation to surface effects, slab models of Mn-doped ZnO were
were produced and optimised to assess the influence of dopant placement on structural
stability and electronic properties. Motivated by the technique of Liang et al.[45], a

3x2x1 supercell was cleaved along the non-polar (1010)surface using a Python script

(Figure 2.3). The resulting slabs consisted of five atomic layers and included a vacuum
spacing of 15 A (7.5 A on each side) along the z-direction to prevent periodic image
interactions. To study site-specific substitutional effects, Mn atoms were manually placed
at six inequivalent Zn sites (indexed 0 to 5) using OVITO[46].
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primitive cellZnO

3x2x1 supercell

slab and 6 positions of Mn

Figure 2.3 Construction of Mn-doped ZnO surface slab models and substitution

positions for Mn at six inequivalent Zn sites.

2.2 Computational Details

All calculations were performed using the Vienna Ab initio Simulation Package
(VASP)[47-50], implementing density functional theory (DFT) within the projector
augmented-wave (PAW) method. The interaction between valence electrons and ionic
cores was treated with PAW pseudopotentials, and a plane-wave basis set was used to
expand valence wavefunctions. Exchange—correlation effects were treated using both the
PBE functional under the generalized gradient approximation (GGA) and the optPBE-
vdW functional, which incorporates non-local van der Waals interactions. To address the
well-known underestimation of band gaps in conventional DFT, the DFT+U approach
was employed using Dudarev's formalism (LDAUTYPE = 2), applying effective on-site
Coulomb interactions of 4.0 eV for Zn 3d orbitals and 2.0 eV for Mn 3d orbitals. For
selected structures, the PBEO hybrid functional, incorporating 25% exact Hartree—Fock
exchange, was used to benchmark the electronic structure, particularly the band gap. All
geometry optimizations were carried out using the quasi-Newton algorithm (IBRION =
1), with force convergence criteria of 0.01 eV/A for bulk and 0.05 eV/A for hybrid

calculations, and electronic self-consistency thresholds set to 107¢ or 107 eV depending
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on the step. A high plane-wave cutoff energy of 650 eV was used during relaxations to
reduce Pulay stress, while single-point energy and DOS calculations were performed at
500 eV. Monkhorst—Pack k-point grids were automatically generated with a spacing of
0.35 A" and set to I'-centered meshes (KGAMMA = TRUE), ensuring proper Brillouin
zone sampling. Spin polarization was explicitly considered in all simulations (ISPIN = 2),
and the magnetic moment of Mn was initialized to 5 uB (MAGMOM), consistent with
the high-spin d* configuration. For accurate density of states (DOS) and projected DOS
(PDOS) analysis, the tetrahedron method with Blochl corrections (ISMEAR = -5) was
used, employing a dense energy grid (NEDOS = 3001) and enabling orbital-resolved
outputs (LORBIT = 11). The van der Waals interactions were included via LUSE_VDW
= . TRUE., and symmetry was preserved throughout the relaxations. All calculations were
performed using high precision (PREC = Accurate) and non-spherical contributions to
PAW spheres were included (LASPH = .TRUE.). This comprehensive computational
framework allowed for the systematic study of how Mn doping and its spatial location
affect the structural, magnetic, and electronic properties of both bulk and slab ZnO
systems, and served as the foundation for further development of machine-learned

interatomic potentials.
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CHAPTER 3. RESULTS AND DISCUSSION
3.1 Convergence Tests

Pure ZnO system

In DFT calculations, convergence testing is a crucial step to ensure the reliability
and accuracy of the results. Key parameters such as the plane-wave cutoff energy
(ENCUT) and k-point sampling must be systematically tested. For ENCUT, the total
energy of the system is monitored over a range of values to identify the point at which
increasing the cutoff no longer significantly improves the accuracy, thereby ensuring
computational efficiency. Similarly, k-point convergence testing involves varying the
density of the k-point mesh to achieve an adequate sampling of the Brillouin zone. These
tests provide a robust framework for selecting computational parameters that balance
accuracy and computational cost, ensuring the reliability of DFT calculations across a
wide range of materials. To ensure the accuracy and reliability of DFT calculations,
systematic convergence tests were performed for the plane-wave cutoff energy (ENCUT)
and k-point sampling (KSPACING) on the pristine ZnO system (Figure 3.1). The plane-
wave cutoff energy was systematically varied from 300 eV to 1000 eV in increments of
50 eV. At lower cutoff values (300-400 eV), the total energy per atom exhibited
significant fluctuations, indicating poor numerical convergence. Stabilization was
achieved for ENCUT > 500 eV, with energy variations below 0.001 eV/atom for higher
cutoff values. Beyond 600 eV, further increases in ENCUT vyielded negligible
improvements in accuracy but resulted in significantly higher computational costs. Based
on these results, an optimal cutoff energy of 500 eV was selected to balance numerical
accuracy and computational efficiency. The impact of k-point sampling on energy
convergence was examined by varying the k-point spacing (KSPACING) between 0.10
A-'and 0.70 A", The total energy per atom remained stable for KSPACING < 0.35, with
minimal variations (~0.00025 eV/atom) and the lowest energy observed at KSPACING
=0.10 A'. For KSPACING > 0.40, the energy began to deviate significantly, indicating
insufficient sampling of the Brillouin zone. Consequently, a KSPACING value of 0.35
A-' was selected as a practical choice, offering a balance between energy accuracy and

computational cost.



21

-1.983

-1.9823 -1.984 - /

-1.9886 -1.985 4
-1.9909 - /
-1.9952 - /

-1.986

-1.987

Energy/atom(eV)

-1.988

-1.9995

Energy/atom(eV)

-1.989 //
-2.0038
-1.990 4

-2.0081 - —o—o—0——"*

T T T T T T T T 1 _1991 T T T T T T
200 300 400 500 600 700 800 900 1000 1100
0.1 0.2 0.3 04 0.5 0.6 07
ENCUT(eV)

KSPACING(A™)
Figure 3.1 Convergence of the total energy per atom for the pure ZnO system as a
function of (left) plane-wave cutoff energy (ENCUT) and (right) k-point sampling
density (KSPACING). The total energy stabilizes beyond ENCUT = 500 eV and
KSPACING = 0.35 A, indicating suitable values for DFT calculations.

The role of structural optimization in DFT calculations was investigated by
comparing the convergence behavior of the total energy concerning ENCUT for
optimized and non-optimized ZnO structures. Structural optimization, involving iterative
relaxation of atomic positions and lattice parameters, was performed to minimize forces
on the atoms and achieve an energetically favorable configuration. The results indicate
that the optimized structure consistently exhibited lower energy per atom across all
ENCUT values compared to the non-optimized counterpart, reflecting the effectiveness
of structural relaxation in capturing the material’s ground-state configuration. For non-
optimized structures, higher energy values were observed, as expected, though the
convergence behaviour can be seen to be very similar (Figure 3.2). The optimized
structure ensures a reliable basis for subsequent electronic structure calculations, enabling

accurate predictions of material properties.
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Figure 3.2 Comparison of total energy per atom for optimized and non-optimized

ZnO structures across various ENCUT values.

Mn-Doped ZnO System

The convergence tests for Mn-doped ZnO focused on determining the optimal
computational parameters for reliable and efficient DFT calculations (Figure 3.3). Both
the plane-wave cutoff energy (ENCUT) and k-point spacing (KSPACING) were
systematically tested under spin-polarized (ISPIN=2) and non-spin-polarized (ISPIN=1)
conditions. The inclusion of spin polarization was particularly critical for systems doped
with transition metals like Mn due to the localized nature of their d-electrons and
associated magnetic interactions. An additional test utilizing the updated Mn partial
valence pseudopotential (PAW PBE, 13 valence electrons) improved the description of
Mn’s d-electrons and revealed the necessity for higher ENCUT values due to the
increased accuracy. The dynamic scaling of ENCUT during structural relaxation ensured
consistency in total energy and force calculations, particularly for spin-polarized systems.
These findings underscore the importance of careful parameter selection and
pseudopotential accuracy when studying transition metal-doped systems. The ENCUT
tests revealed stabilization of total energy at 600 eV for non-spin-polarized calculations,
while spin-polarized configurations required at least 800 eV to resolve spin-split states
accurately. Similarly, the KSPACING convergence tests demonstrated stabilization of
energy at values < 0.30 A~', with significant deviations observed for KSPACING > 0.45
A-'. These results align with prior studies highlighting the importance of dense k-point

grids for systems with defects and dopants. An additional test utilizing the updated Mn
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pseudopotential (PAW PBE, 13 valence electrons) improved the description of Mn’s d-
electrons and revealed the necessity for higher ENCUT values due to the increased

accuracy. The dynamic scaling of ENCUT during structural relaxation ensured

consistency in total energy and force calculations, particularly for spin-polarized systems.
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Figure 3.3 Convergence tests for the Mn-doped ZnO system. Total energy per atom as a
function of (left) plane-wave cutoff energy (ENCUT) and (right) k-point sampling
density (KSPACING). The energy converges beyond ENCUT =500 eV and KSPACING

=0.35 A", indicating appropriate convergence parameters for subsequent DFT

Pure ZnO system

calculations.

3.2 Lattice Parameter Analysis

The pure ZnO system, modeled as a fundamental 1x1x1 unit cell, was fully

relaxed. The lattice constants were determined as a = 3.2898 A, b = 3.2898 A, and ¢ =

53193 A, with a unit cell volume of 49.857 A3 and a c/a ratio of 1.617.

These values are roughly consistent with experimental and computational references,

confirming the reliability of the computational setup[50]. Results presented in Table 3.2.

Table 3.2 Geometrical parameters of pure ZnO

Para Expe optP HSE HSE
meter riment BE-vdW 06 06 PBEO
(0.375HFX)
a(A) 3.250 3.290 3.259 3.247 3.257
b (A) 3.250 3.290 3.259 3.247 3.257
c(A) 5.207 5.319 5.237 5.208 5.235
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Cell
Volume 47.630 49.857 48.172 47.562 48.082
(A
c/a Ratio 1.602 1.617 1.607 1.604 1.608
Angles (°) a=90° B=90°v=120°

Mn-Doped ZnO System

The Mn-doped ZnO system was modeled as a 2x2x1 supercell. Structural
relaxation revealed slight lattice expansion compared to pure ZnO, with a = 3.2983 A, b
=3.2983 A, and ¢ = 5.3410 A. The unit cell volume increased to 50.319 A3, and the c/a
ratio was 1.619. These changes, while subtle, reflect the localized electronic effects
induced by Mn doping. The Mn—-O bond length was consistently measured at 2.064°A
across computational methods, with the wurtzite symmetry preserved. Results presented
in Table 3.3.

Table 3.3 Geometrical parameters of Mn-doped ZnO for different computational

methods
HSEO06
Parameter | optPBE-vdW HSEO06 (0.375HEX) PBEO
a(A) 3.298 3.2745 3.265 3.2725
b (A) 3.298 3.2745 3.265 3.2725
c(A) 5.341 5.251 5.228 5.254
Cell Volume (A?) 50.319

c/a Ratio 1.619 1.604 1.601 1.606
Mn-O Dist. (A) 2.064 2.064 2.064 2.063

Angles (°) a=90° B =90°v=120°

Figure 3.4 presents a detailed analysis of the structural parameters for Mn-doped
ZnO systems as a function of U(Zn) and U(Mn) values. The examined parameters
include the lattice constants a and c, their ratio c/a, and the distance between Mn and the
nearest oxygen atom. Dashed lines in the plots indicate reference values obtained from
hybrid functional calculations using HSE06, HSEO06 (0.375 HF exchange), and PBEDQ.
The lattice constant a, as shown in the top panel, exhibits minor fluctuations across
different U(Zn) and U(Mn) combinations, stabilizing near the reference values predicted
by hybrid functional calculations. This observation indicates that Ueff has a minimal
effect on the axis, maintaining the hexagonal symmetry of the ZnO lattice. The second

panel highlights the c-direction lattice constant, which demonstrates a more pronounced
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dependence on U, particularly for larger U(Zn) values. A gradual reduction in c is
observed as U(Mn) increases, reflecting the structural adjustments associated with
stronger electronic correlations within Mn d-orbitals. The third panel shows the ratio a/c,
an indicator of the anisotropy of the ZnO lattice. The results display subtle variations in
c/a across the tested parameter space, yet the ratio remains close to the reference values
provided by HSEO6 and PBEO. This consistency underscores the robustness of the
wurtzite structure under varying Coulomb correction parameters. Finally, the bottom
panel depicts the distance between Mn and the nearest oxygen atom (Mn—O bond length)
as a function of U(Zn) and U(Mn). The Mn-0O bond length shows a strong sensitivity to
U(Mn), with larger values of U(Mn) resulting in slight elongations of the bond. This
behavior is consistent with increased localization of Mn d-states due to the on-site
Coulomb correction. The results indicate that the lattice parameters and Mn—O bond
length are subtly influenced by the choice of U. Despite these variations, the structural
parameters remain consistent with the experimentally observed wurtzite phase of ZnO,
demonstrating that Mn doping and Hubbard corrections preserve the crystal symmetry

while introducing minor distortions.
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Figure 3.4 Lattice parameter analysis for Mn-doped ZnO. The plots display the
lattice parameters a and c, their ratio c/a, and the distance between Mn and the closest O
atom for different values of U(Zn) — U(Mn). Lines with dashes reflect values for

comparison from HSE06, HSEO06 (0.375 HF exchange), and PBEO functionals.

3.3 Density of States (DOS)

Pure ZnO system

The calculated element-resolved and orbital-projected density of states (PDOS) for
ZnO in a hexagonal structure, as derived from the CONTCAR file, is presented in
Figures 3.5 and 3.6. The contributions from Zn d-orbitals and O p-orbitals are analyzed
alongside the total density of states (TDOS). The Fermi level is aligned at 0 eV for
reference, indicated by a dashed vertical line in the figure. A notable feature is the strong

hybridization between the Zn d-orbitals and O p-orbitals, observed in the energy range of
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approximately —6 eV to —4 eV, which signifies significant bonding interactions in this
range. Above the Fermi level, the conduction band is dominated by contributions from
Zn d-orbitals. IDOS for both spin-up and spin-down channels, computed up to the Fermi
level, is analyzed. The IDOS curve provides insight into the cumulative number of
electronic states available below a given energy. The spin-polarized calculation reveals
no net spin polarization, consistent with the non-magnetic nature of ZnO. The rapid
increase in IDOS near —5 eV corresponds to the high density of states within the valence
band, dominated by contributions from O p-orbitals, further corroborating the orbital-

resolved analysis.

Element and Orbital-resolved PDOS with TDOS
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Figure 3.5 Element-resolved and orbital-projected PDOS with TDOS for ZnO.
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Figure 3.6 Integrated Density of States (IDOS) up to the Fermi level for ZnO.

The plot displays the cumulative density of electronic states for spin-down
electrons (red curve), integrated from the lower energy levels up to the Fermi energy
(marked by a dashed red line at 0 eV). The absence of the spin-up contribution suggests
either spin degeneracy or negligible spin polarization in the considered system. The
IDOS curve reveals distinct features corresponding to the valence band structure,

providing insights into the electronic occupation up to the Fermi level.

Mn-Doped ZnO System

Spin-polarized DOS calculations for Mn-doped ZnO revealed localized Mn d-
states within the band gap, contributing to spin polarization. Spin-resolved DOS showed
distinct spin-up and spin-down channels, confirming the magnetic nature of the doped
system. The Mn d-states also influenced the conduction band minimum, demonstrating
the interplay between doping and electronic structure. The DFT+U method was applied
to Mn-doped ZnO to account for strong electronic correlations in Mn d-states. Various
combinations of U(Zn) and U(Mn) values were explored, ranging from 0 to 6 eV,
resulting in 16 unique configurations. These configurations systematically revealed how

Coulomb corrections influence the structural and electronic properties of Mn-doped ZnO.
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Hybrid functional calculations using HSEO06 and its modified variant (HSEO06 with 37.5%
Hartree—Fock exchange) further validated the results obtained from DFT+U.

The Hubbard U parameter effectively shifted the Mn d-states, introducing
localized states within the band gap and enabling accurate modeling of magnetic and
electronic properties. This adjustment highlighted the critical role of on-site Coulomb

corrections in capturing the material’s complex behavior.
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Figure 3.7 Element and orbital-resolved PDOS with TDOS for the U(Zn) = 4,
U(Mn) = 2 configuration.

Figure 3.7 illustrates the projected density of states (PDOS) and total density of
states (TDOS) for Mn-doped ZnO with U(Zn) = 4 eV and U(Mn) = 2 eV. This
combination of Hubbard U-parameter was selected due to its close alignment with results
from hybrid functional calculations, as demonstrated in Appendix A. The analysis sheds
light on the electronic structure, hybridization, and the impact of Mn doping on the
material’s density of states. The TDOS, represented by the black curve, shows significant
contributions from Zn d-orbitals in the valence band at around —7.5 eV, indicating their
localized nature. The blue curve, corresponding to Zn d-orbitals, highlights their

dominant role in shaping the electronic structure at these energies. Mn doping introduces
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additional states near the Fermi level, as evidenced by the orange curve representing Mn
d-orbitals. These states modify the electronic structure and contribute to spin polarization.
Furthermore, the green curve, representing O p-orbitals, displays hybridization with both
Zn d- and Mn d-orbitals, particularly in the valence band region. The Fermi level is
positioned at 0 eV, marked by a dashed line, and a finite band gap of approximately 1.18
eV is observed. This value is consistent with hybrid functional calculations, as seen in the
table in the Appendix A. The inclusion of Mn does not eliminate the band gap but
introduces mid-gap states, which may influence the optical and magnetic properties of the
material. The overlap between Mn d- and O p-orbitals is particularly notable, indicating
strong hybridization that plays a critical role in the material’s electronic and magnetic
behavior. When compared with the pristine ZnO case shown in Figure A.2 in the
Appendix A, it is evident that Mn doping significantly alters the density of states by
introducing states near the Fermi level. Furthermore, as shown in Figure 1, the
optPBE+U approach with U(Zn) = 4 eV and U(Mn) = 2 eV closely reproduces the trends
observed in hybrid functional calculations, offering a computationally efficient yet
accurate alternative.

Figure 3.8 and Table A.1 present a systematic investigation of how the choice of
Hubbard U parameters for Zn and Mn within the DFT+U framework affects the
electronic structure of Mn-doped ZnO. Based on the analysis of the minimum (Emin) and
maximum (Emax) energies of the valence band — which reflect the depth and shape of
the occupied states — the most accurate agreement with reference hybrid functional
results (HSEO06, HSEO06 with 37.5% HF exchange, and PBEOQ) is achieved with the 4 2
configuration (U(Zn) = 4 eV , U(Mn) = 2 eV). At this point, the valence band edge
positions are in closest alignment with hybrid-calculated benchmarks, indicating
physically realistic localization of the valence electrons. While the widest band gap (1.41
eV) is observed for the configuration (U(Zn) =6 eV, U(Mn) = 10 eV), it is the 4_2 setting
that provides the best overall balance between accurate valence band positioning and a
reasonable, non-metallic band gap (0.33 eV). This suggests that 4 2 is the most
physically justified configuration for DFT+U-based modeling of ZnO/Mn, especially
when computational efficiency is prioritized over full band gap correction via hybrid

functionals.
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Figure 3.8 Analysis of density of states (DOS) for U(Zn) — U(Mn) configurations.
The plots show the minimum energy (Emin), maximum energy (Emax), and the band gap
as a function of U. Dashed lines correspond to reference values from HSE06, HSEQ6
(0.375 HF exchange), and PBEO functionals.
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3.4 Bulk Calculations

Three supercells based on the primitive cell ZnO structure were constructed to
model Mn doping: a 2x2x2 supercell containing 32 atoms, a 3x3x1 supercell with 36
atoms, and a 4x2x1 supercell also with 32 atoms. In each case, one Zn atom was replaced
with Mn, corresponding to a doping concentration of approximately 6 %. To examine
magnetic effects, two types of spin initialization were tested: non-magnetic (all initial
magnetic moments set to zero) and spin-polarized with a moment of 5 uB assigned to the
Mn atom.

The exchange—correlation energy was treated using the optPBE-vdW functional,
which includes van der Waals interactions via a nonlocal correlation term. The inclu-
sion of van der Waals interactions is important for accurately describing water and
oxide—water interactions, an important consideration for future studies of Mn-doped ZnO
at the oxide—water interface. In addition to the optPBE-vdW calculations, two beyond-
GGA approaches were used to treat the localized nature of Mn 3d electrons: the
rotationally invariant DFT+U method and the PBEO hybrid functional. The values of the
effective Hubbard U parameters were set to 4.0 eV for Zn and 2.0 eV for Mn.

We first evaluated the electronic structure of the 2x2x2 supercell using the
optPBE-vdW (hereafter referred to as optPBE) functional. Figure 3.9 presents the total
and projected density of states (DOS) calculated with and without initialized spin
polarization on Mn (i.e., MAGMOM = 0 vs. MAGMOM = 5 uB ). It is evident that
without initialized spin polarization, the calculation fails to reproduce the correct spin
state, whereas initializing with MAGMOM = 5 uB vyields a spin-aligned configuration
corresponding to the lowest energy state. This results in noticeable changes in the DOS
near the valence and conduction band edges.

In the top-left panel (optPBE without spin initialization), the Mn 3d states appear
with contributions in both spin channels near the valence band edge. In contrast, in the
top-right panel (optPBE with MAGMOM), only the spin-up channel is filled, while the
spin-down states are unoccupied—consistent with a high-spin Mn(d®) configuration. The
zoomed-in panels at the bottom further highlight this contrast: in the spin-polarized case,
the impurity peak in the majority-spin channel is sharp and well- localized, whereas in
the non-magnetic case, this feature is delocalized. This observation confirms that without

proper spin initialization, the system remains trapped in a metastable, low-spin
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configuration, and fails to capture the mid-gap state critical for charge-transfer and
catalytic activity. The emergence of the mid-gap state only in the spin-polarized
calculation underscores the importance of explicitly setting the magnetic moment for
transition metal dopants in DFT simulations. Similar trends were observed for the 3x3x1

and 4x2x1 supercells, as illustrated in Appendix A.
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Figure 3.9 Element- and orbital-resolved partial density of states (PDOS) together
with the total density of states (TDOS) for Mn- doped ZnO calculated using the optPBE
functional. The left column shows results without initial magnetic moment initialization,

while the right column corresponds to calculations with MAGMOM initialization. The
bottom row presents zoomed-in views of the energy region near the Fermi level for each
case.

To better describe the localized character of Mn 3d electrons, we carried out
DFT+U calculations using the Dudarev approach with U(Mn) = 2 eV and U(Zn) = 4 eV.
These trends highlight that while the Hubbard-U correction aids in reinforcing on-site
electron localization, it cannot fully compensate for the absence of proper magnetic
initialization when using cost-effective GGA-based functionals.

For further validation, the same 2x2x2 supercell was investigated using the PBEO

hybrid functional, which includes 25% exact non-local Hartree—Fock exchange. Figure
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3.10 compares the DOS obtained from PBEOQ with that from DFT+U for the same spin-
polarized structure. Although the PBEQ calculation improves the overall band gap, the
localization of Mn 3d states is less pronounced than in the DFT+U result. This suggests
that the DFT+U method (with the chosen U values) provides a better qualitative
description of the magnetic and electronic structure in Mn-doped ZnO than the hybrid
functional for this particular case. The same trend was confirmed in the larger 3x3x1 and
4x2x1 supercells, where the DFT+U functional consistently produced more distinct
separation between spin-up and spin-down states. The corresponding data and DOS plots

are provided in the Appendix A.
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Figure 3.10 Element- and orbital-resolved partial density of states (PDOS) and
total density of states (TDOS) for Mn-doped ZnO (2x2x2). Top: full-range spin-resolved
PDOS obtained with the optPBE+U (left) and PBEO (right) functionals. Bottom: zoomed-

in views near the Fermi level (dashed line) for each case.

The influence of geometry on electronic structure was also examined. While minor
distortions occurred around the Mn site due to size and electronic mismatch with Zn, the

overall lattice parameters and local coordination remained close to those of ZnO.
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3.5 Role of Initial Magnetic Moment Initialization (MAGMOM) in Spin-
Polarized DFT Calculations of Mn-Doped ZnO

Proper initialization of local magnetic moments is essential for obtaining
physically meaningful results in spin-polarized first-principles calculations of magnetic
semiconductors. This is particularly critical when modeling open-shell 3d transition metal
dopants such as Mn in wide-bandgap oxides like ZnO. Our results reveal a stark contrast
between these two cases. Without spin initialization, the Mn site exhibits a significantly
underestimated local magnetic moment (0.91 with optPBE), and the projected density of
states (PDOS) shows Mn 3d states distributed across both spin channels near the valence
band maximum, indicative of spin-degenerate behavior. Conversely, when initialized
with MAGMOM = 5.0, the system converges to a magnetic ground state with a local
moment of 4.3-4.5, depending on the functional, and a clearly split DOS consistent with
a fully aligned high-spin configuration. Figure 3.11 summarizes the computed local
moments on Mn under various conditions. Notably, the optPBE functional severely
underestimates the spin polarization unless MAGMOM is defined, while optPBE+U and
PBEO vyield robust magnetic solutions even in the absence of initialization, albeit with
slightly reduced fidelity. These trends highlight that while the Hubbard-U correction
serves a complementary function by enhancing on-site electron localization, it cannot
fully replace the necessity for appropriate magnetic initialization when using cost-
effective GGA-based functionals. Together, these findings stress that the MAGMOM tag
is far more than a technical detail—it is a critical parameter for accurately capturing the

spin-resolved electronic structure of ZnO/Mn systems.
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Figure 3.11 Local magnetic moment on Mn in ZnO/Mn (2x2x2 supercell)

calculated using different functionals and magnetic initializations.

3.6 Slab Calculations

To investigate site-specific substitutional doping, we manually replaced Zn atoms
with Mn at six inequivalent positions (indexed 0 to 5) using the OVITO visualization
tool. This allowed us to probe the effects of dopant location, ranging from surface to
subsurface regions, on the structural and magnetic properties.

Figure 3.12 presents the relative substitution energies for Mn at six inequivalent
Zn sites within the ZnO surface slab, as computed using three different exchange-
correlation approaches: optPBE, optPBE+U, and the PBEO hybrid functional. All
methods reveal a clear site dependence, but only optPBE+U and PBEO consistently
identify surface positions (site 0) as energetically favored. In particular, site 0 emerges as
the most stable across all functionals, highlighting a thermodynamic preference for Mn

incorporation on the surface rather than deeper subsurface layers.

Relative Substitution Energies
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Figure 3.12 Relative substitution energies for Mn at six inequivalent Zn sites in the

ZnO surface slab, calculated using optPBE, optPBE+U, and PBEO functionals.
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In contrast, the uncorrected GGA (optPBE) functional predicts a highly
inconsistent energy profile, with artificially elevated substitution energies at most
positions, underscoring its inadequacy in describing localized d-states. The improved
consistency between optPBE+U and PBEO not only validates the use of Hubbard-
corrected GGA for modeling open-shell 3d dopants, but also strengthens the conclusion
that Mn prefers surface incorporation. This energetic preference has direct implications
for the design of Mn-functionalized ZnO surfaces, where surface-exposed dopants are
more likely to participate in catalytic processes.

The strong agreement between optPBE+U and PBEO confirms that Hubbard-U-
augmented GGA can reproduce the essential physics of more expensive hybrid
functionals. optPBE+U not only yields similar energetic trends but also provides a
qualitatively correct picture of Mn incorporation with much lower computational cost.
This validates its use in extensive slab and surface studies where computational
feasibility is a constraint. Since dopants at the surface are more likely to interact directly
with adsorbates and reaction intermediates, this finding has direct implications for
catalyst design. Placing Mn at the surface could enhance redox activity, while subsurface
configurations may offer electronic tuning without steric exposure. It serves as a
computationally efficient alternative to hybrid functionals and supports the future

development of machine learning potentials and large-scale simulations for ZnO.
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CONCLUSIONS

. Optimization of computational parameters (ENCUT, k-point mesh, spin
initialization) was carried out for both pure and Mn-doped ZnO systems. The
convergence tests resulted in optimal values of ENCUT = 500-800 eV and
KSPACING = 0.3-0.35 A"', ensuring a balance between accuracy and
computational efficiency.

. The optimal values of the Hubbard U parameters were determined by analyzing 16
different DFT+U configurations. The best agreement with hybrid functionals
(PBEQ, HSEOQ6) was achieved using U(Zn) = 4.0 eV and U(Mn) = 2.0 eV, which
reproduced key features of the density of states (DOS) with much lower
computational cost.

. DFT+U calculations were performed for various bulk ZnO supercells (2x2x2,
3x3x1, 4x2x1) doped with a single Mn atom. These models simulated different
doping concentrations and preserved the wurtzite structure, with localized
structural distortions near the Mn site.

. Total and projected density of states (DOS/PDOS) were analyzed for both non-
magnetic and spin-polarized configurations. The role of MAGMOM initialization
was shown to be crucial for obtaining a physically correct high-spin configuration
of Mn, avoiding convergence to metastable, non-magnetic states.

. DFT+U results were compared with hybrid functionals (PBEO, HSEQG) in terms of
accuracy and computational cost. The DFT+U method closely reproduced the
electronic structure predicted by hybrid functionals while being significantly more
computationally efficient.

. Slab models of the ZnO surface were constructed and relaxed, with Mn substituted
at six inequivalent Zn positions. The substitution energies were calculated,
showing strong site dependence and highlighting the importance of dopant
location in surface stability.

. The thermodynamically preferred dopant site was identified, with surface
substitution (site 0) being the most favorable across all functionals. This result has

direct implications for the catalytic activity of Mn-doped ZnO surfaces.
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Table A.1 Energy levels and band gap data for U(Zn) — U(Mn) combinations on

DOS and reference values from HSE06, HSEQ6 (0.375 HF exchange), and PBEO

U (I\%}?n) E min (eV) E max (eV) (E\a}r)ld Gap
0.0 -7.099 -5.613 0.0
0.2 -6.618930 -5.131 0.02077
0.4 -6.252 -4.806 0.355
0.6 -6.038 -4.6348 0.577
2.0 -7.5936 -6.372 0.0
2.2 -7.0727 -5.983 0.176532
2.4 -6.6836 -5.4808 0.534
2.6 -6.4478 -5.2432 0.757
4.0 -8.242 -7.397 0.0
4.2 -7.706 -6.6153 0.3326
4.4 -7.296 -6.3146 0.7124
4.6 -7.0593 -6.0999 0.9598
4.8 -6.9097 -5.8372 1.0725
4.10 -6.825 -6.7136 1.184388
6.0 -8.986 -8.0509 0.0
6.2 -8.455 -7.6297 0.511
6.4 -8.0455 -7.218 0.914
6.6 -7.7870 -6.981 1.16278
6.8 -7.638 -6.8316 1.29828
6.10 -7.53128 -6.477 1.411308
HSEQ6 (ref) -7.61 -6.2856 1.6313
HSEO06
(0.375 HF) -7.967 -6.70149 2.77
PBEO (ref) -7.6595 -6.58009 2.268
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Figure A.1 Electronic structure analysis of Mn-doped ZnO using different
computational methods: PBEOQ, optPBE, and optPBE + U (UZn-d = 4, UMn-d = 2). Each
column represents the TDOS and PDOS for Zn d, Mn d, and O p orbitals under the

corresponding functionals.
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Figure A.2 Electronic structure analysis of pristine ZnO using different
computational methods: PBEO (hybrid), optPBE (GGA), and optPBE + U (UZn-d = 4).
Each column represents the TDOS and PDOS for Zn d and O p orbitals under the

corresponding functionals. The Fermi level is set at 0 eV.
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Figure A.3 Density of states analysis for Mn-doped ZnO using PBEO, optPBE, and
optPBE + U (UZn-d = 4, UMn-d = 2). Each column shows the TDOS and PDOS for Zn d
and Mn d orbitals under the corresponding functionals. The Fermi level is set at 0 eV.
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Figure A.4 Element- and orbital-resolved partial density of states (PDOS) and total

density of states (TDOS) for Mn-doped ZnO calculated using the PBEO functional across

three supercells: 2x2x2, 3x3x1, and 4x2x1. The top row shows full spin-resolved PDOS

over a wide energy range, while the bottom row presents zoomed-in views near the Fermi

level.
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Figure A.5 Element- and orbital-resolved partial density of states (PDOS) and total
density of states (TDOS) for Mn-doped ZnO 3x3x1 supercell using the optPBE
functional. The left panel corresponds to a calculation without magnetic moment

initialization, while the right panel includes MAGMOM initialization.
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Figure A.6 Element- and orbital-resolved partial density of states (PDOS) and total
density of states (TDOS) for Mn-doped ZnO 4x2x1 supercell using the optPBE
functional. The left panel corresponds to a calculation without magnetic moment

initialization, while the right panel includes MAGMOM initialization.



