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Abstract

The uranium mononitride UN is a material considered as promising candidate 
for Generation-IV nuclear reactors. Due to considerable amount of aggressive oxygen 
impurities in UN samples, it is necessary to understand the mechanism of O adsorption 
and further oxidation of UN. 

The first detailed study of UN surface, including its interaction with oxygen, have 
been performed using DFT PAW method as implemented in the VASP computer code. 
The formation energies of U and N vacancies as well as binding energies of O atoms 
and molecules adsorbed atop the UN surface are discussed together with the charge 
redistributions, densities of states, and O atom migration trajectories. Calculations allow 
us to propose energetically feasible mechanism for the partial saturation of UN(001) 
surface by oxygen which can lead to easy UN oxidation observed in air.

Keywords: Quantum chemistry, Density Functional Theory calculations, uranium 
mononitride, surface defects, oxygen adsorption 
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List of abbreviations

2D: Two-dimensional 

3D: Three-dimensional

AE: All-electron

AFM: Antiferromagnetic state

BS: Basis set

BZ: Brillouin zone

CASTEP: Commercial and academic 
software package within formalism 
of PW and pseudopotentials 

CRYSTAL: General-purpose computer 
code for ab initio LCAO study of 
periodic systems and molecules 

DC: Direct current

DFT: Density functional theory

DOS: Density of states

EC FP-7: Seventh Framework 
Programme of the European 
Commission

EXAFS: Extended X-ray absorption fine 
structure

fcc: face centered cubic structure 

FM: Ferromagnetic state

GAUSSIAN: General-purpose computer 
code, to enable ab initio LCAO 
electronic structure calculations

GGA: Generalized gradient 
approximation 

ISSP: Institute of Solid State Physics, 
University of Latvia

KKR-GF: Korringa-Kohn-Rostoker 
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LAPW: Linearized augmented-plane 
wave

LC: Large core pseudopotentials

LCAO: Linear combination of atomic 
orbitals

LDA: Local density approximation

LMTO: Linear muffin-tin orbitals
ML: Monolayer
MT60: Mosyagin-Titov’s small-core 

pseudopotential for atom containing 
60 electrons in core

MT78: Mosyagin-Titov’s large-core 
pseudopotential for atom containing 
78 electrons in core

PAW: Projector augmented-waves
PBE: Perdew-Burke-Ernzerhof exchange-

correlation functional 
ppm: particles per million
PS: Pseudo-wave soft function
PW: Plane waves 
PW91: Perdew-Wang-91 exchange-

correlation functional
RBS: Rutherford backscattering 

spectroscopy
RECP: Relativistic effective core 

pseudopotetntial 
RMM-DIIS: Residual minimization 

method in the direct inversion of 
iterative subspace

SC: Small core pseudopotentials
SC60: Stuttgart-Cologne group 

pseudopotential for atom containing 
60 electrons in core

SEM: Scanning electron microscopy
UPS: Ultraviolet photoelectron 

spectroscopy
US-PP: Ultra-soft pseudopotential
UV: Ultra-violet
VASP: Vienna ab initio simulation 

package within formalism of PW 
and pseudo potentials 

wt%: weight percents
XPS: X-ray photoelectron spectroscopy
XRD: X-ray diffraction
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1. Introduction

1.1. Motivation
Uranium mononitride (UN) is an advanced material for the non-oxide nuclear fuel 

considered as a promising candidate for the use in Generation-IV fast nuclear reactors 
to be in operation for the next 20-30 years [1, 2]. UN reveals several advantages over 
a traditional UO2–type fuel (e.g., higher thermal conductivity and metal density as 
well as high solubility in nitric acid in the case of fuel reprocessing [2]). However, one 
of important problems with actinide nitrides is their effective oxidation in oxygen-
containing atmosphere (even at low partial pressure) which can affect nuclear fuel 
performance [3, 4]. Thus, it is important to understand the mechanism of the initial stage 
of UN oxidation and to find proper solutions, in order ways to improve the quality of 
nuclear fuel in the future.

The main objective of this PhD Thesis is to acquire reliable information on the 
atomic and electronic structure of both perfect and defective UN surfaces as well as to 
understand the mechanism of early stages of surface oxidation. This must be achieved 
through the solution of the following tasks:
- Modeling of an UN bulk for proper choice of parameters for surface calculations. 
- Modeling of perfect UN surface with a focus on the surface anisotropic relaxation 

and reconstruction. 
- Modeling of single N and U vacancies and calculations on formation energies of 

surface defects.
- Modeling of both molecular and atomic oxygen adsorption upon perfect UN 

surfaces.
- Modeling of oxygen migration upon both perfect and defective UN (001) surface. 
- Modeling of O adatom incorporation inside existing surface vacancy. 
- Comparison of results obtained for UN (001) and (110) surfaces. 
- Development of an atomistic model for oxidation of UN surface.

The current study is performed within the collaboration between Institute of Solid 
State Physics, Riga, and Institute for Transuranium Elements, Karlsruhe, Germany, 
(Contract No 205343-2006-07 F1ED KAR LV) and as one of tasks included in the EC 
FP-7 project: Basic Research for Innovative Fuel Design for Generation-IV systems 
(F-BRIDGE). 

1.2. Author’s contribution
Main results of our calculations considered and analyzed in this PhD Thesis were 

described in 5 papers published in high-ranking International scientific journals [P1-P5] 
as well as presented at International and Local conferences as posters and oral reports (see 
conference list in Section 13). The author substantially contributed to preparation and 



8

writing of papers and conference presentations, he was also selected as the corresponding 
author for Refs. [P2-P5]. 

Major part of considered results were obtained by author using PW calculations 
(VASP code) (almost all calculations presented in the papers [P1-P5] excluding 
calculations on N2 molecule and alpha-uranium crystal [P4, P5]), although LCAO 
calculations (CRYSTAL code) were performed too [P1, P2] (in cooperation with St. 
Petersburg State University, Russia), to compare both ab initio approaches used for 
simulations on UN substrate and its chemical reactivity. The author installed computer 
codes in single and parallel regime at both Latvian Supercluster (LASC, ISSP, Riga) and 
Computational Facilities of Research Center Garching (Germany). Moreover, the author 
optimized both input parameters and key sets for VASP code (see Section 3 for details), 
performed careful analysis of output files and extracted results for further treatment 
and interpretation, as well as wrote several scripts, to operate this code and to perform 
analysis of obtained results (for example, to plot DOS from VASP output file, to construct 
bulk structure, to calculate magnetic moments and bulk modulus as well as to distribute 
resources in parallel calculations). 

Due to a restricted number of theoretical and experimental data available in 
literature so far, very important question was a proper verification of the calculated results 
presented in this PhD Thesis. The author chose the following verification methods:
1. Comparison of obtained results with existing experimental or theoretical data.

For example, as known from literature [1], the UN lattice constant a0 = 4.886 Å, the 
bulk modulus B = 194 GPa and the cohesive energy E0 = 13.6 eV. These parameters were 
used for comparison with values obtained in theoretical calculations performed in this 
study. 
2. Simultaneous application and comparision of different theoretical methods. 

The results of our PW calculations on UN bulk and perfect (001) surface as well 
as atomic oxygen adsorption on this substrate were compared with the corresponding 
LCAO results calculated by group of Prof. R.A. Evarestov (St. Petersburg State University) 
[P1, P2]. Qualitative accordance of results obtained using the two different first-principles 
methods greatly increases the reliability of obtained results. 
3. Finding of internal criteria for convergence. 

For example, in calculations on vacancy-containing UN slab, the control of spin 
distribution is very important. Averaged magnetic moment μav per U atom in spin-
relaxed calculations must be larger than 1 μB, otherwise we cannot achieve a convergence 
of formation energies for defects depending on thickness of UN slab [P4]. This effect 
appears due to a presence of local energy minima for considered slab configurations. 
Global energy minimum corresponds to spin redistribution with μav > 1, while for other 
redistributions, we failed in localization of global minima, i.e., reliability of obtained 
results is rather doubtful. 
4. Comparison of results obtained for the same system with varied computational 

parameters. 
For example, we compared vacancy formation energy for the same defect periodicity 

(2 × 2 or 3 × 3) but for different number of atomic layers; we also found criteria for cut-
off energy divergence (see Section 3 for details) [P4]. 
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1.3. Scientific novelty
Theoretical simulations of uranium compounds are especially complicated due to 

a relativistic character of an electron motion inside the U atomic core. Moreover, UN 
is characterized by a mixed metal-covalent chemical bonding: physical and chemical 
properties of light actinides are determined by partly localized 5f electrons, requiring 
time-consuming calculations. In this study, we firstly present DFT calculations on UN 
surface and propose the UN surface oxidation mechanism. These results convincingly 
illustrate possibilities of quantum-chemistry simulations on actinides and their surfaces. 
Obtained results can be used for verification of alternative theoretical calculations on 
uranium nitrides and related actinide compounds (for example, uranium monocarbide 
UC). Moreover, the results of DOS analysis presented in this work can be used for 
qualitative interpretation of the experimental ultra-violet photoelectron spectra (UPS) 
for uranium oxynitrides which will be synthesized in the future.
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2. Literature review 

2.1. Experimental study of UN properties 
Uranium mononitride is a compound with metallic lustre and low electrical 

resistivity (1.6 ⋅10-4 cm) [5], possessing fcc structure (space group , Fig. 2.1) over 
a wide temperature range [1]. The UN lattice constant is sensitive to carbon impurities 
[1] being insensitive to small oxygen impurities [6]. High melting point (~2780±25 K) 
[1], high fissile atom density (14.32 g/cm2 vs 10.96 g/cm2 for UO2 [7]) and high thermal 
conductivity (13 W/mK) [8] make UN fuel a prospective material for nuclear reactors 
[1].

Figure 2.1. fcc structure of uranium mononitride

Various fabrication methods were used so far to produce UN. Samples of uranium 
nitrides were produced beginning with 19th century by annealing either UCl4 salt in NH3 
atmosphere or uranium bicarbide (UC2) in nitrogen at 1100 °C [1]. Nowadays, the most 
widespread UN fabrication methods are: 
- Nitration of uranium in N2 or NH3 atmosphere at ~800-900 °C. Frequently, U2N3 is 

used as an intermediate product which subsequently is de composed, to obtain UN 
powder with a low concentration of oxygen impurity [1].

- Carbothermic reduction. Formation of UN in the carbothermic reduc tion/
nitrification process is possible, starting with pressed mix tures of UO2 + C, following 
the reaction UO2 + 2C + 1/2N2 → UN + 2CO that are held at 1700 °C in N2, N2/H2 or 
NH3 atmosphere. However, such products contain a large amount of O2, typically 0.1 
wt% [1, 9]. 

- Nitration of melting U in N2 gas by voltaic arc at pressure of 3-5 bar. If tungsten 
electrodes are used, a pollution of resulting UN material with W impurities is 
unavoidable. This is why U electrodes at higher N2 pressure (20 bar) were also used 
[1]. The products, however, are also inhomogeneous.

- Hydride route. This method results in formation of a good quality powder with 
particle size ~1 μm. When using such a method, UH3 is produced by reacting U 
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with H2 at 200-300 °C. It is subsequently decomposed (UH3 → U + 3/2H2) to a 
U powder in inert gas atmosphere or in vacuo at temperature 400-600 °C. U powder 
reacts with N2 at 800 °C, to yield UN1+x, which can be de composed to UN, as above, 
by heating at temperatures between 1100 and 1300 °C in vacuo. A direct reaction 
between UH3 and N2 was used too [1]. 

- Alternative processes of UN fabrication, starting with the halides UF4 or UC14, are 
less important for commercial production [1]. Notice, that for scientific researches, 
just specific alternative methods are frequently used. For example, UN surface could 
also be produced by bombardment of an U metal surface by activated nitrogen 
[10].
Fascinating and often enigmatic array of UN magnetic and electronic properties is 

induced by U(5f) electrons which are found to be intermediate between the highly local-
ized 4f electrons of the lanthanides and the strongly delocalized d valence electrons in the 
transition metals [11]. The UN was found to be antiferromagnetic at temperatures lower 
than a Neel temperature (TN ~ 53 K), which was detected in the heat capacity measure-
ments [1]. In vestigation of the magnetic structure of uranium nitride was performed in 
60s using methods of neutron diffraction [5]. The magnetic structure known as ordering 
of the first kind, where ferromagnetic sheets parallel to the (001) planes are antiferro-
magnetically coupled, was deducted [5]. The value of 0.75 µB found for the magnetic 
moment at low temperatures appears to be surprisingly small (the lowest amongst the 
uranium monopnictides UX, where X = P, As, Sb) [5] which requires a careful analysis 
of results for UN surface obtained using the DFT calculations and their comparison with 
the corresponding experimental data. 

Photoelectron spectroscopy also confirmed the complexity of UN. A very high 
density of states in proximity of the Fermi level was observed, which gives an evidence 
that the U(5f) electrons participate in bonding being strongly hybridized with the 
U(6d) electrons. The occupation of the conduction U(5f) band is 2.2 ± 0.5 e, of which 
~1.8 e resides near the Fermi level [11]. In [12], the band structure of UN at 25 K was 
constructed taking into account the second derivative of high-resolution angle-resolved 
photoemission spectra. A highly dispersive band was observed for UN near the Fermi 
level centered at Γ(X) point, whose bottom is located at about 2 eV. First magneto-optical 
Kerr measurements on UN also shows narrow U(5f) band formation around the Fermi 
level as well as increased hybridization of the U(5f) states with U(6d) and N(2p) states as 
compared to similar data for heavier uranium monopnictides [13]. On the other hand, 
uranium nitride has the smallest U-U distance amongst the UX compounds (X=N, P, As, 
Sb, S, Se, and Te) which is equal to 3.46 Å being close to the critical 3.4 Å value given by 
Hill diagrams separating non-magnetic from magnetic compounds, so that delocalization 
of U(5f) states should be expected [14].

Extraction of the data for diffusion of nitride atoms or vacancies is also non-trivial 
for UN. Unfortunately, a radioactive isotope suitable for diffusion measurements does 
not exist for nitrogen. Therefore, either mass-spectro metric measurements with 15N or 
a nuclear reaction induced in the UN specimen following the annealing are needed, to 
measure nitrogen diffusion coefficients [1]. On the other hand, thermally created and 
radiation-induced point defects can be studied by measuring a physical quantity sensitive 
to their presence. For example, the electrical resistivity ρ for actinide compounds can be 
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used for this purpose: the changes of ρ depending on vacancy concentration are found 
to be very large (for example, 12 μΩ⋅cm for 1% of C vacan cies in UC) [1]. By studying 
the thermal recovery of these defects during isochronal annealing, or also by applying 
the “change-of-slope method” during isothermal annealing with suddenly increased 
temperature, the defect migration energy can be determined. Unfortunately, these 
methods do not identify the defect or even the type of atom involved (e.g., C, O or N), 
unlike the diffusion studies with radioactive tracers [1].

2.2. Interaction of uranium nitride with oxygen 
Initially, the oxidation of uranium mononitride in an oxygen atmosphere was 

systematically studied in [15]. The two main types of UN samples were used for those 
experiments: powdered UN and smoothly polished UN pieces. Following a weight change 
of the UN powder sample during the oxidation process at elevated temperatures, a strong 
exothermic reaction was identified at 250 °C characterized by rapid oxygen absorption. 
The weight was increased by 11.5%. X-ray diffraction patterns of the intermediate 
product at temperatures 250-260 °C showed both weak diffraction lines corresponding to 
UN and very pronounced line broadening corresponding to UO2. Smoothly polished UN 
pieces were used for kinetic study of UN oxidation. Measurements showed that reaction 
rate is proportional to the area covered by the oxide or the oxidized volume. Analysis of 
both kinetic studies and X-ray diffraction data suggested that the isothermal oxidation of 
UN proceeds from the beginning of lateral spreading of the oxide, UO2(N), accompanied 
by a slight N2 release and by the formation of U2N3(O) during the reaction between UN 
and released nitrogen.

In [16], such characteristics as the chemical composition, phases, lattice parame-
ter, sinterability, grain growth and thermal conductivity of the samples are investigated 
using chemical, X-ray and ceramographic analyses for pellets of uranium nitride powder 
containing certain amounts of oxygen  (~0.3, ~0.6 and ~1.0 wt%) which are products 
of carbothermic reduction. Note, that conductivity of UN samples was found to be 
gradually decreased under oxidation [16]. The princi pal results are that the average UN 
grain size of matrix phase decreases with increase of oxygen content. Moreover, thermal 
conductivity of the pellets containing about 1 wt% oxygen is lower than that of usual 
nitride pellets (containing 1000-2000 ppm oxygen) by 9-10% and 12-13% at 1000 and 
1500 K, respectively.

In [9], direct ammonolysis of UF4 was used, to synthesize UN2 sample which was 
heated to 1100 °C for 30 min inside the inert atmosphere producing these UN powder 
samples with UO2 inclusions saturated at 5.0 wt%. The methods of X-ray diffraction 
(XRD) and scanning electronic microscopy (SEM) were used for morphology analysis of 
these samples. The SEM images show that UN particles are primarily irregular grains with 
incompletely crystallized faces (Fig. 2.2). The observed characteristic length distribution of 
particles ranges from 0.1 to 6 μm. The measured UN surface area was equal to 0.23 m2/g. 
Both the electron microprobes and X-ray diffraction analysis showed that there are 
considerable amount of oxygen impurities in UN samples consisting of the primary UN 
phase and the secondary UO2 impurity phase. This supports the conclusion that oxide 
impurities are likely to be formed by a diffusive process from the chemical environment 
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and, thus, they are also likely to be formed along the particle surface. Concentration of 
oxygen impurities increases upon exposure to air: UN sample exposed for 3 months 
shows the growth of oxide contamination. The quantitative analysis performed for the 
XRD patterns showed that the UO2 concentration increases from 5.0 wt% to 14.8 wt% 
over this time period [9].

Figure 2.2. SEM image of UN sample [9].

UPS measurements performed for thin layers of UO2, UN, UOxNy and UOxCy using 
He-II 40.81 eV excitation radiation produced by a UV rare-gas discharge source were 
described in  [17, 18]. These layers were prepared in situ by reactive DC sputtering in 
an Ar atmosphere. Fig. 2.3 shows that U(5f) states form a peak close to the Fermi level 
(0 eV), which proves their itinerant character. The valence band spectrum of UOxNy 
shows a broad band interpreted as superposition of the narrow O(2p) and N(2p) bands. 
The maximum at 6 eV binding energy clearly comes from the O(2p) state contribution 
while the smaller shoulder at 3 eV coincides with the N(2p) signal in UN sample.

Figure 2.3. He-II valence band spectra of UOxCy, UOxNy, UN and UO2 spectra are given as 
reference [18].
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In [19], XPS and XRD methods as well as the measurement of ammonia 
concentration in the aqueous phase at the end of each experiment were used, in order to 
study corrosion of UN in water. UO2 film arising during the surface reaction with water 
was detected using XPS for the surface of freshly polished UN pellet. The high corrosion 
rates of UN in water (at 928 °C) indicated that UN is not stable inside the hot aqueous 
environment. Corrosion rate for UN is much lower than that for U metal but higher that 
of uranium silicide.

Thickness, composition, concentration depth profile and ion irradiation effects on 
uranium nitride thin films deposited upon fused silica were investigated in [8] using 
Rutherford Backscattering Spectroscopy (RBS) for 2 MeV He+ ions. Deposition at 
-200 °C provided formation of thick stoichiometric UN film. This film was found to be 
stable for exposure to air. The surface oxidation is much more enhanced and the oxidized 
surface layer becomes gradually thicker in films deposited at higher temperature (+25 °C 
and +300 °C). A large influence of the ion irradiation on the film structure and layer 
composition was observed. This study also showed possibility to produce stoichiometric 
UN film with the required uranium content of 50% and to obtain the required film 
thickness by ion irradiation.

Finally, eхperimental studies also clearly showed that oxygen contacting to the 
surface of uranium mononitride can result in growth of the oxide compound and, at 
initial stages, can lead to the formation of surface layer structurally similar to oxynitrides 
UOxNy [14].

2.3. Previous theoretical simulations on UN and related actinide 
compounds

Due to increasing interest to the fast breeder reactors and to the issues of 
transmutation of uranium, plutonium and minor actinides, first-principles and other 
theoretical calculations on actinide nitride compounds attract great attention nowadays. 
However, previous theoretical studies were performed mainly on UN bulk. Beginning 
with 80s [21-23], for its ab initio calculations, the methods based on the DFT were 
mainly used. 

In first relativistic calculations on UN single crystal, there were used methods of 
full-potential Korringa-Kohn-Rostoker (KKR) Green’s function [21] and Linear Muffin-
Tin Orbitals (LMTO) [22, 23] focused mainly on the atomic and electronic structure. The 
calculated lattice parameters were found within 3% of experimental value, whereas the bulk 
modulus was reproduced worse when comparing with experimental data: by 23% higher 
[22] or within 10% [23]. DOS analysis showed that no gap exists between the valence and 
conduction bands in UN. The valence bands, found to be ~5-6 eV wide, appeared below 
the Fermi level by ~2 eV. The main peak was located below the Fermi level by 1 eV [23].

Recently, a number of first-principles DFT calculations on UN bulk were performed. 
In particular, the all-electron calculations within the Linear Augmented Plane Wave 
(LAPW) approach were performed, using the PBE (Perdew-Burke-Ernzerhof) exchange-
correlation functionals (with and without incorporation of the spin-orbital coupling) 
as implemented in the WIEN-2k program package, for a series of actinide nitrides 
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(AcN, ThN, PaN, UN, NpN, PuN, AmN) [20]. The enthalpies of their formation, which 
main contribution arises from the ground state cohesive energies, were evaluated. The 
obtained enthalpies of formation were found to be in excellent agreement with the 
experimental data (in the case UN, the best correlation was achieved with results of 
calorimetric measurements: theoretical value of -291.0 kJ.mol-1 vs. experimental value of 
-290.5±1.4 kJ.mol-1 [24]). Certain discrepancies with experimental data observed for PuN 
and ThN still need to be clarified.

In [25], the same LAPW formalism within the GGA approximation was used to 
study the structural, electronic, and magnetic properties of the actinide compounds. The 
observed chemical bonding between the actinides and nitrogen was characterized by a 
significant ionic character. The calculated cohesive energies were found to be close to 
the experimental values (14.3 eV vs. 13.6 eV, respectively). Although lattice constants 
were calculated in a good agreement with the experiment (within ~0.4%), the UN, AmN, 
PuN, and NpN were found to be ferromagnetic (FM) that contradict to experimental 
results for these compounds (antiferromagnetic structures were experimentally observed 
at low temperatures). The calculated spin density for UN in FM state was equal to 0.96 μB. 
On the other hand, the calculated ferromagnetic structure of NpN and the non-magnetic 
structure of ThN agreed well with the corresponding experimental measurements. 

In [26], the all-electron relativistic spin-polarized DFT calculations were per-
formed, to evaluate the total energies, optimized geometries, as well as electronic and 
thermodynamic properties of perfect stoichiometric UN and UN2 single crystals. For this 
purpose, the GGA PW91 exchange-correlation functional was used, and the numerical 
double-ξ basis sets with d-type polarization functions were added to atoms heavier than 
hydrogen. Structural properties recently measured using EXAFS and XRD methods were 
successfully reproduced in theoretical calculations (within error of 0.03 Å). Calculated 
DOSs showed hybridization of the U(6d), U(5f) and N(2p) states as well as domination 
of the U(5f) state in the conduction band. Novelty of that paper consisted in a calculation 
of the phonon frequencies and heat capacities. The authors suggested an important role 
of itinerant U(5f) states in thermodynamic properties.

The lattice parameters, electronic structure, as well as the thermodynamic properties 
of UN using LDA+U and GGA+U semi-empirical schemes included Hubbard potential 
U were presented in [27]. The total energy dependences on U-parameter for UN bulk in 
FM and AFM states obtained in those calculations show that FM state is preferable for 
the range of U-parameter between 0 and 2 eV while AFM state could be favorable for 
U-parameter larger than 2 eV. Nevertheless, even though the AFM state of UN bulk is 
reproduced, the ground state in hardly obtainable when using the DFT+U method [28]. 
This may produce large errors when calculating defect formation energies [29, 30]. We 
avoid application of this method in the present study due to ferromagnetic nature of UN 
surface [31], reproducible by standart DFT functionals. 

The PW approach was applied for UN atomic structure calculations beginning 
with [32]. In that study, where the Ultra-Soft (US) pseudopotentials and PBE exchange-
correlation functional were used, the experimental UN and U2N3 lattice constants were 
reproduced within 3% error while the difference of their atomic coordination can be 
described within 5% error.
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In more detailed PW calculations on UN bulk, the VASP and CASTEP codes 
were employed using the Perdew-Wang (PW91) non-local GGA exchange-correlation 
functional combined with either US or PAW pseudopotentials, respectively [33, 34]. Both 
series of calculations agree well on the mixed metallic-covalent nature of UN chemical 
bonds qualitatively reproducing the lattice constants, bulk moduli and cohesive energies. 

Then the PW approach combined with a supercell model was used for the calculations 
on defective UN crystal, containing single point defects as well as Frenkel and Schottky 
defect pairs. In [34], it was shown that N vacancies practically have no influence on the 
UN lattice constant, even for concentrations higher than 25%. The formation energies of 
U or N vacancy in UN bulk were obtained equal to 9.1-9.7 eV for N vacancy and 9.4-10.3 
for U vacancy. The calculated activation energy of the interstitial N atom migration along 
the (001) axis was estimated as rather low, 2.73 eV [33]. This fact confirms the suggestion 
that the interstitial migration might be a predominant mechanism of N diffusion in UN 
fuel [1]. Apart the behavior of empty vacancies, the O atom incorporation into vacancies 
in bulk UN was considered too [35]. Its incorporation into the N vacancies was found 
to be energetically more favorable as compared to the interstitial sites. However, the 
calculated values of solution energy showed an opposite effect. The calculated migration 
energy of the interstitial O atoms is very similar (2.84 eV). This fact confirms that 
O atoms can easily substitute the host N atoms in UN structure.

Recent LCAO calculations on UN bulk [36, 37] were performed using the 
GAUSSIAN-03 computer code with the PW91 exchange-correlation functional. The 
values of cohesive energy calculated using the Relativistic Effective Core Potentials 
RECP78 and RECP60 considerably differ (9.86 eV and 12.8 eV, respectively), thus 
indicating an importance of variation for the U outer shell. Group-theoretical analysis 
performed for interpretation of the UN band structure showed that both the bottom of 
the conducting band and the top of the valence band are formed by U(5f) states which 
result in the metallic nature of UN [36, 37] unlike UO2 which is a semiconductor [38]. 
The Mulliken effective atomic charges of ±(1.5-2.0) e calculated using the GAUSSIAN-03 
code confirmed the mixed nature of the UN chemical bonding, being in agreement with 
the Bader topological charges of ±1.6 e obtained in PW calculations [34].  

A number of studies on related actinide compounds were also published in last 
years. In [29], formation energies of oxygen vacancy in UO2 compound were calculated 
using the Dudarev’s DFT+U approach [39]. The formation energy of oxygen vacancy in 
UO2 bulk was found to be 3.5-5.67 eV. In [40], formation energies of O and U vacancies 
were calculated using GGA approximation. Those calculations showed small difference 
between the FM and AFM states (4.0 eV for U vacancy formation in FM state vs. 4.4 eV 
for AFM state as well as 6.1 eV in both cases for O vacancy). In [41], point defects in 
uranium monocarbide bulk were studied using the PAW method combined with the 
PBE functional. The formation energy of uranium vacancy was found to be 4.54-4.55 eV 
while the same energy for carbon vacancy was equal to 0.8-0.83 eV. The mechanical 
properties of NpN were studied using the same GGA PBE functional [42]. The calculated 
bulk modulus for NpN ranged within interval 147-227 GPa depending on the magnetic 
state (AFM, FM or non-magnetic).
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The first electronic structure simulations on actinide surfaces and their reactivity 
towards the molecular and atomic oxygen were performed only recently. It is, however, 
not surprising since actinide surfaces cannot be easily calculated using the DFT methods, 
due to a large number of electrons per unit cell. Nevertheless, some results on simulations 
performed for α-U, δ-Pu and UO2 surfaces are available in the literature. In particular, 
Taylor [43] showed that the PAW method [44], used also in the present study, is fitting 
for reliable calculations on the (001) surface of α-U.  

Tan et al. obtained UO2 surface energies, using the atomic-scale computer simulation 
within the approach of interatomic potentials, which systematically classifies the 153 
unique planar surface configurations that can be generated within 2 × 2 supercells 
[45]. The calculated surface energies ranged between 2.28 and 3.12 eV for UO2(001) 
surface and 1.27-1.54 eV for UO2(111) surface. The PW91 functional has been used for 
simulations on (111), (110), and (100) surfaces of UO2 [46]. The calculations showed that 
the (111) surface has the lowest surface energy (0.461 J/m2), followed by the (110) surface 
(0.846 J/m2), and the (100) surface (1.194 J/m2).

The calculations performed by Atta-Fynn and Ray [47, 48] also confirm the 
effectiveness of DFT methods for calculations on O, C and N ion chemisorption upon 
the δ-Pu(111) surface. The calculations were performed using the GGA PBE exchange-
correlation functional. A 50% surface coverage by adatoms was considered. Calculations 
were performed at two levels: with and without spin-orbit coupling. Inclusion of spin-
orbit coupling lowers the chemisorption energy by 0.05–0.27 eV, on the other hand, it 
negligibly influences on chemisorption geometries. Analysis of effective charges for each 
atom indicates that chemisorption primarily occurs on the surface layer. Pu-adatom 
hybridizations is dominated by Pu(6d) and adatom 2p states, with a significant reduction 
in the first peak of the projected Pu(5f) DOS, indicating the delocalization of some Pu(5f) 
electrons. 

In any case, for the moment, no results of UN surface calculations are found to be 
published in the literature, excluding the current study performed within this PhD Thesis 
[P1-P5]. 
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3. Theoretical background

For UN modeling, we use the VASP-4 computer code, the commercial complex 
package based on density functional theory (DFT) and included an iterative solution of 
Kohn-Sham equations, based on residuum-minimization and optimized charge-density 
mixing routines [49], employing a plane-wave basis set combined with either US or PAW 
pseudopotentials. Elaboration of VASP package was began at early 90s. 

3.1. DFT method basics
The cornerstone of DFT was laid by Hohenberg–Kohn (HK) theorem, which 

suggests that ground state properties of a many-electron system should be uniquely 
determined by an electron density . The total energy of system in this case 
can be written as  

, (Eq. 3.1.1)

where the first term on right hand side describes the external potential influencing 
on the interacting system, for example, attraction of electrons to atomic nucleus, the 
second term describes the kinetic energy of electrons, the third term denotes the so-
called Hartree term describing the electron–electron Coulomb repulsion, while the last 
term is called the exchange-correlation potential and includes all other contributions, in 
particularly the many-electron interactions [50, 51].

Varying the full energy functional (Eq. 3.1.1), the Kohn-Sham one-electron equations 
(similar to Hartri-Fock equations) may be derived:

, (Eq. 3.1.2)

where the term   is the exchange-correlation potential [50].

Due to dependence of Hamilton and Coulomb operators  and  in Kohn-Sham 
equations on electronic density ρ( )r , these equations should be solved using self-
consistence method [50].

Contemporary DFT calculations on solids are determined by several key options: 
(i) the choice of exchange-correlation functional, (ii) the choice of a basis set to expand 
the Kohn-Sham eigenfunctions (plane waves or localized basis functions), and (iii) the 
choice of a way to describe interactions between the ionic core and the valence electrons 
(full-potential approach or pseudopotential approach) [52].

3.2. Exchange-correlation functionals
Since the exact form of exchange-correlation functional is not known, tremendous 

progress in quantum chemistry methods is achieved by creation of proper functionals. 
Functionals of different complexity were developed within the hierarchy of DFT 
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functionals. The simplest approximation is the local-density approximation (LDA) based 
on the exact exchange energy for a uniform electron gas which can be obtained from fits 
to the correlation energy for a uniform electron gas [50]. 

In the present study, we use the Generalized Gradient Approximation (GGA) 
functionals, which foresee that the electronic density is unevenly distributed: the 
highest density of electronic density is located around the atom nucleus. The exchange-
correlation energy may be expanded in the Taylor Series depending on the electronic 
density degrees. If only the first order of expansion is taken into account the resulting 
expression contains an electronic density gradient  [50, 53].  

Real functional is typically formed involving the fitting parameters which can 
reproduce the experimental data for different classes of materials with a high accuracy. 
It is very important to find such a functional, which can be used for description of large 
number of systems without additional parameters involved during calculation (In this 
sense, such calculations are called as ab initio or first principles calculations).  In our 
study, the PW91 exchange-correlation functional has been used [54]. 

3.3. The pseudopotentials
Formalism of the pseudopotentials uses the widespread quantum-chemical 

approaches: the chemical properties are mostly determined by the valence electrons, the 
inner shells are chemically rather inert, while shells half-filled or completely filled with 
electrons possess the spherical symmetry (so-called Unsold’s Theorem [55]). It allows 
us to describe separately only the outer shells’ electrons. In turn, all inner electrons can 
be substituted by a joint effective pseudopotential. Depending on number of included 
electrons the pseudopotentials can be separated as Large Core (LC) and Small Core (SC) 
RECP pseudopotentials. 

For example, U atom possesses the 1s22s22p63s23p63d104s24p64d104f145s25p65d106s26p67s25f36d1 
electronic structure. The LC(U) potential includes 78-electron core potential ([Xe]4f145d10) 
and 14 valence electrons (6s26p67s25f36d1) while the SC(U) potential includes 60-electron 
core potential ([Kr]4d104f14) and 32 valence electrons (5s25p65d106s26p67s25f36d1). Unlike 
the LCAO RECP pseudopotentials applied for CRYSTAL calculations, the RECP 
pseudopotentials for PW calculations cannot be directly re-optimized: creation of a new 
pseudopotential or its re-optimization is very complicated task requesting up to several 
months or years for its solution [56]. Main aim of the current PhD activity in respect to 
a proper applicaton of RECP pseudopotentials for reliable calculations is their optimal 
choice from the library of standard pseudopotentials supplying the VASP code (depending 
on both structure of the core and diference with the all-electron wave function). Choice 
of pseudopotential for the calculated system must be based on the character of bonding 
between the ions in the system [49] including its test calculations. 

For calculations performed within the current PhD study, we have applied RECP 
pseudopotential for 78 U internal electrons (with 6s26p66d25f 

27s2 valence shell), as 
well as 2 core electrons for both N and O atoms (with 2s22p3 and 2s22p4 valence shells, 
respectively).
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3.4. The plane wave formalism
The Kohn-Sham method employing a plane-wave basis set and the pseudopotential 

approximation is one of powerful techniques in contemporary computational material 
science. The use of a plane-wave basis has several immediate advantages [52]: (i) it is 
easy to change from a real-space repre sentation (where the potential energy V has a 
diagonal representation) via a Fast Fourier Transform to momentum-space where the 
kinetic energy T is diagonal; (ii) the control of basis-set convergence is almost trivial; 
it is sufficient to monitor the eigenvalues and total energies as a function of the cut-
off energy, i.e., the highest kinetic energy of a plane-wave within the chosen basis set; 
(iii) the Hellmann-Feynman forces acting on the atoms and the stresses on the unit cell 
may be calculated straightforwardly in terms of the expectation value of the Hamiltonian 
with respect to the ionic coordinates; (iv) basis-set superposition errors that have to be 
carefully controlled in calculations based on local basis sets are avoided. 

As a starting-point to solve Kohn-Shame equations in PW basis set, the Bloch 
theorem usually serves, which describes wave function of electron (or other particle) 
placed in a periodic potential [57], i.e.,

 (Eq. 3.4.1)

The unit cell periodic part unk of the wave functions is introduced as

, (Eq. 3.4.2)

where . It means that all cell periodic functions can be written as a 
sum of plane waves, going to reciprocal space lattice and performing Fourier transform:

 (G is chosen by such a way that eiGr has the periodicity of the real 

space lattice)

, (Eq. 3.4.3)

where  (Fourier transform).

In fact, the number of plane waves can be determined as a function of the kinetic 

energy cut-off, thus forming the PW sphere  in reciprocal space [57].

Development of PW formalism as used in VASP computer code resulted in 
implementation of the projector-augmented wave (PAW) method originally introduced 
by Blöchl [44]. The main idea of PAW method is to transform the physically relevant 
full all-electron (AE) Kohn-Sham wave functions Ψn  of this Hilbert space into a new 
computationally convenient pseudo-wave soft (PS) variational functions  in so-called 
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pseudo-Hilbert space [58]. Within the PAW formalism the AE wave function is derived 
from the PS wave function by means of a linear transformation [44]:

 (Eq. 3.4.4)

where the AE partial waves  are obtained for a reference atom whereas the PS 
partial waves  are equivalent to the AE partial waves outside a core radius  and 
match continuously onto  inside the core radius (the augmentation region, similar to 
linearized muffin-tin LMTO formalism); the index i is a shorthand for the atomic site 
Ri, the angular momentum numbers L = l, m, and an additional index k referring to 
the one-electron reference energy εkl. The core radius is chosen approximately about half 
the nearest-neighbor distance [58]. The projector functions  are dual to the PS partial 
waves:

  (Eq. 3.4.5)

3.5. Computational parameters in the VASP-4 computer code
In previous subsections, we have desribed general theoretical principles which are 

included in VASP computer code. In this subsection we shortly describe the key input 
parameters for our calculations.  

Input for performing VASP calculations contains the following main files [49]:
I. POSCAR. This file describes atom positions and allows fixing of atomic coordinates 

if necessary (it can be used, for example, to calculate interstitial positions when geometry 
relaxation leads to the system of stable basic configuration). In all slab calculations, we 
perform partial or complete structure optimization within the supercell of fixed linear 
dimensions using criterion of the total energy minimization. Atom positions for each 
calculated system are defined in POSCAR file, according to crystallographic properties 
of studied structure. 

II. POTCAR. This file contains information about such properties of different 
atoms as the RECP pseudopotentials, atomic masses, the energy of reference atomic 
configuration, which the pseudopotential was created for (more detailed information 
about pseudopotentials is contained in Subsection 3.3), etc. 

Computational parameters must be defined in following two files: 
III. KPOINTS. This file determines the k-point mesh in the BZ. In this study, we 

have generated k-points using the Monkhorst-Pack’s technique [59] whereas the electron 
populations were determined following the method of Methfessel and Paxton [60] as 
implemented in the VASP code.

For each series of calculations, we have found the optimal k-point mesh that 
would provide the convergence of results: the 8 × 8 × 8 mesh for bulk calculations, the 
8 × 8 × 1 mesh for major part of surface calculations (perfect UN surface, vacancies on 
the UN(001) surface, oxygen adsorption and migration, as well as oxygen incorporation 
into pre-existing N vacancies), as well as the 4 × 4 × 1 mesh for calculations of 
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molecular oxygen interaction with UN(001) surface and for all UN(110) surface 
calculations (including molecular adsorption, vacancies on UN(110) surface, and oxygen 
incorporation).

IV. INCAR. This main VASP input file determines “what to do and how to do 
it”. Complete list of   keywords is enumerated in the VASP manual [49]. In following 
paragraphs we describe only those parameters which variation has been especially 
important for our calculations. 

IVa. ISPIN. This option defines the spin-polarized calculations. For UN, as a system 
with magnetic properties, the key “yes” has been used always.

IVb. MAGMOM. This option defines the initial magnetic moment on each atom (the 
calculation begins from the defined magnetic moments, however, they are changed during 
this calculation). We have chosen initial ferromagnetic state for all UN calculations. If 
one is searching for a ferromagnetic solution, it is usually safest to start from the larger 
local magnetic moments. This is why for spin-relaxed FM calculations, we have started 
from the value of 2 μB per U atom. For spin-frozen FM calculations, we have started from 
the magnetic moment 1 μB per U atom.

IVc. NUPDOWN. This key fixes the spin moment of the whole system to specified 
value. For spin-frozen calculations, we suggest the magnetic moment 1 μB per U atom.

IVd. ENCUT.  Selection of plane waves is determined by the cut-off energy Ecut. The 
optimal cut-off energy has been found to be equal to 520 eV.

IVe. ISMEAR. Determines how the partial occupancies are defined for each 
wavefunction.We use Gaussian smearing for our calculations.

IVf. SIGMA. This key, describing the difference between the free energy and the 
total energy, must be chosen as large as possible. The smearing parameter of 0.2 eV has 
been found to be optimal for reasonable convergence suggesting the electronic entropy 
contribution of the order of 10 meV.

IVg. NELMDL. This key gives the number of non-self-consistent steps at the 
beginning: if one initializes the wave functions randomly, the initial wave functions 
are far from anything reasonable. Choice of key “delay“ for starting the charge density 
update becomes essential in all cases where the convergence is very poor [49]. In UN 
calculations, this value has been increased 3-5 times as compared to the default value 
(15-25 steps vs. 5 default steps). 

IVh. ALGO. Different algorithms are implemented into VASP code. For example, 
fast but rough RMM-DIIS algorithm [49, 61] vs. slow but accurate Davidson blocked 
algorithm [49, 62]. Our experience shows that only application of the Davidson 
algorithm leads to reliable results. Unfortunately, computer recourses are always limited 
and calculations for some systems are very time-consuming. To resolve this problem for 
especially hard calculations, we have splitted calculations within two stages. At first stage, 
we have used RMM-DIIS to obtain roughly-relaxed geometry and approximate electronic 
density. At second stage, we have started from geometry and electronic density relaxed at 
first stage, using Davidson algorithm to obtain final results. This approach significantly 
decreases computational expenses for many complicated systems.
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3.6. Computational parameters in LCAO CRYSTAL-06 code
For LCAO calculations, the CRYSTAL-06 code have been used [63], which applies 

the Gaussian-type functions centered on the atomic nuclei as the basis sets for expansion 
of the linear combination of atomic orbitals (LCAO) combined with the non-local 
exchange-correlation functional PBE [64]. The oxygen basis set (BS) 8-411G(1d) has been 
taken from Ref. [65]. For the N atom, the all-electron BS 6-311G(2d) has been used [66]. 
Finally, for the U atom, the three energy-adjusted relativistic core effective potentials have 
been used (the pseudopotential of Stuttgart-Cologne group, SC60, with 60 electrons in the 
core [67] as well as the two Mosyagin-Titov large-core (MT78) and small-core (MT60) 
pseudopotentials with 60 and 78 electrons in the core, respectively [68]) To avoid linear 
dependence of basis set in the CRYSTAL LCAO calculations, the diffuse s-, p-, d- and 
f- Gaussian-type orbitals with exponents < 0.2 a.u.-1 have been removed from the basis 
sets. The exponents of other polarization functions have been reoptimized, to restore the 
required precision in the total energy. Prior to a study of surface properties, the bulk 
structure optimization of UN crystal has been performed using the LCAO approach. The 
Monkhorst-Pack scheme with 16 × 16 × 16 k-point mesh for the BZ sampling [59] and 
32 × 32 × 32 k-point Gilat net for the calculation of the Fermi energy and density matrix 
[69] have been used for this purpose.

3.7. Slab model and defect periodicity 
When performing PAW surface calculations, we simulate the UN surface using the 

symmetrical slabs containing odd number of atomic layers and separated by the vacuum 
gap of 38.9 Å which corresponds to 16 inter-layers for UN(001) surface (Fig. 3.1). These 
vacuum gaps are large enough, to exclude the direct interaction between the neighboring 
2D slabs within 3D slab model. LCAO calculations do not require artificial repetition of 
2D slab along the normal to the surface direction as it is realized in PW calculations.

Figure 3.1. Cross-section of 3D model for UN slab.
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To simulate single point defects (either N or U vacancies) and oxygen atom adsorbed 
on surface or incorporated into pre-existing vacancy as well as to reduce lateral interactions 
between them, we have applied a supercell approach, using 2 × 2 and 3 × 3 extensions 
of primitive unit cell (Fig. 3.2). These supercells contain four (2 × 2 supercell) and nine 
(3 × 3 supercell) pairs of  N and U atoms in each defectless layer while periodically 
distributed surface vacancies (or oxygen atoms/molecules) per surface cell correspond to 
defect (oxygen) concentrations of 0.25 and 0.11 monolayers (ML), respectively. To reduce 
computational efforts, we have often considered the two-sided arrangement of the point 
defects which is symmetrical with respect to the central (mirror) plane. The suitable 
choice of supercell size is especially significant question. From one side, larger supersell 
is much closer to the model of isolated defect, on the other hand, this supercell requires 
considerably larger computational resourses (for example, 3 × 3 UN 7-layer supercell 
contains 126 atoms, i.e., 2.25 times larger as compared to 56 atoms in 2 × 2 UN 7-layer 
supercell). In present study, we perform analysis of the finite-size effects in supercells of 
different sizes, to estimate deviation from the model of isolated defect. 

Figure 3.2. Atop views of primitive cell (a) as well as 2 × 2 (b) and 3 × 3 (c) supercells 
upon UN(001) surface. Here x and y axes coincide with directions of surface 
translation vectors while a is lattice constant. Half-shaded atoms show borders of 
chosen surface cells.
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4. Modeling of UN bulk

The global aim of this stydy is to understand the mechanism of oxygen adsorption as 
well as further oxidation of uranium nitride. The first step of the current theoretical study 
is to develop methodology for correct description of ideal bulk and surface properties as 
performed in Refs. [P1, P4]. At a second step, this methodology can be applied to study 
defective surfaces as well as adsorption of oxygen atoms and molecules on perfect or 
defective surface. The results of DFT-PW calculations on UN bulk, perfrect surface and 
atomic oxygen adsorption upon it were compared with the corresponding DFT-LCAO 
results obtained by group of Prof. R.A. Evarestov (St. Petersburg State University). 

Before calculations on UN surface, we must consider UN bulk and estimate its bulk 
properties. The main results obtained in bulk calculations are collected in Table 4.1, 
which shows that the cohesion energy Ec is essentially underestimated in LCAO MT78 
calculations and slightly underestimated in PW calculations. The value of Ec is close to 
the experimental value in while in LCAO MT60 and SC60 calculations. As to the lattice 
parameter a, its DFT-LCAO values are underestimated (4.78 Å and 4.80 Å) but they do 
not differ too much from those obtained in DFT-PW calculations performed by us and 
other authors, being very close to experimental value. The optimized lattice constant 
(4.87 Å for PAW VASP vs. 4.81 Å for LCAO CRYSTAL calculations) has been used in all 
our further calculations. 

Table 4.1. The results of calculations on UN bulk: the cohesive energy Ec (eV), the lattice 
constant a0 (Å) and the bulk modulus B (GPa). The experimental values are given 
in brackets in the first column. The spin density (SD) for U atom is given in μB.

Property
(experimental [1]) 

PW (VASP) PW (other theoretical studies) LCAO (Prof. 
R. Evarestov group)

PW91 PBE PW91 PAW 
[33]

PBE AE-LAPW 
[20, 25] MT78 MT60 SC60

a0, Å (4.886 ) 4.868 4.867 4.864 4.886 5.17 4.78 4.80

Ec, eV (13.6) 14.79 14.57 14.7 13.4 9.6 13.4 13.6

B (194) 227 224 226 209 167.2 291.6 276.9

QU, e 1.69 1.69 1.61 - 1.63 1.55 1.58

SD, µB 1.15 1.19 1.05 1.25 3.18 1.18 1.06

The bulk modulus B is overestimated in both PW and LCAO (MT60 and SC60) 
calculations and underestimated in MT78 calculations. The calculated effective charge 
of U atom (QU) in UN is close to 1.6 e for all three LCAO RECP pseudopotentials 
used and comparable to 1.7 e for PW calculations using the topological Bader analysis. 
A comparison of LCAO (RECP 60) and the PW (RECP 78) results demonstrates a 
qualitative correlation of properties calculated using both methods, except for bulk 
modulus which is noticeably overestimated in the CRYSTAL calculations as compared to 
the experimental value.
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Figure 4.1. The energy bands of UN crystal constructed using: a) PW PW91 (RECP SC78) 
and b) LCAO PW91 (RECP SC60) Hamiltonians. The energies are given in a.u., 
solid and dotted lines correspond to the states with spin up and spin down, 
respectively. 

The band structures for UN bulk calculated using the two above-mentioned meth-
ods (DFT and LCAO), when applying the same PW91 Hamiltonian, are presented in 
Fig. 4.1. Band structures demonstrate good correlation between both approaches, even at 
quantitative level, especially below the Fermi level, being in agreement with the experi-
ment [12] and the DOS analysis performed in previous PW VASP calculations [34]. 

The results of DFT-PW calculations on the lattice constant, bulk modulus, cohesive 
energy, charge distribution and band structure for UN single crystal are obtained. The 
results of DFT-PW calculations on UN bulk were compared with the corresponding 
DFT-LCAO results obtained by group of Prof. R.A. Evarestov. The results of PW and 
LCAO calculations on UN bulk demonstrate a good qualitative agreement between 
them.
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5. Structural properties of UN (001) and (110) surfaces 

Synthesized specimens of polycrystalline UN contains particles with differently 
oriented crystallographic facets [9]. To simplify modeling of the oxygen interaction 
with UN surface, we study in this PhD work mainly the (001) surface since according 
to Tasker analysis [70] it has the lowest surface energy. Nevertheless, real UN particles 
(Fig. 2.2) contain facets with different crystallographic orientation. To increase validity of 
our results, we have additionally performed (110) surface calculations. We chose (110) 
surface orientation for additional calculations since alternative low-indiced (111) surface 
contains charged planes and its calculation requires artificial approaches. Moreover, 
strong reconstruction must occur, in order to stabilize polar (111) surface, similarly 
to MgO(111) [71]. Less densely-packed UN(110) surface is characterized by smaller 
interlayer distance in z direction as compared to (001) surface (Table 5.1 and Fig. 5.1). 

Table 5.1. Comparison between the UN(001) and UN(110) surfaces (a is a lattice constant 
of cubic fcc crystal).

(001) surface (110) surface
Size of surface unit cell (Å x Å) 3.44 × 3.44

 or 

4.87 × 3.44

Distance between two nearest U 
and U (or N and N) atoms in xy 

plane (Å)
3.44  in both 

directions

4.87 in x direction
3.44 in y direction

Distance between nearest U and N 
atoms in xy plane (Å) 2.435 2.435  in x direction

not defined in y direction
Distance between neighbor layers 

in z direction (Å) 2.435 1.72 

Distance between nearest atoms in 
z direction (Å) 2.435 , distance between 

U and N atoms

3.44 , distance between 

N and N (or U and U) atoms
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a) b)

Figure 5.1. Structural comparison of slabs used for simulation of (001) (a) and (110) (b) UN  
surfaces.

We simulated reconstruction of perfect and defective UN(110) surface as well as 
atomic oxygen adsorption, formation of N vacancies and oxygen incorporation into 
them. These results are distributed in the corresponding subsections of Sections 6-8. 
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6. Modeling of perfect UN surface

As has been mentioned in Section 2.1, experiment shows that UN bulk undergoes 
the AFM ordering below 53 K [5]. We have performed the calculations on both FM and 
AFM states. Our PAW test calculations on UN bulk have shown that the FM phase is 
energetically slightly more favorable than AFM phase. Analogous results were obtained 
using LCAO method as applied by group of Prof. R.A. Evarestov. Due to a small diference 
between the energies in FM and AFM states (~0.001-0.01 eV) and due to a complicated 
magnetic structure of UN surface [31], only FM state has been considered in our UN 
surface calculations. 

6.1. Spin-frozen PW and LCAO calculations on defectless UN(001) 
surface

Analogously to perfect bulk calculations, we compare results of PW and LCAO 
calculations on UN(001) surface. Aperiodic (2D) and periodic (3D) models in regards 
to the direction normal to the slab have been used for LCAO and PW calculations, 
respectively [51]. 

We have analyzed in detail the vertical displacements (along z axis) of both surface 
and subsurface atoms from their host lattice sites in UN bulk (Table 6.1), effective atomic 
charges (Table 6.2), the surface energies (Table 6.3) as well as DOS obtained in the PW 
calculations (Fig. 6.2). 

Surface energy of an n-layer slab has been estimated from the standard basic 
relationship:

 (Eq. 6.1.1)

where En is the total slab energy per primitive surface unit cell and S its area, while 
Eb the total energy per primitive bulk unit cell (Fig. 6.1).

Figure 6.1. Surface energy calculated for 7-layer slab. En is the total slab energy per primitive 
surface unit cell, Eb is the total energy per primitive bulk unit cell, n is number of 
layers, S is unit cell surface area. 
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There is a good qualitative agreement between structural relaxations and effective 
atomic charges for the LCAO and PW data. First of all, in both methods atomic dis-
placements have the same directions: N atoms go outside the surface whereas U atoms 
relax towards the slab center. This is a pattern typical for the rumpling observed on oxide 
surfaces. There have been also observed substantially larger magnitudes of surface U dis-
placements as compared to N atoms, whereas subsurface atom relaxations are smaller.

Table 6.1. The calculated atomic displacements Δz (Å) on UN(001) obtained for different 
slabs and methods. Positive sign means an outward displacement from the slab 
center.

Atom Method
Number of atomic layers in slab

3 5 7 9 11

surface U
LCAO -0.085 -0.095 - - -

LCAO (extra layer added) -0.026 -0.046 - - -
PW PW91 -0.041 -0.046 -0.050 -0.061 -0.057

subsurface U
LCAO -0.011 - - -

LCAO (extra layer added) -0.013 - - -
PW PW91 -0.018 -0.016 -0.013 -0.013

surface N
LCAO 0.064 0.058 - - -

LCAO (extra layer added) 0.049 0.025 - - -
PW PW91 0.030 0.022 0.025 0.033 0.026

subsurface N
LCAO -0.002 - - -

LCAO (extra layer added) 0.014 - - -
PW PW91 0.026 0.028 0.032 0.022

Table 6.2. The effective atomic charges q(e) on UN(001) slab

Atom Method
Number of atomic layers in slab

3 5 7 9 11

surface U
LCAO 1.63 1.63 - - -

LCAO (extra layer added) 1.64 1.64 - - -
PW PW91 1.65 1.66 1.72 1.67 1.65

subsurface U
LCAO - 1.51 - - -

LCAO (extra layer added) - 1.55 - - -
PW PW91 - 1.65 1.63 1.63 1.69

middle U 
(mirror plane of slab)

LCAO 1.45 1.57 - - -
LCAO (extra layer added) 1.52 1.55 - - -

PW PW91 1.62 1.67 1.72 1.65 1.62

surface N
LCAO -1.55 -1.55 - - -

LCAO (extra layer added) -1.61 -1.60 - - -
PW PW91 -1.64 -1.63 -1.64 -1.63 -1.67

subsurface N
LCAO - -1.59 - - -

LCAO (extra layer added) - -1.57 - - -
PW PW91 - -1.67 -1.7 -1.64 -1.7

middle N
(mirror plane of slab)

LCAO -1.61 -1.58 - - -
LCAO (extra layer added) -1.58 -1.57 - - -

PW PW91 -1.65 -1.7 -1.66 -1.62 -1.64



31

The surface energies are partly stabilized for slabs containing at least 5-7 layers 
whereas the relaxation energy is more sensitive to the thickness (Table 6.3). Due to 
scarceness of experimental results, the calculated values of surface energy could be 
qualitatively compared only with 1.2 J/m2 obtained recently for UO2(001) surface energy 
using the first-priciples calculations [46]. As one can see, the surface energies of these 
surfaces are predicted to be similar. A qualitative agreement is observed between the 
UN(001) surface energies obtained using both LCAO and PW calculations. 

Table 6.3. Surface energies Esurf  (J ∙ m-2) and relaxation energies Erel (eV) obtained for 
UN(001) surface in LCAO and PW calculations

Number of atomic layers in slab 3 5 7 9 11

Method

LCAO
Esurf  (unrelaxed) 2.20 2.29 2.28 2.11 -

Esurf  (relaxed) 2.06 2.13 - - -
Erel 0.203 0.230 - - -

LCAO
(extra layer added)

Esurf  (unrelaxed) 1.68 1.45 - - -
Esurf  (relaxed) 1.430 1.38 - - -

Erel 0.359 0.121 - - -

Plane waves PW91
Esurf  (unrelaxed) 1.81 1.87 1.84 1.86 1.90

Esurf  (relaxed) 1.70 1.69 1.70 1.70 1.69
Erel 0.156 0.258 0.210 0.239 0.305

The total and projected DOSs in the FM state obtained in our PAW calculations 
are present in Fig. 6.2. There is a small difference in band shapes as compared to 
previous UN bulk calculations [34], due to noticeably higher k-point mesh and cut-off 
energy used in our studies. A comparison of the bulk DOS (Fig. 6.2a) with that for the 
projections of the surface U and N atoms (Fig. 6.2b) shows mainly changes in the shape 
of unoccupied states above the Fermi level. In both cases, the mixed metallic-covalent 
bonding is observed for U(5f) states at the Fermi level which confirms results of previous 
experimental and theoretical studies. 
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Figure 6.2. The projected DOS for UN bulk (a) and for perfect 7-layer UN(001) slab (b) in 

FM states.
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6.2. Spin-relaxed PW calculations of defectless UN (001) and (110) 
surfaces

The results obtained in spin-relaxed PAW calculations on perfect UN (001) and 
(110) surfaces (Fig. 6.3) are discussed. The calculations of the effective atomic charges qeff, 
atomic displacements Δr, average magnetic moments µav of U atoms, and surface energies 
Esurf for defect-free slabs of different thicknesses (Tables 6.4 and 6.5) have been performed, 
in order to check how these properties depend on atomic spin relaxation [P4]. The spin 
relaxation leads to considerable change of the Esurf depending on the number of layers in 
a slab (Table 6.4). The largest µav value was obtained for U atoms in the 5-layer slab, i.e., 
µav slightly decreases with the thickness suggesting difference of 0.3 µB between the 5- and 
11-layer slabs. The lattice relaxation energies in spin-relaxed calculations turn out to be 
quite small, i.e., ~0.03 eV. 

Depending on slab thickness, the surface energies are ~0.5-0.7 J·m-2 larger for 
UN(110) surface (Table 6.4). It means that the UN(001) surface is energetically more 
favorable.

Figure 6.3. 2-layer models of UN(001) (a) and UN(110) (b) surfaces.

Table 6.4. Surface energies Esurf (J·m-2) as well as averaged magnetic moment (in µB) 
of U atom for the defectless UN(001) and UN(110) surfaces. In spin-frozen 
calculations, µ was chosen to be 1 µB

Number 
of atomic 

layers

Esurf  (J·m-2)
spin-frozen slab 

(001) 

Esurf (J·m-2)
spin-relaxed 

slab (001)

µav(µB)
(001)

Esurf (J·m-2)
spin-relaxed 

slab (110)

µav(µB)
(110)

5 1.69 1.44 1.57 1.977 1.645
7 1.70 1.37 1.44 1.928 1.464
9 1.70 1.29 1.37 1.878 1.417

11 1.69 1.22 1.33 1.830 1.385

It is also interesting to analyze qeff values for atoms across the slab as a function of 
the number of layers in a slab (Table 6.5). First, these qeff show considerable covalent 
bonding both on the surface (e.g., sub-surface) and on the central plane since the values. 
Second, due to different reconstruction mechanisms of UN(001) and UN(110) surfaces, 
the atomic charges are different too: ionicity of bonds at (001) surface is higher, thus 
leading to certain difference in surface properties. Third, the atomic charges depend on 
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both the spin relaxation and the number of layers (cf. results of spin-relaxed calculations 
and spin-frozen PW calculations presented in Tables 6.5 and 6.2, respectively). 

Table 6.5. Atomic Bader charges for the defectless spin-relaxed UN (001) and (110) 
surfaces.

Number of UN(001) slab atomic 
layers 

Number of UN(110) slab atomic 
layers 

Atom 5 7 9 11 5 7 9 11
Surface U 1.68 1.74 1.68 1.72 1.46 1.48 1.49 1.48

Sub-surface U 1.67 1.63 1.63 1.67 1.88 1.85 1.83 1.84
U in central (mirror) plane 1.69 1.72 1.65 1.66 1.60 1.74 1.64 1.70

Surface N -1.65 -1.67 -1.67 -1.68 -1.55 -1.55 -1.55 -1.55
Sub-surface N -1.68 -1.70 -1.70 -1.67 -1.75 -1.73 -1.75 -1.73

N in central (mirror) plane -1.74 -1.65 -1.65 - 1.63 - 1.70 -1.71 -1.75 -1.74

Table 6.6. Atomic displacements Δz(Å)* for defectless UN (001) and (110) surfaces.
Number of 

atomic layers 
U atom displacements N atom displacements

(001) surface (110) surface (001) surface (110) surface

Surface Sub-
surface Surface Sub-

surface Surface Sub-
surface Surface Sub-

surface
5 -0.050 -0.012 -0.053 -0.005 0.023 0.023 -0.279 0.068
7 -0.046 -0.009 -0.038 -0.009 0.024 0.028 -0.272 0.092
9 -0.047 -0.011 -0.042 -0.014 0.024 0.028 -0.279 0.091

11 -0.047 -0.011 -0.015 0.015 0.025 0.031 -0.252 0.118
* negative sign means an inward atomic displacement towards the mirror plane of slab

The atomic displacements Δz from perfect lattice sites differ significantly for U 
atoms positioned at the surface and sub-surface layers (Table 6.6) being somewhat larger 
for the 5-layer slab while displacements of nitrogen atoms for all the slabs remain almost 
unchanged. Note that N atoms on (001) surface are displaced up whereas U atoms are 
shifted inwards the slab center which results in the surface rumpling up to 1.2% of the 
lattice constant. In contrary, the surface U atoms of rumpled UN(110) surface lie higher 
than the corresponding N atoms which well illustrates the difference of charges and other 
surface properties mentioned above. 

6.3. Perfect UN surface calculations: summary 
Our defectless surface modeling shows metallic properties of UN surface, 

analogously to previous bulk calculations. We compared results for DFT PW and LCAO 
calculations and found a good corellation between both approaches. Comparison of 
UN(001) and UN(110) surfaces shows that the former is energetically more favorable. 
The surface energies depending of slab thickness are equal to 1.22-1.44 J·m-2 for UN(001) 
vs. 1.83-1.98 J·m-2 for UN(110) surface. This fact allow us to perform both calculations on 
defectless UN surface and oxygen adsorbtion upon the (001) surface mainly. 
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7. Modeling of single N and U vacancies

7.1. Vacancy calculations: model and formation energies
To understand the oxidation mechanism in more detail, one has to take into account 

surface defects and their interaction with oxygen. For this reason, we studied basic 
properties of surface vacancies [P4]. We have calculated not only the outermost surface 
defects, but also the sub-surface defects as well as those positioned at the central layer 
of the slab. We have considered the two-sided arrangement of the point defects which is 
symmetrical with respect to the central (mirror) plane (the atomistic model of surface 
N vacancies with the 2 × 2 periodicity of defects is shown in Fig. 7.1). The FM state 
has been chosen for all our slab calculations performed for the self-consistent (relaxed) 
atomic magnetic moments with no spin-orbit interactions included. We have performed 
the total spin relaxation in the system.

Figure 7.1. 5-layer UN(001) slab containing the two-sided surface N vacancies distributed 
with a 2 × 2 periodicity.

The formation energy of point defect is calculated either as

, (Eq. 7.1.1a)

for surface and sub-surface vacancies, or

, (Eq. 7.1.1b)

for a vacancy in the central layer of the slab. Here  is the total energy of 
fully relaxed slab containing N (or U) vacancies,  the same for a defect-free slab, while 

 is reference energy for N (or U) atom. In the present study, we have considered 
the two reference states for calculations of the defect formation energy, both are widely 
used in the literature.

The first reference corresponds to N (U) isolated atom in triplet (quartet) spin states 
determined by 2p3 (5f36d1) valence electron configurations (hereafter, reference I as in 
Table 7.1) calculated in a large rectangular parallelepiped box (28.28 × 28.28 × 22 Å3), i.e.: 
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. (Eq.7.1.2)

The second reference state (hereafter, reference II as in Table 7.1) represents the 
chemical potential of N (U) atom which is defined as a function of temperature and 
partial nitrogen pressure. By neglecting these effects, the N chemical potential can be 
treated as the energy of atom in the molecule N2. Consequently, the chemical potential of 
U atom is given by the one-half total energy (per unit cell) of U single crystal in its low-
temperature α-phase having the orthorhombic structure [72]. Thus, the corresponding 
second reference energies can be estimated as:

,  (Eq.7.1.3a)

, (Eq.7.1.3b)

where Etot[N2] is the total energy of nitrogen molecule while Etot[α-U] the total 
energy of U bulk unit cell containing two atoms. The chemical potentials of N and U, as 
calculated according to Eq. 7.1.3, represent extreme cases of N(U)-rich conditions [73], 
i.e., their minimum values have not been considered in the present study. The formation 
energy of N (U) vacancy with respect to the N2 molecule (or α-U single crystal) and the 
energy of N (U) isolated atom are closely related: the former being larger than the latter 
by half the binding energy of the N2 molecule or half the cohesive energy of α-U single 
crystal.

The optimized lattice parameters of α-U (a = 2.80 Å, b = 5.88 Å, c = 4.91 Å) have 
been slightly underestimated as compared to values obtained experimentally [72] and 
calculated elsewhere [74, 75], except for the parameter b which is in a good agreement 
with experimental value of 5.87 Å [72] (while a = 2.86 Å, c = 4.96 Å [72]). Also, the 
ratios c/a, b/a as well as the parameter c are well verified by another plane-wave DFT 
study [41]. Analogously to an isolated nitrogen atom, the N2 molecule has been calculated 
in the cubic box but of a smaller size (8 × 8 × 8 Å3). The molecule N2 is characterized by 
the bond length of 1.12 Å and the binding energy of 10.63 eV being well comparable 
with the experimental values of 1.10 Å and 9.80 eV [76], respectively. The pre-factor of 
½ in Eq. 7.1.1a arises due to a mirror arrangement of two N(U) vacancies on the surface 
and sub-surface layers (Fig. 7.1). 

The formation energies of N and U vacancies ( ) calculated using 
Eqs. 7.1.1-7.1.3 (with the two reference states) as functions of the slab thickness are 
collected in Table 7.1. These are smallest for the surface layer and considerably increase 
(by ~0.6 eV for the N vacancy and by ~1.7 eV for the U vacancy) in the sub-surface and 
central layers, independently of the reference state. This indicates the trend for vacancy 
segregation at the interfaces (surface or crystalline grain boundaries). A weak dependence 
of  on the slab thickness is also observed. The value of  is saturated with 
the slab thicknesses of seven atomic layers and more. Moreover, the difference between 
values of  for the 5- and 7-layer slabs is less for the surface vacancies than for 
those in the central layer. This difference is the largest for the U vacancy in the central 
plane (~0.16 eV). 
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The reference state II leads to smaller  (as compared to those found for the 
reference state I) and demonstrates a significant difference for two types of vacancies. 
According to reference II, the U vacancy could be substantially easier formed at T = 0 K 
than the N vacancy. Notice that the chemical potentials of O and U atoms used in similar 
defect studies on UO2 bulk did not reveal the energetic preference for U vacancy [75, 
77]. The defect-defect interaction is not responsible for this effect as  decreased 
by 0.1 eV only with the larger supercell size (3 × 3 in Table 7.1). On the other hand, 
due to the temperature dependence of the chemical potential of a free N2 molecule 
[78], we predict reduction of the formation energy of the N vacancy by ~0.8 eV as the 
temperature increases from room temperature up to 1000 oC. Unlike the reference state 
II, the reference I results in similar formation energies for both types of the vacancies. In 
the central slab layer, values of  are similar to those in the bulk (Table 7.1). 

Table 7.1. The vacancy formation energies (in eV) for the two reference states (see the text 
for details).

Layer Number of layers and 
supercell size

Reference I,
Eqs. (7.1.1a)–( 7.1.2)a

Reference II, Eqs. (7.1.1a), 
(7.1.1b), (7.1.3a) and (7.1.3b)b

U N U N

Surface layer

5, 2 × 2 8.63 8.84 1.46 3.70
7, 2 × 2 8.61 8.84 1.44 3.70
9, 2 × 2 8.61 8.84 1.44 3.71

11, 2 × 2 8.60 8.85 1.43 3.71
5, 3 × 3 8.51 8.78 1.34 3.64
7, 3 × 3 8.47 8.78 1.30 3.65

Sub-surface 
layer

5, 2 × 2 10.31 9.38 3.14 4.25
7, 2 × 2 10.29 9.46 3.12 4.33
9, 2 × 2 10.26 9.46 3.09 4.33

11, 2 × 2 10.26 9.46 3.09 4.33
7, 3 × 3 10.18 9.47 3.01 4.34

Central 
(mirror) layerc

5, 2 × 2 10.20 9.48 3.03 4.34
7, 2 × 2 10.36 9.57 3.19 4.43
9, 2 × 2 10.34 9.55 3.17 4.42

11, 2 × 2 10.39 9.56 3.22 4.42
7, 3 × 3 10.23 9.55 3.06 4.42

a reference energies I equal to  -4.10 eV for U atom and -3.17 eV for N atom,
b reference energies II equal to  -11.28 eV for U atom and -8.30 eV for N atom,
c defect formation energies for UN bulk using reference state I are 9.1-9.7 eV for N vacancy and 9.4-10.3 
for U vacancy [34]

7.2. Surface reconstruction induced by vacancies 
The local atomic displacements around the vacancies are largest for the nearest 

neighbors of vacancies. The analysis of atomic displacements allows us to suggest that 
the U vacancy disturbs the structure of the surface stronger than the N vacancy. If the 
N vacancy lies in the surface layer, displacements of the nearest U atoms in z-direction 
achieve 0.02-0.05 Å towards the central plane of slab. The displacements of N atom nearest 
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to surface N vacancy achieve 0.05 Å towards the central plane (z-direction) and 0.01 Å in 
the surface plane (xy-displacement). Maximum displacements of neighbor atoms around 
the N vacancy in the central plane have been found to be 0.04-0.07 Å (nearest U atoms 
from the neighboring layers are shifted in z-direction towards the vacancy) not exceeding 
0.025 Å for all the other atoms in the slab.

In contrary, the U vacancy results in much larger displacements of neighboring atoms, 
irrespectively of its position. If this vacancy lies in the surface layer, the displacements of 
0.3-0.32 Å for the nearest N atoms are observed. If the U vacancy lies in the central layer, 
the nearest N atoms from this layer are displaced by 0.17 Å while the N atoms from the 
nearest layers are not shifted in xy-direction, being shifted by 0.15 Å towards the slab 
surface in the z-direction. The atomic displacements around the vacancies in the UN 
bulk have been found to be −0.03 Å and 0.13 Å for N and U vacancies, respectively [34]. 
These values are close to those found in the present calculations for the vacancies in the 
central slab layer, which mimics the crystal bulk. 

7.3. Electronic properties: Finite-size effects and choice of supercell size 
The finite slab-size effects caused by relatively large concentration of defects could 

be illustrated using the difference electron density redistribution Δρ(r). In Fig. 7.2, these 
redistributions are shown for N vacancies positioned at both the outer (surface) and the 
central (mirror) planes of 5- and 7-layer slabs. 

                  a)                                   b)                                   c)                                   d)

      

Figure 7.2. 2D sections of the electron density redistributions around the nitrogen vacancies 
in five- and seven-layer UN(001) slabs with 2 × 2 supercell extension defined as 
the total electron density of defected surface minus a superposition of the electron 
densities for both perfect surface and isolated atom in the regular position on the 
surface:  a) N vacancy in a surface plane, five-layer slab, b) the same, 7-layer slab, 
c) N vacancy in a central plane, five-layer slab, d) the same, 7-layer slab. Solid 
(red) and dashed (blue) isolines correspond to positive (excess) and negative 
(deficiency) electron density, respectively. Isodensity increment is 0.25 e a.u.-3.
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Presence of two symmetrically positioned vacancies in the 5-layer slab induces their 
weak interaction across the slab (Fig. 7.2a) illustrated by appearance of an additional 
electron density around the N atoms in the central plane of the slab. Similarly, the 
vacancy in the mirror plane disturbs the atoms in the surface plane if thin slab contains 
only 5 layers (Fig. 7.2c). By increasing the slab thickness, we can avoid the effect of finite-
slab size (Figs. 7.2b,d) which explains the stabilization of formation energies calculated 
for the 7-layer and thicker UN(001) slabs (Table 7.1).

The densities of states (DOS) are presented in Fig. 7.3. for both perfect and defective 
7-layer UN slab. In accordance with previous bulk calculations, the U(5f) electrons are 
localized close to the Fermi level (Fig. 7.3a). These electrons are still strongly hybridized 
with the N(2p) electrons. It confirms the existence of covalent bonding observed in 
the analysis of Bader charges for defectless surface (Table 6.5). The N(2p) states form a 
band of the width ~4 eV, similar to that obtained in the bulk [P1, 34]. In contrast, the 
contribution of U(6d) electrons remains insensitive to the presence of vacancies since 
the corresponding levels are almost homogeneously distributed over a wide energy range 
including the conduction band. The visible difference of total DOS profiles in Fig. 7.3a 
and Fig. 6.2b for perfect 7-layer UN(001) slab can be explained by different slab geometry 
relaxation when performing spin-relaxed and spin-frozen calculations, respectively.
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Figure 7.3. 
The total and projected DOSs of 7-layer 
UN(001) slab (2 × 2 supercell for vacancy-
containing models): a) total DOS of defective 
and defect-free surfaces, b) projected DOSs for 
the surface containing N vacancies, c) projected 
DOSs for the surface containing U vacancies.

7.4. Magnetic properties
The analysis of the averaged magnetic moment of U atoms ( U

avµ ) in the defective 
UN slabs is done too (Fig. 7.4). It decreases for both types of vacancies as a function of a 
number of layers in the slab, except for the U vacancy in the surface layer which remains 
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almost unchanged. On the other hand, U
avµ  increases significantly when the U vacancy is 

located in the subsurface and surface layers. In contrast to the U vacancies, U
avµ  for the 

slabs with the N vacancies are less sensitive to the position of defect, they are practically 
identical for the slabs with the N vacancies in the surface and subsurface planes. 

Figure 7.4. The averaged U magnetic moment µav  (in µB) in the slab as a function of a number 
of planes. The dashed curves correspond to U vacancy whereas the solid curves 
describe the N vacancy.  

7.5. Comparison of results for N vacancies on UN (001) and 
(110) surfaces

To increase the reliability of the results we also compare the results of calculations on 
N vacancies in surface layer upon UN(001) with analogous calculations on (110) surface 
(Fig. 7.5). For (110) surface, we have used 5-, 7-, 9- and 11-layer 2 × 2 surface supercells 
as well as 7-layer 3 × 3 supercell. Obtained results are presented in Table 7.2. All basic 
tendencies remain similar for vacancies on (110) surface. Averaged magnetic moment 
µav decreases as a function of a number of layers in the slab for both surfaces. On the 
other hand, vacancy formation energies are by ~0.7 eV smaller for UN(110) surface. This 
distinction is easy explainable due to a larger friability of the (110) surface as compared 
to the (001) surface.

Figure 7.5. 2-layer models of N vacancy on UN (001) (a) and (110) (b) surface.
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Table 7.2. Nitrogen vacancy formation energies (in eV) as well as averaged magnetic  
moment µav of U atom evaluated for UN (001) and (110) surfaces.

Number of layers and 
supercell size

N vacancy Eform on 
(001) surface

µav(µB)
(001)

N vacancy Eform on (110) 
surface

µav(µB)
(110)

5, 2 × 2 3.700 1.702 3.075 1.818
7, 2 × 2 3.706 1.548 3.028 1.585
9, 2 × 2 3.708 1.452 3.036 1.512

11, 2 × 2 3.712 1.392 3.026 1.453

7, 3 × 3 3.646 1.487 2.966 1.498

7.6. Vacancy calculations: summary
The formation energies for U and N vacancies have been determined using the two 

reference states, which include the energies of isolated atoms as well as atoms in the 
metallic α-U phase and N2 molecule, respectively. The formation energies have indicated 
a clear trend for segregation towards the surface (and probably, grain boundaries) as 
these energies for surface layer are noticeably smaller than those for sub-surface and 
central layers (although both latter are very close). However, the magnetic moments 
in the subsurface and central layers differ significantly. We have demonstrated also 
a considerable deviation of effective atomic charges from formal charges (caused by a 
covalent contribution to the U-N bond). 
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8. Modeling of O adsorption and migration 
on perfect UN surface

8.1. Atomic oxygen adsorption
8.1.1. Мodel and theoretical background

To simulate the O atom adsorption, the 5-layer slabs with 2 × 2 supercell have been 
used for our PW calculations and spin-frozen LCAO calculations performed by group 
of Prof. R.A. Evarestov [P2]. The 5- and 7-layer 3D slabs with 2 × 2 and 3 × 3 supercells 
were used for our spin-relaxed PW calculations. To reduce computational efforts, we 
have considered symmetric two-sided arrangement of oxygen adatom (Fig. 8.1) similarly 
to calculations on vacancies. 

Only ferromagnetic UN ground state has been considered in this study as the 
energetically most preferable state for low-temperature calculations. The calculations of 
UN bulk structure suggest the magnetic moment on the U atom ~1 μB. For CRYSTAL 
calculations and selected VASP calculations, we have fixed the total spin of the system. 
Thus, for five-layer slab the total magnetic moment of a 2 × 2 supercell (containing 20 U 
and 20 N atoms) in spin-frozen calculations was fixed at 20 μB.

Figure 8.1. Model of O/UN(001) interface: two-sided adsorption of O atoms regularly 
distributed atop Usurf atoms  with 2 × 2 (a) and 3 × 3 (b) periodicity.

The binding energy Ebind of adsorbed oxygen atom (Oads) was calculated with respect 
to a free O atom: 

, (Eq. 8.1.1)

where EO/UN is the total energy of relaxed O/UN(001) slab for Oads positions atop 
either the N or U surface ions, EOtriplet and EUN the energies of an isolated O atom in the 
ground (triplet) state and of a relaxed UN slab. In PAW calculations, of free O atom, the 
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cubic box with edge ~20 Å has been used. The factor ½ before brackets appears since 
the substrate is modeled by slab with the two equivalent surfaces and Oads is positioned 
symmetrically with respect to the surfaces.

8.1.2. Comparison of spin-frozen PW and LCAO calculations on atomic 
adsorbtion

The corresponding results of VASP and CRYSTAL calculations based on the two very 
different methods demonstrate a good qualitative agreement for O adatom properties 
atop the surface U atom (Fig. 8.2): the binding energies (3D slab models usually 
underestimate this parameter, due to a weak repulsion between the adjacent polarized 
slabs), atomic displacements and effective charges (which are calculated using the very 
different Mulliken (LCAO) and Bader (PAW) procedures).

Figure 8.2. The calculated binding energy (Ebind), the distance between O and surface U 
cation (dO-U), the effective atomic charges (q), and vertical (Δz) displacements of 
U and N atoms from the surface plane for adatom position atop the surface U 
atom calculated with PW and LCAO methods.

8.1.3. PW calculations on binding energies, charges and structure relaxation 

Due to a mixed metallic-covalent nature of the chemical bonding in UN, we expect 
a high affinity of Oads towards the UN(001) substrate. The binding energy per O adatom 
is expected to be closer to that on a regular O/Al(111) or O/Al(001) metallic interfaces 
(~10 eV) [79] than on semiconducting O/SrTiO3(001) interfaces (with two possible SrO- 
or TiO2-terminations) (~2 eV) [80]. Indeed, we have obtained in the VASP calculations 
the binding energies of 6.9-7.6 and 5.0-5.7 eV per O adatom atop the surface U or N 
ions, respectively, accompanied with 0.5-1.2 e charge transfer from the surface towards 
the O adatom (Tables 8.1 and 8.2). The positively charged surface U atom goes outwards, 
to the adsorbed O atom (Fig. 8.4), whereas in the O configuration atop the N atom, the 
latter is strongly displaced from the adsorbed O atom inwards the slab, due to a mutual 
repulsion between N and O.  
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Figure 8.3.
Schematic view of O atoms adsorbed atop the surface 
U atom. Numbers enumerate non-equivalent surface 
atoms described in Tables 8.1 and 8.2.

Table 8.1. The calculated values of the binding energy (Ebind), the distance between O and 
surface U atom (dO-U), the effective atomic charges on atoms (q), and vertical 
U and N displacements (Δz)a from the surface plane for adatom position atop the 
Usurf. Values of q for surface atoms on the perfect surface equal to +1.66 (+1.72) e 
for Usurf and −1.63 (−1.64 ) e for Nsurf obtained in PAW 5-layer (7-layer) slab spin-
frozen calculations [P1] vs. +1.68 (+1.74) e for Usurf and −1.65 (−1.67) e for Nsurf 
obtained in analogous spin-polarized calculations [P4]. 

Model of system
Ebind,  
eV

qO,  
e

qU(1),  
e

qU(2),  
e

qU(3),  
e

qN(1), e
dO-U,  

Å
ΔzU(1),  

Å
ΔzU(2),  

Å
ΔzU(3),  

Å
ΔzN(1),  

Å

2 × 2, 5-layers, 
with frozen spin 6.9 -1.04 1.96 1.86 1.83 -1.60 1.91 +0.135a -0.02 -0.04 -0.05

2 × 2, 5-layers 7.57 -1.08 2.09 1.82 1.84 -1.63 1.88 +0.16 +0.025 +0.003 -0.09
2 × 2, 7-layers 7.51 -1.08 2.19 1.78 1.78 -1.64 1.89 +0.17 +0.03 -0.02 -0.09
2 × 2, 7-layers,  
in proximity 
of N vacancy

7.58 -1.08 1.84 1.50 1.48 -1.61*

-1.61^ 1.88 +0.14 +0.01 -0.02 -0.09*

-0.08^

3 × 3, 5-layers 7.59 -1.09 2.13 1.80 1.74 -1.62 1.88 +0.16 +0.01 -0.01 -0.10
3 × 3, 7-layers 7.57 -1.09 2.13 1.78 1.79 -1.62 1.88 +0.16 +0.01 -0.01 -0.09
3 × 3, 7-layers, 
in proximity of 

N vacancy
7.59 -1.09 1.86 1.47* 1.38* -1.61* 

-1.61^ 1.88 +0.10 -0.025* -0.06* -0.12* 
-0.11^ 

LCAOb 8.3 -0.89 1.97 1.66 1.62 -1.56 1.87 +0.15b -0.07 -0.11 -0.04
 a positive sign corresponds to atom displacement outward the substrate;
*, ^ adsorbed O atom in presence of non-equivalent N atomic neighbors for system containing N vacancy 
(Fig. 8.10a);
 b LCAO calculations performed using CRYSTAL-2006 code by group Prof. Evarestov.

Tables 8.1 and 8.2 clearly show that ionicity of Oads−Usurf bond and effective atomic 
charges are slightly larger in spin-polarized calculations (this effect is less pronounced for 
Oads−Nsurf, we have obtained only slight increase of |qN|). Relaxation shifts are also slightly 
larger in spin-relaxed calculations. The binding energy between adsorbed O and U/N 
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atoms is ~0.6-0.7 eV larger for spin-relaxed calculations as compared to the analogous 
spin-frozen calculations. If we estimate the binding energy of O adatom with defective 
surface in the proximity of N vacancy according to formula

, (Eq. 8.1.2)

where  is a total energy of defective UN substrate containing N vacancies 
while  the  total energy of adsorbed oxygen atoms atop the defective substrate, 
the values calculated using Eqs. (8.1.1 and 8.1.2) are almost the same.

Table 8.2. The calculated parameters for O atom adsorbed atop the Nsurf atoma (see caption 
and footnotes of Table 8.1 for explanation). 

Model of system
Ebind, 
eV

qO,  
e

qN(1), 
e

qN(2), 
e

qN(3), 
e

qU(1), 
e

dO-N, 
Å

ΔzN(1), 
Å

ΔzN(2), 
Å

ΔzN(3), 
Å 

ΔzU(1), 

Å

2 × 2, 5-layers, 
with frozen spin 5.0 -1.20 -1.44 -1.56 -1.59 1.805 2.19 -0.64 +0.065 +0.06 +0.10

2 × 2, 5-layers 5.52 -1.17 -1.48 -1.68 -1.68 1.86 2.19 -0.69 +0.03 +0.05 +0.13
2 × 2, 7-layers 5.58 -1.17 -1.48 -1.63 -1.67 1.86 2.21 -0.715 +0.03 +0.03 +0.12
3 × 3, 5-layers 5.57 -1.18 -1.51 -1.67 -1.68 1.89 2.20 -0.70 +0.01 +0.01 +0.13
3 × 3, 7-layers 5.65 -1.18 -1.51 -1.69 -1.65 1.89 2.22 -0.73 +0.01 +0.02 +0.12

a atomic positions of U and N ions are reversed as compared to those shown in Fig. 8.3. 

8.1.4. Analysis of electronic properties

Electron density redistributions caused by the absorption of O atom atop Nsurf or 
Usurf atoms on UN(001) surface in spin-relaxed case are shown in Fig. 8.4. An analysis 
of the difference density plots for both configurations of Oads confirms that the oxygen 
adatom forms a strong bonding with the Usurf atom which can be considered as one-
center adsorption complex (Fig. 8.4c, 8.4d). In the case of O adatom atop the Nsurf atom, 
this is rather multi-center adsorption complex involving four adjacent surface U atoms 
(Fig. 8.4a, 8.4b). As follows from Table 8.2., these surface atoms mostly contribute to the 
high O binding energy atop the Nsurf. Formation of the strong chemical bonding of O atom 
with the Usurf results in a strong anisotropic redistribution of the electronic charges, thus, 
indicating considerable contribution of uranium f and d electrons to chemical bonding. 
Plots of electron density redistributions clearly show that Usurf atoms shield influence of 
neighbor atoms on the next coordination spheres much better than Nsurf atoms. When 
using 7-layers 3 × 3 supercells, we can avoid the effect of finite-slab size.

Adsorption of Oads atop the surface N or U atoms on the UN(001) surface leads 
to appearance of the specific oxygen bands in the density of states (DOS) (Fig. 8.5) as 
compared to DOS for a pure UN(001) surface (Fig. 6.2). For oxygen atop the Usurf, O(2p) 
states overlap with the Usurf(6d) and with a well-pronounced tail of Usurf(5f) states in the 
region of the Nsurf (2p) valence band (-2 to -4 eV). This indicates once more a strong 
oxygen chemical bonding (chemisorption) with Usurf typical for metal surfaces. However, 



45

when O is located atop Nsurf, the contribution from Usurf(5f) state in this energy region 
diminishes whereas Nsurf(2p) states are noticeably pushed down to smaller energies, due 
to Nsurf atom repulsion from negatively charged O adatom.

  

Figure 8.4. The 2D sections of the electron charge density re-distributions Δρ(r) for O atoms 
adsorbed atop (i) Nsurf atom for 2 × 2 (a)  and 3 × 3 (b) supercells as well as (ii) 
Usurf atom for 2 × 2 (c) and 3 × 3 (d) supercells upon the seven-layer UN(001) 
slab. Function Δρ(r) is defined as the total electron density of the interface 
containing adsorbed O atom minus the densities of substrate and adsorbate with 
optimized interfacial geometry. Solid (red) and dashed (blue) isolines correspond 
to positive and negative electron densities, respectively. Dot-dashed black isolines 
correspond to the zero-level.
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Figure 8.5. The total and projected DOS for O atoms distributed with 3 × 3 periodicity atop 
 7−  layer UN(001) slab: a) adsorpion atop N atom, b) adsorpion atop U atom. A 
convolution of individual energy levels has been plotted using the Gaussian 
functions with a half-width of 0.2 eV.

8.1.5. Comparison of oxygen adsorbtion upon UN(001) and UN(110) surfaces
We have also estimated the binding energies of oxygen adatom with UN(110) surface 

(Table 8.3). We have found these results qualitatively similar to those for O adsorption 
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on (001) surface. For both surfaces, oxygen binding energy with U atom is larger as 
compared to that with N atom (~1.9 eV for (001) and ~2.1–2.2 eV for (110) surface). 
Moreover, increase of the surface supercell from 2 × 2 to 3 × 3 leads to slight growth 
of binding energy. Oxygen binding energies on (110) surface are ~0.1-0.4 eV larger as 
compared to (001) surface. Higher Ebind values for (110) surface can be explained by larger 
distances between surface adatoms upon (110) surface resulting in decreased interactions 
between adsorbed oxygen and all other atoms, excluding underlying U or N atom. 

Table 8.3. The calculated binding energies (Ebind, eV) for oxygen adsorption atop UN (001) 
and (110) surfaces.

Number of layers and supercell size 
Atop U Atop N

Binding energy, eV Binding energy, eV

(001)
7, 2 × 2 7.51 5.58
7, 3 × 3 7.57 5.65

(110)
7, 2 × 2 7.90 5.73
7, 3 × 3 7.91 5.99

8.1.6. Atomic oxygen adsorption: Summary

Summing up, the results presented in subsection 8.1 for single oxygen atom 
interaction with UN surfaces demonstrate strong chemisorption typical for metallic 
surfaces. The excellent qualitative agreement of the results obtained using the two 
different first principles methods supports their reliability for simulations on O/UN 
interface. O adatom atop Usurf atom forms the one-center complex with underlying Usurf 
atom, while oxygen adsorption atop Nsurf leads to formation of complex containing the 
four adjacent Usurf atoms.

8.2. Molecular oxygen adsorption
8.2.1. Model and theoretical background

The results analyzed in Section 8.1 and Ref. [P2] clearly demonstrate the metallic 
nature of UN surface. In this subsection, we simulate the interaction of molecular oxygen 
with the perfect UN(001) surface [P3]. The key questions arisen here are: whether the O2 
dissociation upon the surface is energetically possible, which adsorption sites are optimal 
for this, and whether it can occur spontaneously, without energy barrier, similarly to 
other metallic surfaces, for example Al [79]. 

Сalculations on molecular adsorption have been performed using the fixed total spin 
equals to 1 µB on each U atom. For simulation on the chemisorption of oxygen molecule, 
we have used the 5-layer 2 × 2 extended surface supercell (containing 20 U and 20 N 
atoms). The periodic adsorbate distribution corresponds to the molecular coverage of 
0.25 ML (or atomic O coverage of 0.5 ML). To reduce computational efforts, we have 
used a symmetric two-sided arrangement of oxygen molecules again. The binding energy 
Ebind per oxygen atom in the adsorbed molecule (O2)ads was calculated as: 
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, Eq. (8.2.1)

where  is the total energy of a fully relaxed O2/UN(001) slab for several 
configurations of (O2) upon the substrate (with a center of molecule atop the 
corresponding surface site as shown in Fig. 8.7),  and  the total energies of 
an isolated oxygen molecule in the ground (triplet) state and of a relaxed UN slab, 
respectively. The factor 1/4 before brackets, similar to atomic adsorbtion calculations, 
appears since the substrate is modeled by a slab containing the two equivalent surfaces 
with (O2)ads positioned symmetrically relatively to slab surfaces whereas each molecule 
before and after dissociation contains two O atoms. When modeling the molecular 
adsorption, we have analyzed different configurations of O2 molecule in the triplet state 
on the UN(001) substrate. Vertical orientations of the molecule atop the surface N or 
U ions have been found to be metastable with respect to molecule reorientation to the 
horizontal configuration, parallel to the surface. We have estimated both the binding 
energy of a molecule, using Eq. (8.2.1), and the dissociation energy of molecule (for some 
configurations), i.e., the difference of the total energies of a slab with an O2 molecule 
before and after dissociation, when the two O atoms in the triplet state are positioned 
atop the two nearest Usurf atoms (Table 8.4).  

8.2.2. Spontaneous dissociation

We have found that a spontaneous, barrierless O2 dissociation takes place in the two 
cases: when the molecular center is atop either (i) a hollow site or (ii) Nsurf atom, with the 
molecular bond directed towards the two nearest Usurf atoms (the configurations 1 and 
5 in Fig. 8.6, respectively). The relevant dissociation energies Ediss are given in Table 8.4, 
along with other parameters characterizing the atomic relaxation and the Bader charge 
distribution. Geometry and charges for the configurations 1 and 5 after dissociation 
(Table 8.4) are qualitatively similar to those obtained for UN(001) substrate covered by 
chemisorbed O atoms, e.g., Usurf atoms beneath the oxygen adatom after dissociation are 
shifted up in both configurations (Table 8.4). However, since concentration of Oads in 
these calculations is twice as larger as compared to that for atomic oxygen adsorbtion 
[P2, subsection 8.1], some quantitative differences of the results presented in Tables 8.4 
and 8.1 for oxygen atom adsorbtion atop Usurf atom are unavoidable. For example, the 
repulsion energy between the two adatoms after O2 dissociation, which are positioned 
atop the two nearest Usurf atoms (the configuration 1) is quite noticeable, ~0.7 eV.

We have also identified two other configurations of adsorbed oxygen molecules where 
the dissociation is energetically possible with energy barrier: (i) atop the hollow site when 
a molecular bond is oriented towards the nearest Nsurf atoms (the configuration 2 in Fig. 
8.6) and (ii) atop the Usurf atom (for any molecular orientation, e.g., the configurations 3 
and 4 in Fig. 8.6). For the configuration 2, we have observed the orientation instability 
of the adsorbed molecule which easily rotates, e.g., towards the Usurf atom with further 
dissociation. The configurations 3 and 4 rather describe metastable UO2 quasi-molecules, 
due to a strong bonding between all three atoms (Fig. 8.7c) and since the corresponding 
Usurf atom is noticeably shifted up from its initial positions on surface (Table 8.4). The 
dissociation of (O2)ads molecule in configuration 3 is energetically possible but only after 
overcoming the activation energy barrier. 
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Figure 8.6. 
Schematic view of five different horizontal 
configurations for the O2 molecule adsorption on 
UN surface: 1) atop the hollow site oriented towards 
the nearest Usurf atoms, 2) atop the hollow site 
oriented towards the nearest Nsurf atoms, 3) atop the 
Usurf atoms oriented towards the next-nearest surface 
Usurf atoms, 4) atop the Usurf atoms oriented towards 
the nearest Nsurf atoms, 5) atop the Nsurf atoms 
oriented towards the nearest Usurf atoms. We show 
that spontaneous dissociation of molecule can occur 
when O2 is located either atop the hollow site (1) or 
atop the Nsurf atom (5). 

Table 8.4. The calculated values of binding (Ebind, Eq. (8.2.1)) and dissociation (Ediss) 
energies, geometry (z, Δz) and Bader charges (q) for configurations of molecular 
and spontaneous dissociative chemisorption of oxygen molecule upon the 
UN(001) substrate. Numbers in brackets correspond to the configurations shown 
in Fig. 8.6. The calculated binding energy for a free O2 molecule in the triplet 
state is 6.06 eV and a bond length is 1.31 Å (cf. with experimental values of 
5.12 eV and 1.21 Å, respectively) [81].

Position
Ebind  per O 
atom, eV

z a, Å
Ediss, 
eV

q(O), e
q(U1b), 

e
q(U2c), 

e
q( Nd),  

e
Δze(U1), 

Å
Δze(U2), 

Å
Δze(N), 

Å

ho
llo

w
 (1

) molecular 
adsorption 3.03 1.893 - -0.465 1.913 1.762 -1.533 -0.050 -0.050 0.025

after  
dissociation 6.04 1.957 3.01 -0.978 2.053 1.978 -1.577 0.075 0.068 -0.133

at
op

 U

towards 
next-nearest 

U (3)
4.00 2.18 - -0.5905 2.042 1.836 -1.6065 0.176 -0.048 -0.096

towards  
nearest N (4) 4.18 2.14 - -0.578 2.0485 1.827 -1.625 0.123 -0.051 -0.106

at
op

 N
 (5

) molecular 
adsorption 2.67 2.020 - -0.5685 1.8675 1.832 -1.354 -0.050 -0.050 0.025

after  
dissociation 5.85 1.955 3.18 -0.979 2.115 1.876 -1.580 0.073 0.021 -0.201

a z is the height of O atoms respectively the non-relaxed UN substrate,
b U1 the nearest surface Usurf atom, 
c U2 the next-nearest Usurf atom, 
d N the nearest Nsurf atom,
e∆z the additional vertical shifts of the same surface atoms from their positions in absence of adsorbed 
oxygen. 

8.2.3. Electronic properties of adsorbed molecule

Adsorption of an O2 molecule (in the triplet state) is accompanied by the charge 
transfer of ~1 e (per molecule) from the substrate (Table 8.4). In Fig. 8.7, we analyze 
the difference electron charge redistributions for three configurations of horizontally 



49

oriented (O2)ads molecules upon the surface: (a) molecule adsorbed upon the hollow 
site (the configuration 1, Fig. 8.6), (b) molecule dissociated from this configuration 
with O adatoms located atop the nearest Usurf atoms, and (c) molecule adsorbed upon 
the Usurf atom (at configuration 3). Spontaneous O2 dissociation and, thus, a smooth 
transition from the charge distribution (a) to (b) can be explained by continuous areas 
of the electron density (Fig. 8.7a) parallel to the surface which may be considered as 
dissociation channels, analogously to the density plot for a molecular oxygen upon the Al 
substrate [79].

a) b) c)

Figure 8.7. The difference electron density maps ∆ρ (r) (the total density of the interface 
minus the sum of densities of substrate and adsorbate with optimized interfacial 
geometry) (a) for the O2 molecule upon the hollow position oriented to the 
nearest Usurf atoms, (b) after its dissociation in the configuration 1 (Fig. 8.6) with 
O atoms atop the Usurf atoms and (c) for the O2 molecule atop the Usurf atom in 
the configuration 3 (Fig. 8.6). Solid (red) and dashed (blue) isolines correspond 
to positive and negative electron density, respectively. Isodensity increment is 
0.003 e Å−3. 

After dissociation, each O adatom contains an extra charge of ~1 e, i.e., transforms 
into O- ion in the triplet state (Fig. 8.7b). In contrast, when considering the molecular 
configuration 3, these dissociation channels are transformed into dissociation barriers 
(Fig. 8.7c). Simultaneously, we observe considerably higher electron density, indicating 
a kind of UO2 quasi-molecule with a strong bonding between the O2 molecule and 
surface U atom beneath. Thus, difference between the electron density plots presented 
in Figs. 8.7a and 8.7c can explain different dissociation abilities of O2 molecule in the 
configurations 1 and 3 (Fig. 8.6).

For the same adsorbate configurations considered above, we have constructed the 
total and projected densities of states (DOS) (Fig. 8.8). Molecular adsorption in these 
configurations leads to appearance of the specific oxygen bands as compared to those for 
oxygen adatoms upon UN surface (Fig. 8.5) and O atom substituted for a host N atom in 
UN bulk [82]. For a molecular oxygen atop the hollow position (Fig. 8.6a), O(2p) peak 
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is observed at -1 eV overlapping with the U(5f) and U(6d) bands. After O2 dissociation 
(Fig. 8.7b) this peak disappears being replaced by the broad two-peak band in the region 
of the N(2p) valence band (from -2 to -5 eV), similarly to the DOS for oxygen adatoms 
on UN(001) substrate (Fig.8.5). Some differences are also noticeable between the 
corresponding U 5f and 6d peaks in the spectral range above -1 eV (Figs. 8.8a-8.8c) which 
can be caused by both different arrangement of O and U atoms in these configurations 
and sensitivity of U states to the presence of oxygen, thus indicating a strong oxygen 
chemical bonding (chemisorption). When oxygen molecule is located atop the Usurf 
atom (the configuration 3), the U(5f) and U(6d) contributions in the energy range above 
-1 eV are diminished, simultaneously the O(2p) contribution grows, thus increasing an 
overlap between all three states and indicating UO2 quasi-molecular bond formation. 
As compared to the adsorption of oxygen molecule upon the hollow site (Fig. 8.8a), we 
again observe a higher O(2p) peak (at -1.5 eV) and an additional lower peak of the same 
O(2p) (at -5.5 eV) which noticeably overlaps with the U(5f) and U(6d) subpeaks (Fig. 
8.8c). Some analogue of the latter pattern was observed earlier for the projected DOS 
of O atom substituted for N atom in UN bulk [82]. In all three DOSs (Fig. 8.8), a broad 
band containing the N(2p) projected states is not changed drastically which means a 
weak influence of N atoms on the O2 molecule adsorption upon the UN(001) surface.
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Figure 8.8.
The total and projected densities of states for 
three configurations of O2 molecule as in Fig. 8.6 
(the same a, b, c). The orbital projections of both 
O atoms as well as the nearest N and U atoms are 
shown. The highest peaks have been normalized 
to the same value, whereas a convolution of 
individual energy levels was plotted using the 
Gaussian functions with a half-width of 0.2 eV.

Summing up, the results of ab initio calculations on adsorption of oxygen molecule 
upon the perfect UN(001) surface clearly demonstrate a real possibility for spontaneous 
dissociation of the adsorbed oxygen, analogously to the O2 dissociation on “traditional” 
metallic surfaces.
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8.3. Simulation of migration path for O adatom along 
the UN(001) surface

We have considered three main migration paths of oxygen adatom upon the UN(001) 
surface (Fig. 8.9): (i) path 1: between the sites atop Usurf atom and the nearest Nsurf atom, 
(ii) path 2: between the sites atop the two neighboring Usurf atoms, (iii) path 3: between 
the sites atop the two neighboring Nsurf atoms:

Figure 8.9. Different oxygen migration paths upon the UN(001) surface (atop view).

Table 8.5. Binding energies Ebind of adsorbed oxygen in different positions atop UN slab (Fig. 8.9).
1. From site atop Usurf to site atop Nsurf (migration path 1)

Supercell size: 2 × 2 3 × 3
Number of atomic layers: 5 7 5 7

atop Usurf 7.57 7.51 7.59 7.57
¼ of distance U-N  (or 0.61 Å from U atom) 7.39 7.39 - -
½ of distance U-N  (or 1.22 Å from U atom) 6.97 6.98 - -
¾ of distance U-N (or 1.83 Å from U atom) 5.91 5.93 - -

atop Nsurf (or 2.43 Å from U atom) 5.52 5.58 5.57 5.65
2. From hollow position (h.p.) to site atop Usurf  (migration path 2)

Supercell size: 2 × 2 3 × 3
Number of atomic layers: 5 7 5 7

atop h.p. 7.21 7.245 7.20 7.21
¼ of distance h.p.-U  (or 0.43 Å from h.p.) 7.23 7.255 - -
½ of distance h.p.-U (or 0.86 Å from h.p.) 7.32 7.33 - -
¾ of distance h.p.-U (or 1.29 Å from h.p.) 7.45 7.45 - -

atop Usurf (or 1.72 Å from h.p.) 7.57 7.51 7.59 7.57
3. From hollow position (h.p.) to site atop Nsurf (migration path 3)

Supercell size: 2 × 2 3 × 3
Number of atomic layers: 5 7 5 7

atop h.p. 7.21 7.25 7.20 7.21
1/4 of distance h.p.-N (or 0.43 Å from h.p.) 6.61 6.65 - -
1/2 of distance h.p.-N(or 0.86 Å from h.p.) 6.32 6.35 - -
3/4 of distance h.p.-N(or 1.29 Å from h.p.) 5.54 5.57 - -

atop Nsurf (or 1.72 Å from h.p.) 5.52 5.58 5.57 5.65
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The binding energy Ebind of oxygen atom adsorbed upon the UN surface has been 
defined in subsection 8.1.1. To reduce the computational time for calculations on oxygen 
adatom in interstitial positions, we have relaxed only z coordinates of slab atoms fixing 
their x and y coordinates. For adsorption of O atoms atop the Nsurf  or Usurf atoms, the 
total slab geometry relaxation has been performed, to control changes of symmetry 
arisen due to lateral interaction. The results obtained for all migration paths of adatom 
for different slab thicknesses and supercell extensions are systematized in Table 8.5. This 
Table presents the values of binding energies calculated for migration paths of O adatoms 
upon the perfect UN(001) substrate  shown in Fig. 8.9. We have fixed five sites along the 
Oads migration trajectories for 2 × 2 supercells of UN(001) slab and two sites for 3 × 3 
supercells. In both cases, the most favorable migration trajectory has been optimized to 
be the line joining the sites atop the nearest surface U atoms and the hollow sites between 
them (trajectory 2). The corresponding energy barriers found to be 0.36 eV (5-layer slab) 
and 0.26 eV (7-layer slab) indicates on a high mobility of Oads atoms upon UN. The energy 
barriers along other two migration trajectories are substantially larger (1.93-2.05 eV and 
1.31-1.69 eV for trajectories 1 and 3, Fig. 8.9).

Thus, we observe quite high mobility of atoms along the surface, due to relatively 
low migration barriers.
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9. O atom migration and incorporation into defective 
UN(001) slab 

9.1. Low-barrier incorporation of O adatom from site atop Usurf atom 
to Nsurf vacancy

To understand the initial mechanism of adatom incorporation into the surface 
layer of UN(001), it is necessary to clarify both energetic and structural possibilities 
of Oads migration along this substrate, both perfect and defective. To estimate oxygen 
adatom mobility upon the UN(001) surface, we have performed a series of ab initio spin-
polarized calculations. 

According to our calculations, O atom adsorbed atop the Usurf atom in the proximity 
of the surface N vacancy can be captured by the latter (Fig. 9.1) when overcoming a low 
energy barrier (~0.5-1 eV). We have estimated the energy gain for such a transition of 
oxygen adatom using the formula: 

,    Eq. (9.1.1)

where  is the total energy of the supercell containing the O atom in 
the N vacancy (position 2 as shown in Fig. 9.1), and  the total energy of the 
supercell with O atom adsorbed atop Usurf atom positioned in the proximity of existing 
N vacancy (position 1). For calculations on , we have fixed horizontal x 
and y oxygen coordinates, to prevent O adatom migration. Multiplier ½ in Eq. (9.1.1) 
appears due to the symmetric arrangement of adsorbed or incorporated O atoms. When 
comparing  value (obtained as a result of adatom migration from position 
atop Usurf atom into vacancy) with  where O adatom is directly incorporated 
into pre-existing vacancy (Section 9.2) the corresponding difference does not exceed 
0.01 eV. The calculated energy gain (∆Εg) for the transition from position 1 to position 
2 (as shown in Fig. 9.1) equals to ~2 eV per oxygen adatom (1.99 eV for 2 × 2 7-layer 
supercell and 1.94 eV for 3 × 3 7-layer supersell). 

a) b)

Figure 9.1. Atop (a) and across (b) views of surface model used for simulation of oxygen 
atom low-barrier incorporation from the initial position (1) atop Usurf atom (left) 
into the nearest existing Nsurf vacancy (2). Numbers enumerate non-equivalent 
surface atoms for oxygen adsortion in proximity of  Nsurf  vacancy (see caption of 
Fig. 8.3).
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In Fig. 9.2, the diference of electron charge redistributions for oxygen adsorpion 
atop Usurf  atom in the proximity of the surface N vacancy is analyzed. The electron charge 
redistributions in the slab look similarly to adsobtion atop Usurf atom without adjacent 
N vacancy (Fig. 8.4c,d). Parallel to the surface between adsorbed O atom and existing 
N vacancy the electrostatic channels with electronic density shortage can be observed 
which are directed towards the oxygen adatom incorporation into the N vacancy.

Figure 9.2. The 2D sections of the electron charge density re-distributions Δρ(r) for O atoms 
adsorbed atop Usurf atom near the surface N vacancy. Other details are given in 
caption of Figure 8.4.

Thus, we have showed the possibility of low-barrier oxygen adatom incorporation 
into existing N vacancy from the nearest adsorption site atop Usurf atom. 

9.2. Oxygen incorporation into surface vacancies 
9.2.1. Model and computational details

One of possible ways for UN surface oxidation is the formation of oxynitrides near 
the UN surface [18]. Hence, it is very impotant to describe the oxygen interaction with 
the single vacancies. As known from literature, considerable attention was paid so far 
for the static and dynamic properties of primary defects (vacancies and incorporated 
impurities) in UN bulk [34] which affect the fuel performance during operation and 
its reprocessing. Apart the behavior of empty vacancies, the O atom incorporation into 
vacancies in bulk UN has been considered too. Incorporation of oxygen atom into the N 
vacancy in bulk has been found to be energetically more favorable as compared to the 
interstitial sites [82]. However, the solution energy shows an opposite effect. In order 
to shed more light on the mechanism of unwanted UN oxidation, the incorporation of 
oxygen impurities into the N- and U- vacancies on the UN(001) surface is focused in this 
subsection and Ref. [P5]. 
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Our calculations have been performed for the supercells with 2 × 2 and 3 × 3 
extensions of translation vector upon the UN surface. Oxygen-occupied N and U 
vacancies have been disposed in the surface, subsurface and central layers of 2D slab. Due 
to the presence of mirror layers in the symmetric slabs, one can consider the two-sided 
symmetric arrangement of defects, except for the central mirror plane, thus, minimizing 
the computational expenses. The spin magnetic moment was allowed to relax in all the 
calculations for the FM spin arrangements on the uranium sublattice. 

9.2.2. Oxygen incorporation and solution energies 

The energy balance for the incorporation of an O atom into a vacancy can be 
characterized by the incorporation energy EI suggested by Grimes and Catlow [83] in the 
shell model calculations on fission products in UO2:

, Eq. (9.2.1a)

for the O atom incorporated into the N- and U vacancy disposed in the central 
atomic layer and

, Eq. (9.2.1b)

for the same incorporation in the surface or sub-surface layers. Here  is 
the total energy of the supercell containing the O atom at either the N- or U vacancy 
( UN(O_ ) 0incE < ),  the energy of the supercell containing an unoccupied (empty) 
vacancy, and EO half the total energy of isolated O2 molecule in the triplet state. It is 
defined by the oxygen chemical potential at 0 K. Since the value of EI describes the 
energy balance for the incorporation into pre-existing vacancies, it has to be negative for 
energetically favorable incorporation processes. 

To take into account the total energy balance, including the vacancy formation 
energy Eform in the defect-free slab, the solution energy [83] has been defined as:

, Eq. (9.2.2)

where Eform is the formation energy of N- or U vacancy in the slab calculated using 
Eq.7.1.1a or 7.1.1b.

It is worth mentioning, however, that use of the standard O pseudopotential in our 
VASP calculations gave good bond length of 1.23 Å for the O2 molecule but considerable 
overestimated its binding energy (6.79 eV vs. the experimental value of 5.12 eV).  Several 
corrections were suggested in the literature how to take into account this serious DFT 
shortcoming [84, 85]. Thus, the calculated formation and solution energies of defect may 
be corrected by ~1 eV (its impact is discussed below). 
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Table 9.1. Incorporation (EI) and solution (ES) energies (eV), average spin magnetic 
moments of U atoms  (µB) as well as effective charge of oxygen atoms (e-) for 
O incorporation into the UN(001) surface. The reference states for calculation 
of the incorporation and solution energies have been chosen as the chemical 
potentials of O, N and U calculated for O2, N2 molecules and α-U, respectively.

Layer

Su
pe

rc
el

l 
si

ze

N
um

be
r 

of
 a

to
m

ic
 

la
ye

rs
 in

 
sl

ab

N vacancy U vacancy

EI (eV) ES (eV)
(µB)

qeff (e-) EI (eV) ES (eV)
(µB)

qeff (e-)

Surface
2 × 2

5 -6.173 -2.473 1.65 -1.36 -0.339 1.120 1.16 -0.98
7 -6.181 -2.476 1.49 -1.36 -0.855 0.583 1.36 -1.03
9 -6.188 -2.479 1.41 -1.36 -0.943 0.493 1.31 -1.06

3 × 3
5 -6.122 -2.481 1.60 -1.37 -0.683 0.654 1.48 -1.05
7 -6.126 -2.480 1.46 -1.36 -1.073 0.230 1.38 -1.08

Subsurface
2 × 2

5 -6.314 -2.068 1.64 -1.42 -1.856 1.284 1.66 -1.10
7 -6.419 -2.090 1.49 -1.40 -1.823 1.297 1.45 -1.10
9 -6.417 -2.091 1.41 -1.40 -1.823 1.271 1.38 -1.10

3 × 3 7 -6.428 -2.093 1.46 -1.39 -2.012 1.000 1.43 -1.10

Central 
(mirror)

2 × 2
7 -6.611 -2.180 1.47 -1.42 0.736 3.923 1.44 -0.89
9 -6.608 -2.192 1.39 -1.38 0.669 3.838 1.38 -0.90

3 × 3 7 -6.599 -2.182 1.45 -1.42 0.317 3.378 1.47 -0.94

The calculated O adatom incorporation into the N vacancy at the UN(001) surface 
has been found to be energetically favorable since both values of EI and ES are strictly 
negative (Table 9.1). This is in favor of both creation of the N vacancy and adsorption 
of the O atom from air. Also, EI decreases by ~0.4 eV (becomes more negative) within 
the slab as compared to the surface layer, whereas ES is smallest for the N vacancy just 
on the surface layer. In contrary, in the case of U vacancies, the values of EI calculated 
for the surface and central layers have been found to be close to zero. The sub-surface 
layer is characterized by EI which is ~1 eV smaller than that for the surface and central 
layers. Our results indicate importance of oxynitride formation. However, ES is positive 
and increases for O atoms in the the U vacancy and the slab center. The energies in 
Table 9.1 do not include the corrections discussed above for the O atoms. However, such 
corrections may lead to EI (or ES) increased by ~1 eV and, as a result, more positive EI for 
the U vacancy. Table 9.1 also indicates that solution of the oxygen atoms is energetically 
more favorable at the surface layers than inside the slab. As the supercell size increases 
(the 3 × 3 extension in Table 9.1), both EI and ES values decrease whereas influence of the 
slab thickness is not so clear. Nevertheless, the U vacancy appeared to be most sensitive 
to the supercell size related to spurious interactions between the periodically repeated 
defects. The EI  as well as ES values may be reduced by 0.15 eV at the average in this case.  

9.2.3. Spin densities and Bader charges

Table 9.1 allows us to analyze also the averaged spin density of U atoms ( ) for 
different morphologies of defective UN(001) surfaces with incorporated O atoms. 
Analogously to defective UN surface with empty vacancies [P4],  decreases with 
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a number of layers in the slab for both types of the vacancies (except for the O atom 
incorporated into the U vacancy in the surface layer). It is also seen that  is higher in 
the surface layer for the N vacancy than for the U vacancy. The sub-surface and central 
layers are characterized by similar  for both types of vacancies. Interestingly, the 
effective charge qeff on O atoms is also higher for the N vacancy and inside the slab. 
However, in the case of U vacancy, qeff decreases by almost 0.3 e. The same effect has been 
also observed for adjacent N atoms: their effective charge is smaller when the O atom 
occupies the U vacancy. The overall picture suggests prevalence of the covalent bonding 
between different species in the system.

9.2.4. Charge redistribution analysis: Finite-size effects and choice of supercell size 

Large concentrations of defects (25% for the 2 × 2 extension in Table 9.1) causes 
certain finite-size effects which can be illustrated using the 2D difference electron density 
redistributions Δρ(r). These plots are shown for the O atoms incorporated into the N 
vacancies at the surface (Fig. 9.3) and central layers (Fig. 9.4). Inside the 5-layer slab, a 
presence of the two symmetrically positioned defects induces their interaction (visible in 
charge redistribution across a slab in Fig. 9.3a). An increase of the slab thickness reduces 
this effect (Fig. 9.3c). If the supercell size is decreased (the 2 × 2 extension, Fig. 9.3b) an 
additional electron density parallel to the surface layer is observed between the defects.  
Similar effects are also observed for redistributions of the electron density around defects 
in the mirror planes (Fig. 9.4). The effect of supercell size in this case is similar to that 
discussed for the N vacancy. 

Figure 9.3. The 2D sections of the electron charge density re-distributions Δρ(r) around 
the O  atoms incorporated into the surface N vacancies of the 5- and 7-layer 
UN(001) slabs with 2 × 2 and 3 × 3 supercell extensions. Δρ(r) are defined 
as the total electron density of the O-containing defected surface minus a 
superposition of the electron densities of the surface containing the N vacancies 
and the O atom in the regular positions on the surface. a) 3 × 3 periodicity of the 
O atoms upon the five-layer slab, b) 2 × 2 periodicity of the O atoms upon the 
seven-layer slab, c) 3 × 3 periodicity of the O atoms upon the seven-layer slab. 
Other details are given in caption of Figure 8.4.
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The effect of supercell size in this case is similar to that discussed for the N vacancy. 
However, in the case of surface U vacancy, a larger concentration of electron density 
was seen between the O atom and neighbouring N atoms in the sub-surface layer, 
in a comparison to the N vacancy. Thus, the effect of slab thickness also may not be 
underestimated in this case.

Figure 9.4. The 2D sections of Δρ(r) around the O atoms incorporated into the N vacancies 
in central layer of 7-layer UN(001) slabs with (a) 2 × 2 and (b) 3 × 3 supercell 
extensions. Other details are given in caption of Figure 9.3.
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Figure 9.5.
The total and projected DOS for three 
positions of O atoms incorporated into the 
N vacancies with a 3 × 3 periodicity across 
the  7−  layer UN(001) slab: a) surface layer, b) 
sub-surface layer, c) central layer. The O(2p) 
peaks were normalized to the same value, 
i.e., these have been multiplied by a factor of 
8 and 16 for vacancies in the surfrace (sub-
surface) and central layers, respectively (see 
Figure labels), A convolution of individual 
energy levels was plotted using the Gaussian 
functions with a half-width of 0.2 eV.
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9.2.5. Electronic densities of states (DOS) for incorporated oxygen

In Figure 9.5, the total and projected densities of states are shown for the 7-layer 
defective UN(001) surface with the O atom incorporated into the N vacancy. The system 
remains conducting throughout all the calculations with the significant contribution 
from the U(5f) states at the Fermi level similar to perfect UN(001) slab (Fig. 6.2). The 
appearance of specific O(2p) band with the energy peak at –6 eV is observed. When 
comparing the DOS for the O atoms incorporated into the N vacancies, a noticeable shift 
of the O(2p) band (by about -1.0 eV) allows one to distinguish the surface layer from the 
internal layers. 

Moreover, in the case of surface layer, this band considerably overlaps with the N(2p) 
band, partly mixed with the U(5f) states (similar effects occur with the O2 molecule atop 
the surface U atom [P2]). In contrary, the O(2p) band remains quasi-isolated from the 
other bands (analogously to the O atom incorporated into the N vacancy in UN bulk 
[82]). Position of the N(2p) band is insensitive to presence of O atoms and lies within 
energy range of -6 and -1 eV.

9.2.6. Comparison of oxygen incorporation into N vacancy on the UN(001) and 
(110) surfaces

Similarly to results for perfect UN surface as well as vacancy formation and 
atomic oxygen adsorbtion, it could be interesting further to compare incorporation 
(EI) and solution (ES) energies for two surfaces, i.e. UN (001) and (110) (Fig. 9.6). Table 
9.2 compares these energies as function of slab thickness and supercell size. One can 
see that the UN(110) surface is characterized by more negative solution energy, eVen 
though the difference between their solution energies is ~0.3. eV. On the other hand, the 
incorporation energy changes this trend suggesting more negative values for the (001) 
surface. Moreover, the difference between incorporation energies approaches to 0.4 eV. 
Such results demonstrate importance of EI calculations as our surface might function 
under extreme conditions like high temperatures. Nevertheless, we clearly see similar 
tendencies for both surfaces (Table 9.2).

Figure 9.6. 2-layer models of oxygen incorporation into surface N vacancy on UN (001) (a) 
and (110) (b) surface
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Table 9.2. Incorporation (EI) and solution (ES) energies, average spin magnetic moments 
of U atoms and effective charge on O atoms for oxygen incorporated into N 
vacancy on UN (001) and (110) surfaces. The reference states for calculations on 
the incorporation and solution energies are the chemical potentials of O and N 
calculated for O2 and N2 molecules, respectively (2 × 2 and 3 × 3 supercells).   

Number of 
layers and 
supercell 

size

EI (eV) ES (eV)  (µB) qeff (e-) EI (eV) ES (eV)  (µB) qeff (e-)

(001) surface (110) surface
5, 2 × 2 -6.173 -2.473 1.647 -1.36 -5.853 -2.778 1.736 -1.27
7, 2 × 2 -6.181 -2.476 1.495 -1.36 -5.822 -2.794 1.516 -1.29
9, 2 × 2 -6.186 -2.479 1.412 -1.36 -5.820 -2.784 1.472 -1.29

11, 2 × 2 -6.195 -2.483 1.365 -1.35 -5.817 -2.791 1.416 -1.29
7, 3 × 3 -6.126 -2.480 1.463 -1.36 -5.748 -2.783 1.471 -1.28

9.2.7. Modeling of O adatom incorporation: summary

Considerable energetic preference of O atom incorporation into the N vacancy 
as compared to U vacancy indicates that the observed oxidation of UN is determined 
mainly by the interaction of oxygen atoms with the surface and sub-surface N vacancies.

The formation of oxynitrides [18] near the UN(001) surface is proposed, which can 
be caused by diffusion of the oxygen atoms within the interlayers of uranium nitride  
with further capture by nitrogen vacancies, thus, resulting in their stabilization due to 
formation of the chemical bonds with the nearest uranium atoms. The electronic charge 
redistributions demonstrate quite local nature of the density perturbation caused by the 
incorporated O atoms. The analysis of density of states shows both overlapping of the 
O(2p) states with the N(2p) states at initial stages of oxidation (surface incorporation) 
and separation of the O(2p) states from other bands in the case of deeper positioned 
oxygen atoms (sub-surface penetration). The results of this analysis could be used for 
the interpretation of the experimental ultraviolet photoelectron spectra for uranium 
oxynitrides [18].
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10. Summary

The PAW method is used to analyze basic UN bulk properties, point defects behavior 
on UN surface as well as oxygen interaction with UN surface. We obtain results of such 
calculations for pure UN bulk an surface, nitride and uranium vacancies on the surface, 
atomic and molecular adsorbtion as well as oxygen diffusion on UN(001) surface which 
hase been performed with complete relaxation. We estimate surface supercell size and slab 
thickness which allow us to obtain accurate results for UN surface. It has been found that 
use of 7-layer slab with 3 × 3 surface extension vectors gives results that are qualitatively 
close to single defect model. However, in the case of smaller 2 × 2 supercells and 5-layers 
slabs one can observe noticeable lateral interaction between the defects. We have also 
compared energies of (i) nitrogen vacancy formation, (ii) oxygen atom adsorption upon 
U or N surface atom as well (iii) O atom incorporation into N vacancy evaluated for both 
UN (001) and (110) surfaces.

In spite of aforesaid, some questions about UN surface are still opened. evaluations 
of formation energies for U vacancies performed so far demand additional verifications of 
these results using other theoretical methods as well as further development of uranium 
atom pseudopotentials. To obtain more precise results for oxygen diffusion along the 
UN(001) surface, the Nudged Elastic Band method [49] must be applied which allows one 
to obtain more realistic trajectories of atom migration. The performance of this approach 
will be significantly improved when using the latest release of VASP-5 computer code as 
compared to VASP-4 version used for calculations within this PhD Thesis. It will allow 
us to obtain reasonable results during the reasonable CPU time. The new experimental 
measuruments on UN surface (for example, EXAFS measurments, which allow one to 
observe atomic environment around separate atoms or UPS spectra for identification of 
oxynitride-like structures) will be also significant for versatile pucture construction of 
UN oxidation process. This is also important for elaboration of reliable protection of UN 
samples against aggressive influence of oxygen.

On the whole, the results described in the PhD Thesis represent the significant step 
for modeling of actinide compounds and promote to better understanding of UN surface 
oxidation. 
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11. Main theses 

- The results obtained using the two substantially different DFT computational 
methods based on formalisms of Plane-Waves (PW) and Linear Combination of 
Atomc Orbitals (LCAO) demonstrate their good qualitative agreement, i.e. serve as 
a reliable verification of obtained results.

- The formation energies for U and N vacancies indicate a clear trend for segregation 
of vacancies towards the surface (and probably, grain boundaries).

- Results obtained for interaction of O atoms and O2 molecules with UN surfaces 
demonstrate a strong chemisorption, typical for metallic adsorbents. The possibility 
for spontaneous dissociation of the adsorbed oxygen molecules upon the perfect 
UN(001) surface, analogously to the O2 dissociation on metallic surfaces, has been 
demonstrated. After molecular dissociation, O adatom forms a strong chemical 
bond with the Usurf atom beneath which can be considered as one-center surface 
complex. In the case of O adatom positioned atop the Nsurf atom, this complex is 
rather multi-center which involves 4 adjacent Usurf atoms. 

- High mobility of Oads atoms along the surface due to relatively low migration 
barriers (<0.5 eV) has been demonstrated. The possibility of low-barrier (~0.5-1 eV) 
oxygen adatom incorporation into existing N vacancy from the nearest adsorption 
site atop Usurf atom has been proved too as well as energetical stability of UN surface 
containing incorporated oxygen atoms.

- The following stages for reactivity of oxygen positioned atop the UN surface could be 
suggested: (i) chemisorption of molecular oxygen, (ii) spontaneous breaking of the 
O2 chemical bond after molecular adsorption, (iii) location of the two newly formed 
O adatoms atop the adjacent surface U atoms, (iv) high mobility of Oads atoms along 
the surface, (v) low-barrier incorporation of oxygen adatoms from the positions 
atop Usurf atoms into the nearest N vacancies, (vi) stabilization of Oads atom inside 
Nsurf vacancy, (vii) incorporation of O atoms in existing subsurface N vacancies as a 
result of inter-lattice diffusion. This explains an easy UN oxidation observed in air. 
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