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1. Introduction 
 

In tritium-producing burnable absorber rods (TPBARs), due to its high-density, the LiAlO2 

is used in the form of an annular ceramic pellet enriched with the 6Li isotope and is located 

between the zircaloy-4 liner and nickel-plated zircaloy-4 tritium getter. When irradiated in a 

pressurized water reactor (PWR), the 6Li pellets absorb neutrons, simulating the nuclear 

characteristics of a burnable absorber rod, and produce tritium ( Tଵ
ଷ ). The Tଵ

ଷ  chemically reacts 

with the metal getter, which upon capture of the Tଵ
ଷ  becomes a metal hydride. The Tଵ

ଷ  can then be 

recovered from the metal hydride.  The Tଵ
ଷ  transport through the ceramic pellets and the 

barrier/cladding system will affect the performance of the TPBARs, but the understanding of this 

process is hampered by a lack of fundamental data such as hydrogen isotope solubility and 

diffusivity. 

1.1 Project Technical Scope 

Using atomistic level calculations, in this study, we propose to investigate the solubility and 

diffusivity properties of hydrogen isotopes in the blanket candidate materials (e.g. Li2O, LiAlO2, 

Li2ZrO3, Li6Zr2O7, Li8ZrO6, Li4SiO4, etc.) for TPBARs to enable tritium production in PWRs 

and to improve the performances of these components.  

With the knowledge of Tଵ
ଷ  transport, the potential impact of the candidate performance 

mechanisms of the pellet materials can be evaluated computationally. Using results from our 

previously performed research on the electronic and thermodynamic properties of these ceramic 

materials, we will study the Tଵ
ଷ  diffusivity and solubility in the abovementioned lithium ceramic 

materials. Lithium zirconates are stable at very high temperatures and have high densities and 

ion conductivities. These materials can also be used as pellets which may result in a better 

overall performance in TPBAR. Lithium zirconates contain lithium-rich phases, such as 

Li6Zr2O7, Li8ZrO6, which may result in a high 6Li density to minimize the 6Li enrichment. The 

focus of current research is to identify the mechanisms associated with atomic Tଵ
ଷ  formation, 

diffusion, transport, deposition, and the kinetics at high temperature.  



 9

For these purposes, we will employ first-principles density functional theory (DFT) and 

molecular dynamics (MD) simulations to perform our investigations. The project can be divided 

into four tasks: 

 Task 1: Project initiation. We will collect the relevant information about Tଵ
ଷ  diffusion in 

pellet materials including the crystal structure, thermodynamic and self-diffusion 

properties, plus the corresponding electronic structure properties, by searching the 

literature on these ceramic materials (LiAlO2, Li2ZrO3, Li6Zr2O7, and Li8ZrO6).  

 Task 2: By combining DFT with lattice phonon dynamics, the thermodynamic properties 

of the pure and defective materials versus temperatures will be evaluated. Since their bulk 

properties have been previously investigated by us, we will focus on the effects of defects 

on the thermodynamic properties of LiAlO2 and Li2ZrO3 to prepare for further diffusion 

and solubility calculations. 

 Task 3: After irradiation ( Liଷ
଺  + n  Tଵ

ଷ  + α), various defects will be created in the pellets. 

In order to explore the Tଵ
ଷ  diffusivity and solubility in these defective pellet, we will first 

explore the defect chemistry of the LiAlO2 and Li2ZrO3 as well as Li2TiO3 for 

comparison to previous literature results then investigate the formation of T ଵ
ଷ to see which 

Tଵ
ଷ  species (ionic, atomic, radical (OT-), T2 molecule) dominate for the diffusion. The 

outcome of these investigations is to obtain the necessary information for the next task, 

namely to explore the mechanisms on how Tଵ
ଷ  species diffuse in the pellet and move to 

Tଵ
ଷ  getter layer for capture. Due to the large demand on computing resources, only two 

cases (LiAlO2, Li2ZrO3) will be studied.  

 Task 4: By calculating the  Tଵ
ଷ  species diffusion barriers and the mechanisms in pure and 

defective bulk materials (LiAlO2, Li2ZrO3, (Li6Zr2O7, and Li8ZrO6)), the corresponding 

diffusivities of Tଵ
ଷ  in these ceramic materials will be obtained. From these results, several 

sets of results will be drawn, such as the comparison of the Tଵ
ଷ  species diffusivity and 

solubility before and after point defect creation, whether high-Li content materials can 

affect the Tଵ
ଷ  diffusivity and solubility, and the corresponding diffusion pathways of Tଵ

ଷ  

species.  

 

In this report, we present our results on calculations of bulk properties, defect chemistry, 

and diffusion in γ-LiAlO2 and Li2ZrO3. Understanding of Li diffusion in ceramic blanket 
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material is crucial to properly address the tritium release behavior and performance of the 

material as tritium diffusivity can be correlated with the Li hopping mechanism. The study of 

Li diffusivity in Li containing ceramics has also been a subject of interest in the areas of Li-

ion battery and solid oxide fuel cells. Several experimental and theoretical efforts have been 

made in an attempt to understand the Li diffusion mechanism in γ- LiAlO2. A powerful 

experimental technique to understand atomic diffusion in crystals is the nuclear magnetic 

resonance (NMR) measurements as a function of temperature. With the known value of spin-

lattice relaxation from NMR measurements, it is possible to calculate ionic jump rate 

߬ିଵ   that allows us to calculate a diffusion coefficient using Einstein−Smoluchowski 

equation. Using NMR and dc conductivity measurements in γ- LiAlO2, it was revealed that 

the Li diffusion coefficient was in the range 10-20 to 10-13 m2/s over the temperature range of 

400 K to 1000 K. Based on the use of NMR techniques and dc conductivity measurements 

the activation energy was found to vary between 0.74 to 1.14 eV (see section 4). In the 

literature, based on DFT, the Li activation energy was calculated in γ- LiAlO2 and shown to 

be 0.65 eV, 1.65 eV and 1.41 eV, respectively for the jump between 1st, 2nd and 3rd nearest 

neighbor (NN) (see section 4). Our study will focus on identifying the mechanisms of 

substitutional, interstitial and correlated motions of  Tଵ
ଷ   and Li in γ- LiAlO2 and Li2ZrO3. 
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1.2 Project Schedule/Milestones 

 

 

1.3 Organization of Report  
 

This report is organized as follow. In section 2, we present our results on the bulk properties 

of LiAlO2 and lithium zirconates. Specifically, we provide the results for the density of states, 

band structure, phonon spectra, optical properties, and thermal conductivity calculations for the 
7Li and 6Li isotopes of γ-LiAlO2. In section 3 we analyze the solubility and defect chemistry of 

γ- LiAlO2, Li2ZrO3 and Li2TiO3 systems. In the section 4, we describe the study of diffusion 

mechanisms of T ଵ
ଷ  in these ceramics. Specifically, we calculated several possible pathways for 

substitutional, interstitial, and Li-T correlated diffusions. In addition to that, we calculated the 

energy barrier for diffusion of OT species. Finally, in the section 5, we conclude the report.  
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2. Bulk Properties of γ-LiAlO2 

 

2.1  Background 

As an ultraslow lithium-ion conductor, lithium aluminate (LiAlO2) has several potential 

applications. As coating for lithium-conducting electrodes and additive in composite electrolytes, 

it is widely used in battery industry.[1-6] As a membrane material, it is used for molten carbonate 

fuel cells.[7-9] In microelectronics, as a lattice matching substrate, the LiAlO2 is used for 

epitaxial growth of II-V semiconductors (such as GaN, etc.) due to its excellent lattice mismatch 

to GaN (<1.4 % at <100>), its chemical stability at high temperature and as a cost effective 

replacement of ZnO. In addition, LiAlO2 crystal can be used to replace ZnO and sapphire as an 

optical substrate. [10, 11]  

In nuclear technology, due to its good thermo-physical and chemical stabilities at elevated 

temperatures and good tritium release characteristics, the LiAlO2 is of interest as a solid tritium 

( Tଵ
ଷ  ) breeder material for preparing tritium fuel for nuclear fusion.[12-19] In addition, this 

material can be used as a tritium-breeder material in fusion reactors. In tritium-producing 

burnable absorber rods (TPBARs), due to its high density, LiAlO2 is used in the form of an 

annular ceramic pellet enriched with the 6Li isotope and is located between the zircaloy-4 liner 

and nickel-plated zircaloy-4 tritium getter.[20-23] When irradiated in a pressurized water reactor 

(PWR), the 6Li-enriched γ-LiAlO2 pellets absorb neutrons, simulating the nuclear characteristics 

of a burnable absorber rod, and produce tritium through reaction 6Li + n  3H + α.[24] The 3H 

chemically reacts with the metal getter, which upon capture of the 3H becomes a metal hydride. 

The defects and structural disorder may enhance the diffusion of Li within energy storage 

materials and breeders. However, the understanding of Tଵ
ଷ   transport through the ceramic pellets 

and the barrier/cladding system is hampered by the lack of fundamental data such as hydrogen 

isotope solubility and diffusivity.[25-31] Therefore, it is essential to understand the effects of 

defect accumulation in γ-LiAlO2 and how the Li transport changes as the structural disorder 

increases. 

In the literature, there are several theoretical studies focusing on the electronic, structural 

and lattice dynamics properties of γ-LiAlO2. Based on first-principles calculations, Wu et al 

investigated the electronic and elastic properties of γ-LiAlO2 and obtained a 4.64 eV direct band 
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gap. [32] Later, density functional perturbation theory approach was used by Ma et al. to 

investigate the dynamical and thermodynamic properties of γ-LiAlO2.[33] A calculated band gap 

of 4.85 eV was obtained by this group which is larger than the previous reported value (4.64 eV) 

calculated by Wu et al. [32] The obtained thermodynamic properties (entropy, heat capacity, heat 

of formation, etc.) are in good agreement with the experimental data. Several theoretical 

investigations have been focused on the lithium/tritium diffusion in γ-LiAlO2. Islam and Bredow 

explored the interstitial lithium diffusion pathway.[5] Wiedemann et al unraveled a ultraslow 

lithium-ion diffusion in γ-LiAlO2.[34] Shah et al. explored the tritium defects in Li2O which 

provided some guidelines for the case of γ-LiAlO2.[35] Very recently, employing molecular 

dynamics simulations, Setyawan et al. explored the amorphization of γ-LiAlO2 trying to identify 

the effect of the defects on the fast lithium ion transport in disordered ceramics created by 

neutron irradiation. [36]  

In order to describe the tritium creation and diffusion in isotope 6Li-enriched γ-LiAlO2, in 

this study, we have performed extensive investigations on their structural, electronic, optical, 

lattice thermodynamic, and thermo-conductive properties. The obtained results provide a better 

understanding of bulk properties and are used as our starting point to further investigate their 

defect chemistry, tritium creation and diffusion in 6Li-enriched γ-LiAlO2. 

 

2.2   Theoretical Method 

The calculations performed in this work are based on first-principle density-functional 

theory (DFT) with plane-wave basis sets and the pseudopotential to describe the electron-ion 

interactions. The Vienna Ab-initio Simulation Package (VASP) [37-39] was employed in this 

study to calculate the electronic structures of the lithium zirconates and zirconia materials. In this 

study, all calculations have been done using the projector augmented wave (PAW) pseudo-

potentials and the Perdew–Burke–Ernzerhof (PBE) exchange-correlation functional.[40, 41] 

Plane wave basis sets were used with a cutoff energy of 500 eV and a kinetic energy cutoff for 

augmentation charges of 605.4 eV. The k-point sampling grid of 8×8×8, obtained using the 

Monkhorst-Pack method,[42] were used for these bulk calculations. The valence electrons of all 

atoms contain the s and p orbitals. During the calculations, all atoms in the cell as well as the 

lattice dimensions and angles were relaxed to the equilibrium configurations. Since natural 

lithium contains about 3.75%~7.5% of 6Li with the rest being 7Li, the γ-LiAlO2 used in TPBAR 
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has been enriched the 6Li concentration up to 25-30%.[24] To catch the effect of 6Li isotope on 

its lattice dynamics and thermodynamic properties, in this study, we also conduct calculations on 

the γ-6LiAlO2 by substituting all 7Li with 6Li. When substituting the 7Li with its 6Li isotope, the 

pseudo-potential of 6Li is obtained by modifying the mass in the standard 7Li pseudo-potential. 

For band structure and phonon dispersion calculations, the symbols and coordinates of the high 

symmetrical points in the first Brillouin zone of the crystals are taken from Bradley and 

Cracknell’s definitions.[43]  

When considering the phase stability and transitions and the thermodynamics of crystalline 

materials, their fundamental properties are the phonon frequencies. The approaches of ab initio 

calculations fall into two classes: the linear response method,[44, 45] in which the dynamical 

matrix is expressed in terms of the inverse dielectric matrix describing the response of the 

valence electron density to a periodic lattice perturbation, and the direct method,[46-48] in which 

the forces are calculated via the Hellmann-Feynman theorem. Here, in this paper, we employ the 

PHONON software package[49] in which the direct method is applied following the formula 

derived by Parlinski et al.[48] to combine ab initio DFT with Phonon calculations. Following our 

previous approach,[50-52] the phonon dispersion and the thermodynamic properties (zero-point 

energy, free energy change and entropy change, etc.) can be carried out.  

In the phonon calculations, a 2x2x2 supercell is created for γ-LiAlO2 from its optimized 

unit cell that is calculated through DFT. The displacement of 0.03Å of non-equivalent atoms is 

generated. Then for the supercell, the DFT calculations were performed again to obtain the force 

on each atom due to the displacements. These forces are carried back to the PHONON 

package[49] to calculate the phonon dispersions and density of states. The partition function can 

be determined with the density of states.  Knowing the partition function, the thermodynamic 

properties, such as internal energy, free energy, entropy, heat capacity, etc., can be evaluated at 

different temperatures.  

Calculation of the lattice thermal conductivity has been done within the single-mode 

relaxation–time approximation based on first-principles anharmonic lattice dynamics 

calculations. For this purpose, we have used the methodology developed by Togo et al. as 

implemented in Phono3py code. [53] Within the relaxation time approximation, the lattice 

thermal conductivity tensor can be determined by solving the phonon Boltzmann equation as a 

sum of the form [53] 
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௅ܭ  =
ଵ

ே௏బ
∑ ఒఒܥ ࢜ఒ⨂࢜ఒ߬ఒ      (1) 

where V0 is the volume of the unit cell, ࢜ఒ and ߬ఒ are the group velocity and single mode 

relaxation time of the phonon mode ܥ ,ߣఒ is the mode dependent heat capacity and N is the total 

number of q points used for sampling of the Brillouin zone. Calculations of these mode-

dependent quantities have been done using second- and third-order force constants which were 

obtained using finite atomic displacements within periodic supercell models. 

In this case, optimization of the crystal structure and evaluation of the corresponding 

energies and forces have been done using plane-wave density functional theory calculations 

based on VASP [37-39]. In addition to PBE, the PBEsol [54] functional has also been used to 

describe exchange-correlation effects together with the projector augment wave (PAW) method 

of Blöchl [41] in the implementation of Kresse and Joubert.[55] As demonstrated by Skelton et 

al.[56] this functional shows good general performance to reproduce the temperature dependence 

of material properties including phonon related properties. All calculations were done using a 

cutoff energy of 900 eV and an 8x8x8 Monkhorst-Pack [42] grid was used for optimization of 

the unit cell. These computational conditions allow convergence of the total energy to within 1 

meV/atom and of the pressure to within 1 kbar. Optimization of crystallographic unit cell 

parameters lead to values of 5.1713, 5.1713, and 6.2615 Å which differ by only 0.05, 0.05 and -

0.10 % relative to corresponding experimental neutron diffraction data.[57] In calculation of the 

force constants the total energies were minimized using a convergence threshold of 10-8 eV. 

Nonanalytical term correction [58] was also included using the Born effective charges calculated 

based on density functional perturbation theory. For the third order force constants, 2x2x2 

supercells containing 128 atoms were used having their reciprocal spaces sampled using 4x4x4 

k-point grids. Upon considering symmetry a total number of 9230 displacements were evaluated 

in this case. In calculation of the thermal conductivity the tetrahedron method was used using 

21x21x21 integration meshes. Additional convergence tests were done by increasing the 

integration meshes to 31x31x31.  

To study the optical properties, the frequency-dependent dielectric matrix in the long 

wavelength limit (q0) can be calculated using the sum over states approach.[59-61] The 

formula for the imaginary part of the dielectric constant is a 3x3 Cartesian tensor 
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ଶߝ
ఈఉ(߱) =

ସగమ௘మ

ஐ
lim
௤→଴

ଵ

௤మ ∑ 2߱௞௖,௩,௞ ௖௞߳)ߜ − ߳௩௞ − ߱)×< ௖௞ା௘ഀ௤ݑ ቚݑ௩௞ >< ௖௞ା௘ഁ௤ቚݑ ௩௞ݑ >∗ 

 (2) 

where the indices c and υ correspond to the conduction and valence band states, respectively and 

ucκ is the periodic part of the orbitals at the k-point κ. The vector eα are unit vectors for the three 

Cartesian directions.[60, 61] The real part of the dielectric constant tensor can be derived from 

the imaginary part using Kramers-Kronig relations: 

ଵߝ
ఈఉ(߱) = 1 +

ଶ

஠
ܲ ׬

ఌమ
ഀഁ(ఠᇲ)ఠᇲ

ఠᇲమିఠమ

ஶ
଴

݀߱ᇱ     (3) 

where P denotes the principle value, the values of α and β are 1 to 3. The real part of the optical 

conductivity (σ(ω)) is defined as  

(߱)ଵߪ = ܴ݁ሾߪ(߱)ሿ =
ఌమ(ఠ)∙ఠ

଺଴
      (4) 

where σ(ω) and ω are in the SI unit of Siemens/cm and cm-1 respectively. The corresponding 

imaginary part of σ(ω) in SI unit is [62] 

(߱)ଶߪ = −
ఠ(ఌభ(ఠ)ିଵ)

଺଴
      (5) 

The complex dielectric constant can be expressed as:[63] 

(߱)ߝ = (߱)ଵߝ + (߱)ଶߝ݅ =
ସగ௜

ఠ
(߱)ߪ = ( ෤݊ + ݅ ෨݇)ଶ   (6) 

where ෤݊ and ෨݇ are the index of refraction and the extinction coefficient respectively, and can be 

evaluated by the calculated dielectric constants as  

෤݊ =
ଵ

√ଶ
ଵߝ) + ଵߝ)

ଶ + ଶߝ
ଶ)

భ
మ)

భ
మ      (7) 

ߢ̃ =
ଵ

√ଶ
ଵߝ−) + ଵߝ)

ଶ + ଶߝ
ଶ)

భ
మ)

భ
మ      (8) 

In the case of normal incidence, the reflectivity R and the absorption coefficient α in terms 

of ෤݊ and ෨݇ are defined as  

ܴ =
(௡෤ିଵ)మା௞෨

(௡෤ାଵ)మା௞෨
       (9) 

ߙ = ߱ߨ4 ෨݇        (10) 

In SI unit, ω and α are given in cm-1. In all the cases, both the low frequency region ωτ≪1 

(τ is the relaxation time) and the high frequency region ωτ≫1 are extensively studied to analyze 

the exact ground state of the material as these two regions carry the signatures of two distinct 

conduction mechanisms within a solid. While the low frequency region is dominated by free 
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carriers which are in abundance in a metal, the high frequency region is dominated by inter-band 

electronic transitions typical of a dielectric material. 

 

(a) 

 

(b) 

 

 

Figure 1 The crystal structures of γ-LiAlO2 with space group P41212 (#92). (a) unit cell; (b) the 
distorted [AlO4] and [LiO4] tetrahedra form three-dimensional network connecting through O 
atom. Atom types are indicated in (a). 

 

2.3 Results and Discussion 

2.3.1 Structural and electronic properties 

So far six polymorphs of LiAlO2 have been reported:[34] hexagonal α- (R3̅m, NaCrS2 type), 

orthorhombic β- (Pna21, β-NaFeO2 type), tetragonal γ-(P41212/P43212, γ-LiAlO2 type), tetragonal 

δ- (I41/amd, α-LiFeO2 type), cubic ε-LiAlO2 (I4132, structure unknown), and a  debatable 

monoclinic phase (P2/m, structure unknown). Being the most stable form under ambient conditions, 

γ-LiAlO2 was fully characterized using powder neutron and single-crystal X-ray techniques.[64] 

Figure 1 shows the crystal structure of γ-LiAlO2. As one can see from Figure 1(b) that in γ-LiAlO2, 

distorted MO4 tetrahedra (M = Al, Li) form a three-dimensional network. Each tetrahedron shares 

one edge with a tetrahedron containing a different kind of metal ion. In these pairs, each vertex is 
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shared with two additional tetrahedra, one of each kind. The optimized crystal constants and 

coordinates are summarized in Table 2.1.  

 

Table 2.1 The experimental and optimized crystal structural constants of γ-LiAlO2 and its 6Li 
isotope substitution. 

 

Crystal & space 
group 

Lattice constants Fractional coordinates 
experimental optimized experimental optimized 

γ-LiAlO2 
P41212(No.92) a  

Z=4 

a=5.1685Å 
c=6.2565Å 
V=167.132 Å3 

a=5.224864Å 
c=6.312813Å 

V=172.3347 Å3 

Li: (0.8096, 0.8086, 0.0000) 
Al: (0.1761, 0.1761, 0.0000) 
O: (0.3376, 0.2901, 0.7726) 

Li: (0.813722, 0.813722, 0.000000) 
Al: (0.176456, 0.176456, 0.000000) 
O: (0.337480, 0.291242, 0.772071) 

γ-6LiAlO2  
a=5.226231Å 
c=6.313303Å 

V=172.4384 Å3 
 

Li: (0.813732, 0.813732, 0.000000) 
Al: (0.176479, 0.176479, 0.000000) 
O: (0.337560, 0.291222, 0.772098) 

a Experimental data from ref.[64] 
 

Figure 2(a) shows the calculated band structure of γ-LiAlO2. The corresponding total 

density of states (TDOS) and the partial density of states (PDOS) for each element are shown in 

Figure 2(b). As one can see the calculated band gap is 4.64 eV which is close to the other 

calculated values of 4.85 eV[33] and 4.64 eV[32], but is much lower than the experimental 

estimated value of 6.5 eV[59]. Due to the DFT approximations, which underestimate the excited 

state energies, the calculated band gaps of solids and are smaller than their experimental 

measurements. Such discrepancy is reasonable as γ-LiAlO2 is a wide band-gap material. From 

the Figure 2(b), one can see that the 1st valence band (VB) just below the Fermi energy is mainly 

formed by p orbitals of Li, O and Al. The s orbital of Al also contributes to the lower portion of 

the 1st VB. The 2nd VB is mainly formed by s orbital of O, p, s orbitals of Li and Al. The 

conduction band (CB) is mainly contributed by s and p orbitals of Al and Li. The band widths 

are summarized in Table 2.2. 

The cohesive energy (EC) is calculated by subtracting the total bulk energy ( EDFT in Table 

2.2) from the sum of total energies of the related atoms (such as O2, Li and Al metals) using the 

same level calculations (in our case, we get ELi_metal= -1.45690eV, EAl_metal= -3.67219eV, and 

EO2= -8.74410eV). The calculated EC as well as other values from references are also listed in 

Table 2.2. 
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(a) 
 

(b) 

 
Figure 2 The calculated electronic properties of γ-LiAlO2: (a) band structure, (b) total and 
atomic partial density of states.  

 

Table 2.2 The calculated band gaps and valence band (VB) widths of γ-LiAlO2 and its 
corresponding zero-point energies (Ezp), and the entropies at T=298 K from phonon calculations 

Crystal 
EDFT  

(eV/cell) 

Cohesive 
energy Ec  

(eV) 

2nd VB 
width  
(eV) 

Gap 
between 1st 
VB & 2nd 
VB (eV) 

1st VB 
width  
(eV) 

Band Gap  
(eV) 

Ezp  
(kJ/mol) 

Entropy 
(J/mol.K) 

γ-LiAlO2 -26.32911 12.45592 1.243 10.666 5.230 
4.763, 

4.64a,4.85b 
32.354 54.963 

γ-6LiAlO2 -26.33094 12.45775     32.875 53.672 
a Ref. [32]  
b Ref. [33] 
 

 
Since the difference between 6Li and 7Li isotopes is their masses, substituting 7Li with 6Li 

in γ-LiAlO2 does not alter its electronic property. That means the γ-6LiAlO2 possesses same 

electronic structure as γ-LiAlO2. However, their lattice dynamics and optical properties are 

different as discussed in the following sections. 

 
2.3.2 Lattice phonon dynamics, thermodynamic properties 
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(a) 

 

(b) 

 
Figure 3 The calculated lattice phonon dynamical properties of γ-LiAlO2 and its 6Li isotope 
substitution: (a) phonon dispersions; (b) phonon density of states. 

 

In γ-LiAlO2 unit cell, there are four formula units (Z=4). Hence, there are 48 vibrational 

modes. Its corresponding point group is D4 and its irreducible representations is 11E(IR) + 

5A1(R) + 7A2(I) + 7B1(R) + 5B2(R). Among them, 7 vibrational modes are Infrared (IR) active, 

17 modes are Raman (R) active, and 22 vibrational modes in double states E are both IR and 

Raman active. The phonon dispersions of γ-LiAlO2 and 6Li isotope substituted γ-6LiAlO2 are 

shown in Figure 3(a) and their corresponding total phonon density of states are shown in Figure 

3(b). As one can see that along the wave-vectors no obviously soft mode (with negative 

frequency) was found. This indicates that the γ-LiAlO2 and 6Li isotope substituted γ-6LiAlO2 are 

thermodynamically stable. Since the lattice dynamics frequencies are mass dependent, the 

phonon dispersion of γ-6LiAlO2 is different from γ-LiAlO2, particularly in the frequency range of 

10-20 THz as shown in Figure 3. Obviously, such differences will affect their thermodynamic 

properties, although the magnitude of the effect may not be very large given the good agreement 

of the phonon densities of states in Figure 3b.  

Figure 4 shows the calculated phonon free energies and entropies of γ-LiAlO2 and 6Li 
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isotope substituted γ-6LiAlO2. One can see that by increasing the temperature from 0 K up to 

1500 K, their phonon free energies are decreased while their entropies are increased. The free 

energy and entropy differences between of γ-LiAlO2 and 6Li isotope substituted γ-6LiAlO2 are 

relatively small along the entire temperature range. The free energy G(T) can be approximately 

evaluated by adding the DFT energy (in Table 2.2) with phonon free energy (Figure 4(a)). To 

obtain its thermodynamic properties (such as Gibbs free energy change ΔG(T), enthalpy change 

ΔH(T), etc.), a reference state is needed.  

 

 

(a) 
 

(b) 

 
Figure 4 The calculated the thermodynamic properties of γ-LiAlO2 and its 6Li isotope 
substitution: (a) phonon free energy; (b) entropy. 

 

2.3.3 Thermal conductivity 

The variation with temperature of the calculated lattice thermal conductivity of γ -LiAlO2 is 

presented in Figure 5 together with the corresponding available experimental data. As seen from 

this Figure there are noticeable differences among the two sets of experimental data which were 

measured on samples of different porosities. It has been argued [65] that the difference among 

the two sets of thermal conductivities is due to the widely different chemical processes used in 

preparation, which can lead to different porosity, pore morphology and grain size, as well as  the 

approach used in measuring the specific heat of γ -LiAlO2. 
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The conclusions drawn from Figure 5 are that the PBEsol results are a significantly better 

representation of the experimental curves than the PBE results, and that they are in much better 

agreement with the experimental data obtained by Hollenberg and Baker [66]. At 300K, the 

calculated thermal conductivity is within a factor of 1.4 from the corresponding data obtained by 

this group. Calculations also show a small anisotropy in thermal conductivity along (a or b) 

crystallographic directions relative to c direction. 

 

 
Figure 5 Variation with temperature of the lattice thermal conductivity for γ -LiAlO2. For 
calculated values the individual components along a axis (Kx)and c axis (Kz) are given. For 
comparison the experimental data from Exp.1 [65] and Exp. 2 [66] are also included. 

 

2.3.4 Optical properties 

Figure 6 shows the calculated dielectric matrix of γ-LiAlO2 and 6Li isotope substituted γ-
6LiAlO2. Obviously, due to the high symmetrical and isotropic features of the crystals, the off-

diagonal elements of their dielectric tensors are zero. Along the principle axes x and y, they have 
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equal values of real part, ε1(or ε’), and imaginary part, ε2(or ε”) while along principle axis z the 

ε1 and ε2 have different values along the energy. Corresponding conversions to frequency or 

wave-length units can be obtained using the conversion factors of 1eV = 241.797 GHz = 8065.48 

cm-1. Different from their lattice thermodynamic properties, the dielectric matrix of γ-LiAlO2 and 
6Li isotope substituted γ-6LiAlO2 are same, because their ε” and ε’ matrix only depend on their 

electronic structures as defined in Eqs. (2) and (3). At zero frequency, the imaginary dielectric 

matrix (ε”) is zero while the real part components (ε’) have finite values (2.3) due to their wide 

band-gap. 

 

 
Figure 6 The calculated the dielectric matrix of γ-LiAlO2 and its 6Li isotope substitution. 

 

Based on the calculated dielectric matrix of γ-LiAlO2 and 6Li isotope substituted γ-
6LiAlO2 shown in Figure 6 and by following the equations (2)-(10), their index of refraction ( ෤݊), 

extinction coefficient ( ෨݇), reflectivity (R), absorption coefficient (α), and the conductivity (σ) 

can be obtained. Figure 7 shows the calculated ෤݊, ෨݇ , α and σ of γ-LiAlO2 versus wavelength 

(nm). Obviously, these optical properties are identical for γ-LiAlO2 and 6Li isotope substituted γ-
6LiAlO2. 
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(a) (b) 

 

(c) 

 

(d) 

 
Figure 7 The calculated optical properties of γ-LiAlO2 and its 6Li isotope substitution: (a) index 
of refraction (n) and extinction coefficient (k), (b) conductivity (σ) (c) adsorption coefficient (), 
(d) reflectivity (R). 

 

For applications as optical sensor materials in conjunction with the optical fiber platform, 

the most interested wavelength range is from ultraviolet (UV) (10-400 nm) through the visible 

spectrum (400-800 nm) to Near Infrared and Infrared (IR) (>800 nm), particularly, around the 
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visible and near infrared range (~400-2,000 nm). At very low-energy (high wavelength) range, 

the optical conductivity results from the free carrier response. As one can see from Figure 7(b) 

that at high wavelength range (>300 nm) the optical conductivity is close to zero, which means 

the free carrier response in γ-LiAlO2 is very small because it has a large band gap as shown in 

Figure 2. Within 50nm-300nm, the optical conductivity has a set of peaks which result from 

electron hopping among VB-CB gaps. With VB-CB hopping, large absorption coefficient and 

reflectivity can be observed as shown in Figure 7(c) and (d). Obviously, the electron hopping 

between VB and CB plays a dominant role in γ-LiAlO2 optical properties. 

 

2.4 Summary  

 

In this study, by combining density functional theory and lattice phonon dynamics 

approach, the electronic, optical, thermal conductivity, and thermodynamic properties of γ-

LiAlO2 and 6Li isotope substituted γ-6LiAlO2 have been investigated. The obtained results 

showed that γ-LiAlO2 possesses a wide band-gap of 4.64 eV. The valence band is mainly formed 

by p orbitals of Li, O, and Al. Substituting 7Li with 6Li isotope in γ-LiAlO2 do not alter their 

electronic structures and optical properties. 

When substituting 7Li with 6Li isotope in γ-LiAlO2 the lattice phonon frequencies have 

obviously change, particularly in the range of 5-15THz out of entire frequency spectra (0-26 

THz). By taking into account the anharmonic effects into the phonon calculations, the lattice 

thermal conductivity of γ-LiAlO2 was obtained and it was found to be in good agreement over a 

wide range of temperatures with the available experimental data. By increasing temperature from 

0 K up to 1500 K, the phonon free energies for both γ-LiAlO2 and 6Li isotope substituted γ-
6LiAlO2 are decreased while their entropies are increased.  The optical conductivity at low 

wavelengths (50-300 nm) is due to VB-CB hopping. 
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3 Defect Chemistry of γ-LiAlO2, Li2ZrO3, and Li2TiO3 
 
 

3.1  Introduction 

Ceramics such as γ-LiAlO2, Li2TiO3, and Li2ZrO3 are considered candidates for their 

suitability as blanket materials in tritium-producing burnable absorber rods (TPBARs) [1-3]. 

After reacting with neutrons, lithium is readily converted to tritium (T, which is a 3H isotope) in 

the lithium ceramic breeder blanket [4], and the bred tritium is further recovered from the blanket 

as HT and HTO with the addition of hydrogen to the purge gas. The defects and structural 

disorder may enhance the diffusion of Li and tritium within TPBAR materials. Due to lack of 

fundamental data such as hydrogen isotope solubility and diffusivity, currently, a detail 

understanding of the tritium transport in ceramic pellets and across barrier/cladding system is 

still not available [5-11].  

In this study, we focus on DFT modeling of the trends in defect stability among the three 

material systems for the TPBAR applications. While the obtained defect energetic database can 

be further incorporated into ab initio based thermodynamic modeling to predict concentration of 

the defect species under equilibrium conditions [12-14], the defect concentration in the TPBARs 

blankets may be shifted from the equilibrium conditions due to the irradiation effects. 

Nonetheless, it has also been suggested that correlations exist between the annihilation of 

irradiation defects and the tritium release behavior of solid tritium breeding materials irradiated 

with neutrons [15-17], indicating not only tritium diffusion but also the interactions between 

tritium and irradiation defects could play important roles for the TPBAR applications. As a first 

step, we perform a comprehensive investigation of the thermodynamic defect stabilities among 

the three TPBAR materials γ-LiAlO2, Li2TiO3, and Li2ZrO3 under various conditions, to serve as 

a theoretical foundation to cross validate with experimental characterizations as well as for 

providing guidance to model quantitatively the tritium transport and release in TPBAR materials. 

Such first principles based computational results can be combined with phase diagrams analysis 

for phase stability of the TPBAR materials.  
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3.2  Theoretical method 

 

Spin polarized DFT calculations were performed with the Vienna Ab-initio Simulation 

Package (VASP)[18] using the Perdew–Burke–Ernzerhof (PBE) exchange-correlation 

functional,[19, 20] the Projector Augmented Wave (PAW) method,[21] and the plane wave basis 

sets with a cutoff energy of 550 eV. 2×2×2 128-atom, 2×1×2 96-atom, and 2×1×1 96-atom 

perfect bulk supercells are created for γ-LiAlO2, Li2ZrO3, and Li2TiO3, respectively, from the 

optimized unit cells relaxed through DFT. The atomic positions of the defect containing 

supercells are then internally relaxed with fixed lattice constants and cell angles of the fully 

relaxed perfect bulk supercells.  

The atomic positions in the defect supercells were relaxed at constant volume until the 

individual forces on each atom were <0.01 eV/Å. On the basis of the convergence tests of defect 

energies with the supercell size, the 2×2×2 LiAlO2, 2×1×2 Li2ZrO3, and 2×1×1 Li2TiO3 

supercells with 2×2×2 Monkhorst−Pack kpoint grid were used for defect calculations. 

The calculated band gaps of γ-LiAlO2, Li2ZrO3, and Li2TiO3 are 5.1 eV, 3.9 eV, and 3.1 eV 

respectively, which may potentially be underestimated due to inherent self-interaction error 

within the level of the DFT method using the Generalized-Gradient-Approximation (GGA) PBE 

functional. In this work, we focus on trends in defect stability among the three material systems 

for the TPBAR applications at the PBE level. These trends at the PBE level in defect stability 

among the three material systems for the TPBAR applications are expected to be sustained when 

using hybrid functionals to improve description of the band gaps [22]. 

Perfect (non-defective) bulk and point defect formation energy analysis was performed using 

the PyCDT module [23] based on the open-source Python Materials Genomics (pymatgen) 

software and the Materials Project database[24] for γ-LiAlO2, Li2ZrO3, and Li2TiO3. The 

thermodynamic formalism proposed by Zhang and Northrup[25] was employed to calculate the 

formation energy of a point defect of type X with charge q, ΔEform(Xq): 

 

ΔEform(Xq) = ET
defec

 (Xq) − ET
perf [bulk] +Σ niߤ௜ + qߤ௜  + Ecorr    (1) 

 

where ET
defec

 (Xq) is the total energy of defect supercell, ET
perf [bulk] is the total energy of bulk 

supercell, μi is the chemical potential contribution due to the removal or addition of the atom, ni 
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is the number of atoms removed or added in the supercell, μe is the Fermi level (chemical 

potential of the electron), and Ecorr is the correction term. The implementation of the PyCDT 

module for the first principles based defect stability analysis has also been applied to the Cr2O3 

material system in a recent study by Medasani et al. [26]. Table 3.1 summarizes the calculate 

charge defect species in the three γ-LiAlO2, Li2ZrO3, and Li2TiO3 phases. Figure 8 shows their 

structures. 

To correct for the long-range Coulomb interactions of charged defects between finite size 

periodic supercells, an extended Kumagai scheme[27] for the electrostatic correction method 

developed by Freysoldt et al.[28], which takes into account the anisotropy of the γ-LiAlO2, 

Li2ZrO3, and Li2TiO3 phases, was applied to calculate Ecorr. 

Defect stability under various external environments was further accounted for by the setting of 

chemical potentials of the metal cations, oxygen anions, and tritium in metal oxides, and can be 

calculated using eq. 1. The elementary chemical potentials are selected from the computed entries in 

the Materials Project database based on the specified lower order phases formed by the constituent 

elements, as described in more detail at the beginning of Section 3.3.  In most of the defect chemistry 

analysis results described below, hydrogen was used instead of tritium. It is noted that in this work 

only the 0 K DFT-computed phase stability is used for the analysis of defect stability among the γ-

LiAlO2, Li2ZrO3, and Li2TiO3 phases. The effects of pO2, pH2, and temperature are neglected in the 

present work but can be further incorporated through ab initio thermodynamic analysis by varying 

chemical potentials of the elements as a function of pO2, pH2, and temperature [12, 13]. 

 

3.3  Results and Discussion 

 

Since oxygen activity is difficult to be measured as a unique quantity for the material system 

due to local chemical variations that can result in different gas phase composition/activity, two 

contrast scenarios are selected to demonstrate the quantitative changes in defect stability between 

the two corresponding chemical potential conditions: the oxygen-rich condition and the metal 

hydride rich condition. The latter condition is considered based on the experimental observation 

that metal hydride could be formed preferentially along the grain boundaries of the blanket 

materials[29] or regions that are closer to the metal getter materials. 
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Figure 9 shows the calculated defect formation energies of the charged defect species as a 

function of the Fermi level for γ-LiAlO2, Li2ZrO3, and Li2TiO3 phases under the Li2O2–O2–LiOH 

(oxygen-rich) condition. In the plots of Figure 9, the valence band maximum (VBM) of the 

perfect bulk is chosen as the reference energy and the vertical dashed dash lines in the plots 

indicate the conduction band minimum (CBM) as well as the band gaps. The formation energies 

of the defect species at different charge states listed in Table 3.1 are labeled in the right-hand-side 

legend of Figure 9. The slopes of the lines reflect on the charge state of the defect species and are 

also partially labeled in the first plot shown. Since the defect calculations are based on the same 

DFT-PBE functional, the calculated defect formation energies and the transition energy levels of 

the Ti vacancy and O vacancy in Li2TiO3 are consistent with those reported by Murphy et 

al.[12], whereas the Li vacancy formation energy is shifted down by approximately 0.5 eV due 

to use of different Li chemical potential references (Li2O2 in Figure 9 vs. Li2O in Ref. [12]). 

Overall, the calculated Li2TiO3 defect stability results shown in Figure 9(c) are in good 

agreement with those reported in the previous DFT-PBE studies [12, 13], which indicates the 

charged defect analysis based on  the PyCDT module [23] can be systematically utilized as a 

robust DFT defect modeling platform for extracting defect stability trends among different 

materials and phases. 

For a given material system, one of the defect species that exhibit a prominent change in 

defect stability between the two selected chemical conditions is the HO substitutional defect 

(another defect species is the metal vacancies which exhibit an opposite change vs. HO in the 

stability between the two chemical conditions), as shown in Figure 10 vs. Figure 9. It can be seen 

in Figure 9 that formation of the HO substitutional defects is highly energetically unfavorable 

under the Li2O2–O2–LiOH (oxygen-rich) condition at T= 0 K, due to the large defect formation 

energies (+4~9 eV). The HO substitutional defect can become greatly stabilized under or metal 

hydride-rich condition, as shown in Figure 10 where the selected chemical potential Li3Al2-

Li5AlO4-LiH, Zr3O–ZrO2–ZrH2, and LiTi2O4–LiTiO2–TiH2 conditions for the γ-LiAlO2, Li2ZrO3, 

and Li2TiO3 systems are generated by the Python Materials Genomics (pymatgen) software and 

the Materials Project database[24],  or in oxygen-poor condition at high temperatures[13]. The 

results revealed in Figure 10 indicate a significant stabilization of the HO substitutional defect 

relative to those in the oxygen rich condition. It was also pointed out by Murphy [13] that the 

hydride ion occupying a doubly positively charged oxygen vacancy (i.e., HO
1+) is the stable 
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species in Li2TiO3 under oxygen-poor conditions at high temperature (T=1000K). By comparing 

the HO formation energy trends in both the oxygen-rich and metal-hydride rich conditions among 

the three material systems, the stability order found is as follows: γ-LiAlO2 > Li2ZrO3 > Li2TiO3.  

 

3.4  Summary 

In this work, a systematic defect stability analysis as a function of electron chemical 

potential under two selected chemical potential conditions (oxygen-rich and metal hydride rich 

conditions) is performed for the γ-LiAlO2, Li2ZrO3, and Li2TiO3 materials for the TPBAR 

applications, based on the DFT-PBE modeling and the PyCDT module [23] as implemented in 

the framework of Python Materials Genomics and the Materials Project database[24]. The 

calculated defect stability results of Li2TiO3 are in good agreement with the previous results by 

Murphy et al. [12, 13], whereas the thermodynamic analysis using the PyCDT module of 

pymatgen allows to consistently extract the defect stability information for comparison among 

the selected materials systems. Our results demonstrate that the HO substitutional defect can 

become more stable under oxygen-poor or hydrogen-rich conditions, which is consistent with the 

experimental observations that tritium trapping/detrapping at oxygen vacancies could potentially 

control the tritium release and transport in the TPBAR materials [15-17]. The extracted HO 

formation energy trend under the metal hydride rich condition (also the oxygen rich condition) is 

as follows: γ-LiAlO2 > Li2ZrO3 > Li2TiO3. Overall, our results provide a theoretical foundation 

to further cross validate with experimental defect configurations/characterizations in the TPBAR 

materials as well as in a wide range of chemical potential conditions.   
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Figure 8 The crystal structures of (a) γ-LiAlO2, (b) Li2ZrO3, and (c) Li2TiO3 phases investigated in 
this work. Symmetry distinct Li and O sites labeled with different superscripts are presented in 
green (light, dark, and olive) and red (light, dark, and magenta) color, respectively. Blue atoms 
in the center of polyhedra are the metal cations of Al, Zr, and Ti (with light and dark blue for 
different Ti site). 

 

 
 

 
 
Figure 9 The calculated defect formation energies of the charged defect species of (a) γ-LiAlO2, 
(b) Li2ZrO3, and (c) Li2TiO3 phases as a function of Fermi level (EFermi) under the Li2O2–O2–
LiOH (oxygen-rich) condition. For the Fermi level, the valence band maximum (VBM) of the 
perfect bulk is chosen as the reference energy and the vertical dashed line in the plots indicates 
the conduction band minimum (CBM) as well as the band gap of the material. Due to the large 
scale of the y-axis that spans a 16 eV range, energy differences for a given defect species at 
symmetry distinct sites are within the line width and therefore not presented in the plots. 
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Figure 10 The calculated defect formation energies of the defect species as a function of Fermi 
level (EFermi) under the (a) Li3Al2-Li5AlO4-LiH, (b) Zr3O–ZrO2–ZrH2, (c) LiTi2O4–LiTiO2–TiH2 
conditions for γ-LiAlO2, Li2ZrO3, and Li2TiO3 respectively. For the Fermi level, the valence 
band maximum (VBM) of the perfect bulk is chosen as the reference energy and the vertical 
dashed lines in the plots indicate the conduction band minimum (CBM) as well as the band gap 
of the material. Due to the large scale of the y-axis that spans a 16 eV range, energy differences 
for a given defect species at symmetry distinct sites are within the line width and therefore not 
presented in the plots. 
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Table 3.1 Charge states of the defect species calculated in this work. The defect species include 
Li vacancy (VLi), metal vacancy (VM; M= Al, Zr, and Ti), oxygen vacancy (VO), 3H substitution 
on a Li site (3HLi), 3H substitution on an oxygen site (3HO), and 3H interstitial in the crystal 
(3Hint). The superscript “3” in front of H is to denote it as a hydrogen-3 isotope. The number of 
symmetry distinct sublattice sites in the structure is presented in the parenthesis in the columns 
of “Sites”.  

Defect type Label 

γ-LiAlO2 
(2×2×2, 128-atom-

cell) 

Li2ZrO3 
(2×1×2,   

96-atom-cell) 

Li2TiO3 
(2×1×1, 

 96-atom-cell) 

Sites Charge Sites Charge Sites Charge 

Vacancy 

VLi Li(1) 0, -1 Li(2) 0, -1 Li(3) 0, -1 

VM Al(1) 
0, -1, -2, 

-3 
Zr(1) 

0, -1, -2, 
-3, -4 

Ti(2) 
0, -1, -2, 

-3, -4 

VO O(1) +2, +1, 0 O(2) +2, +1, 0 O(3) +2, +1, 0 

3H Substitution 

3HLi Li(1) +1, 0, -1 Li(2) +1, 0, -1 Li(3) +1, 0, -1 

3HO O(1) +1, 0, -1 O(2) +1,0, -1 O(2) +1,0, -1 

3H Interstitial 3Hint Int(n*) +1, 0, -1 Int(n*) +1, 0, -1 Int(n*) +1, 0, -1 

Total defect 
configurations  

15+3×n* 27+3×n* 40+3×n* 

n*: number of configurations from manual insertion of 3H (n*≥3) 
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4 Tritium Diffusion Pathways in γ-LiAlO2 and Li2ZrO3 

 

4.1 Background 

 

In sections 2 and 3, we discussed the bulk properties and the defect chemistry of the ceramic 

materials γ-LiAlO2 and Li2ZrO3.  Another important property which we want to discuss next is related to 

the diffusion pathways of tritium (T) species. The understanding of the fundamental properties, in 

particular related to defect chemistry, is of vital importance to identify the corresponding diffusion 

mechanism. A recent molecular dynamics simulation on defect accumulation and ion transport in LiAlO2 

revealed that at 573 K a rapid lattice disorder (0.1~0.2 displacement per atom) takes place at a 

sufficiently high simulated neutron irradiation dose leading to full amorphization of the lattice and an 

increase in Li diffusivity by 30 times [1].  The Li diffusion in this material has been studied using ab 

initio methods [2]. There are also experimental results available for Li diffusion using different 

techniques [3, 4, 5]. Shah et al [6, 7] performed ab initio calculations to understand the dependence on 

temperature of the T diffusion mechanism in Li2O, and predicted that an upper limit of T diffusion 

barrier is 0.45 eV corresponding to interstitial T diffusion. In addition to that, it is unclear whether T 

exists as an interstitial or as a substitutional defect. Despite the availability of Li diffusivity data, so far T 

diffusion mechanism in the ceramic pellets is not well understood.  Here we present the results of first-

principles density functional theory (DFT) calculations of interstitial and substitutional T defects, 

hydroxide (O-T) vacancy defect, the interaction of T with O-vacancies in ceramic materials γ- LiAlO2 

and Li2ZrO3, and provide an understanding of how such defects hamper the diffusivity and solubility of 

T. By considering several different diffusion pathways, we examine the possible activation barrier 

heights of T as well as of O-T species as single entities when migrating as an interstitial defect or as a 

substitutional defect. To follow the experimental approach of obtaining results at different T 

concentrations, we calculate the T diffusion behavior at various concentrations in the crystal. Our results 

show that the smallest activation barrier height is 0.63 eV and corresponds to the substitutional T 

diffusion. The smallest O-T diffusion barrier height is found to be 3.5 eV which is several times higher 

than that of the T alone diffusion. This finding suggests that O-T diffusion as a single entity is less 

probable. 
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4.2 Computational Method 
 

We use first principles DFT approach with Perdew-Burke-Ernzerhof (PBE) functional [8, 9] based 

on the generalized gradient approximation (GGA) as implemented in the Vienna ab initio Simulation 

Package (VASP) [10, 11]. The core electrons are represented by projected-augmented wave (PAW) 

method. The plane wave cut-off energy of 400 eV is used, and the total energy convergence is obtained 

within an accuracy of 0.01 eV.  For higher cut-off energies, lattice parameters are changed by less than 

0.02 Å, suggesting that an acceptable energy convergence criterion has been met. The reciprocal space 

integration is performed with the Monkhorst-Pack grid of 7x7x7 for the unit cell structure, and the 

energy convergence of 10-6 eV was achieved. The structures are fully relaxed until a threshold of 0.01 

eV/Å was achieved prior to the calculations of defect and diffusion properties. Diffusion calculations 

were performed using a 2x2x2 supercell (corresponding to Li32Al32O64 system) for which a 2x2x2 

Monkhorst-Pack grid was used to sample the Brillouin zone. The climbing-image nudged elastic band 

approach (cNEB) was used to map the diffusion pathways among different local minima. 

 

4.3 Diffusivity and Solubility in LiAlO2 
The six vertices of XO4 (X = Li, Al) tetrahedra form a slightly distorted three dimensional (3D) 

hexagonal geometry around the center of the unit cell. The distorted 3D hexagonal geometry consists of 

two opposite facets of nearly rectangular shape each lying nearly in the (110) plane with different metal 

tetrahedra sharing one edge diagonally as shown in the Figure 11.  

Neutron irradiation of the -LiAlO2 can induce different types of defects and vacancies. An 

important question is to understand how T diffuses in the defected crystal. When a Li is substituted by T 

as a substitutional defect (Ts), it makes a hydroxide type bond with the nearby O. The Ts leaves Li 

vacancy (VLi) position and moves toward O by 0.91 Å. This is the most stable position of the Ts. The 

calculated distance of OT bond in this case is 0.98 Å and is directed toward the VLi. We find that rotation 

of OT bond in (101) plane by 25° to position the entire OT group for migration as discussed in section 

4.3.4 increases repulsive interaction 0.2 eV. Similarly, an interstitial T (Ti) and O bond has no rotational 
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symmetry around O, and therefore, Ti cannot freely move around O unlike one find in case of Li2O 

system [3]. Here we have three species of atoms that create a less symmetric environment in the crystal.   

 

4.3.1 Substitutional T (Ts) migration 

 

The analysis of the migration properties of T at low concentration levels can provide a valuable 

insight, and can be directly correlated with future experimental observations on T diffusion properties. 

This has been done by considering a Ts in a 2x2x2 supercell (3.12 % concentration) containing a total of 

128 atoms. The Ts associated with a particular VLi in one of the LiO4 tetrahedra in the distorted 

hexagonal structure, as shown in the Figure 11, can migrate to other empty LiO4 tetrahedron either in the 

same structure or in the one lying adjacent to it. When Ts moves to VLi in the first nearest neighbor (1st 

NN, see Figure 12 for the definition of NN) position, the most probable pathway is to migrate along the 

facet of distorted hexagon. In this case, we calculate an activation energy barrier (Eୟୡ୲) to be 0.63 eV as 

shown in the Figure 12 a. The energy barrier of 0.58 eV for Ts migration in Li2O [6, 7], and 0.65 eV for 

the Li migration in γ -LiAlO2 have been reported [2]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 11 Unit cell of ઻ –LiAlO2 (a), the shared edges of XO4 (X = Li, Al) tetrahedra (green color-Li 
tetrahedra, and light blue color-Al tetrahedra) are highlighted with yellow color and lie opposite facet of 
the 3D hexagonal structure (b). 
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In the Figure 12 b and c, we also show that Eୟୡ୲ when Ts migrates to VLi position located at 2nd and 3rd 

NN neighbors whose optimized distances are 4.18 Å and 4.94 Å, respectively. In a distorted hexagon, as 

shown in the Figure 11 a, 2nd NN lies in the diagonally opposite corners, whereas 3rd NN neighbor forms 

one of the vertices of the adjacent distorted hexagon. In each case, T migrates by making a bond with O, 

rotating about O, and finally breaking the bond. The Eୟୡ୲ for migration to 2nd NN VLi position is found to 

be 1.51 eV while for migration to the 3rd NN VLi it is 0.86 eV. The peak in the barrier while migrating to 

2nd NN VLi position arises due to an inward pulling of OT bond toward the center of the distorted 

polygon that leads to a higher repulsive force.  During the diffusion, the OT bond rotates by an angle of 

48° in (101) plane around O, process that requires an energy of 0.85 eV. There is region of higher 

repulsion in between two distorted polygons through which T moves while migrating to 3rd NN VLi 

position. 

 

 

1st NN  
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Figure 12 Activation energy barriers and transition pathways for Ts migration to the 1st (a), 2nd (b), and 
3rd (c) NN VLi position for which the distances are 3.12, 4.18 and 4.94 Å, respectively.  In Figure (d) we 
present the transition states for the peak positions in (a), (b), and (c). The purple arrow indicates a 
transition direction. The green, blue, red and purple color spheres are for Li, Al, O and T respectively. In 
this Figure, we also show the tetrahedra around each Li vacancy. 

 

  The orientation of the OT group at the transition state is made possible by stretching O-Li 

bonds that leads to a peak in the migration profile energy as it passes by the empty space. 

Our results for T diffusion are consistent with the results for Li diffusion between VLi sites in γ 

–LiAlO2 [11]. It is to be noted that center of the hexagon is a point of high symmetry where interaction 

between T and O is long range. The Table 4.1 summarizes the energy barriers for vacancy assisted 

diffusion.  

We also calculate activation barriers when two Ts (6.25 % defect concentration) are at the 1st NN 

VLi positions, and are diffusing to the VLi positions each of which is a 3rd NN at distance of 4.94 A from 

each Ts (not shown here). The activation energy barrier is found to be 1.54 eV. This is higher by 0.68 eV 

than the single Ts migration barrier to 3rd NN. 

 

Table 4.1 Activation energy for a substitutional T 

Nearest Neighbor 1st NN 2nd NN    3rd NN 

Distance (Å) 3.12 4.18 4.94 

Activation Energy (eV) 0.63 1.51 0.86 

 

 

4.3.2 Interstitial T (Ti) migration  

 

In the interstitial migration with a Frenkel defect (with a Ti and a VLi), Ti passes through the center of 

hexagon which is a region of high symmetry and the empty region as shown by the shaded plane in the 

Figure 13 c. As Ti passes through the center, first O moves inward as it forms a bond with Ti stretching O-Li 

bonds by around 1 Å, and then OT bond breaks as Ti moves further. This increases a repulsive interaction of 
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Ti with neighboring Li’s giving rise to a peak barrier of 1 eV (peak A). As the Ti moves through the shaded 

region it passes the region of high symmetry that give rises to the peak B in the Figure 13 a. 

To study the correlated motion of T, we calculate the energetic of the transition states for two Ti migrations 

to VLi positions. The initial state in this case is higher by 0.85 eV than single Ti migration as can be seen 

from the energy difference of the initial images in the Figure 13 a and b. The activation barrier in this case is 

obtained to be 1.29 eV.  

 

Figure 13 Interstitial migration of one Ti (a), and two Ti (b) to VLi. The corresponding transition states 
for (a) is shown in (c) for peaks A and B (region between two hexagons is shown by the shaded orange 
plane), and the transition state for (b) is shown in (d) for the highest peak position.  The color codes are 
as shown. 

 

4.3.3 Li-T correlated migration 

 

Next, we proceed to calculate migration pathways for correlated motion of Li and Ts. In the Figure 

14 we present an activation energy barrier profile for a Li and a Ts swapping their positions when T is 

substituted in the 1st, 2nd and 3rd NN VLi positions. First, a Li moves and a vacancy is created in each 
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case. Then Ts migrates to VLi position. To reduce repulsive interaction energy and force imbalance, Ts 

migrates by forming a OT bond, and the migrating Li can take pathways through the middle of the 

distorted hexagon while moving to such as VLi which is 2nd NN. In case of 2nd NN, the barrier is 

significantly higher than 1st and 3rd NN position swapping due to a highly-curved migration pathway of 

Ts as it diffuses outside of hexagon while Li migrates diagonally through the middle region. The other 

possibility would be Ts taking a diagonal pathway while Li moves by a curved path. This mechanism 

would have an increased repulsive interaction as radius of sphere for minimum O-Li bond should not be 

less than 1.96 Å.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14 The schematic of migration energy pathways for Li and T swapping their positions at (a) 2nd 
NN, and 3rd NN vacancy positions. The activation energy barriers for (b) 1st, (c) 2nd and (d) 3rd NN 
migration by swapping positions are 1.18 eV, 2.78 eV and 1.51 eV, respectively. The arrows in (a) are 
pathways for Li (green) and for T (dark blue). The atom color codes are as shown. 

 

4.3.4 OT migration  

So far, we have discussed the defects and diffusion mechanisms for substitutional, interstitial, and 

Li-T correlated migrations. The other important type of vacancy creation in the radiation damaged 
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crystal is bound O and Li vacancy (VOLi). These vacancies can be occupied by migrating hydroxyls (OT) 

from neighbor sites depending up on the activation barriers. To study the OT diffusion mechanism and 

explore the pathways, we perform calculation for O and substituted T migrating as a bound entity to the 

1st, 2nd and 3rd NN VOLi positions. As shown in the Figure 15, the activation energy barrier is 2.17 eV for 

the OT migration to the VOLi available at the 1st NN position, while it is 4.23 and 3.44 eV, respectively 

for the OT migration to the VOLi available at 2nd and 3rd NN position. It is again to be noted that while 

migrating to the VOLi at the 2nd NN position, barrier is higher than for the migration to the VOLi at 1st and 

3rd NN position. This is because OT passes through the highest symmetry region (moving around the 

center of hexagon) along with a rotation of the OT bond by approximately 25o in a-c plane. As OT 

migrates to VOLi available at 3rd NN position, it passes through the empty region between the two 

hexagons where it experiences the highest repulsive interaction from the nearby ions which leads to a 

barrier of 3.44 eV as shown in the Figure 15 c.  

 

4.3.5 Higher concentration of Li defect and T 

 

The activation energy barrier for T diffusion can change with the increasing number of VLi and T 

in the system.  In experiment, neutron irradiation can create randomly distributed Li vacancies, and after 

recoil T can occupy either one of those vacancies or the interstitial site. In the thermodynamics 

equilibrium, the occupation probability of vacancies and interstitial sites by atoms is directly 

proportional to the Boltzmann factor, ݁
ି

ಶ
಼ಳ೅ , where ܭ஻ is a Boltzman constant and E is the energy 

barrier, times the number of available vacancies and other empty sites around the diffusing atoms. The 

occupation probability can be affected by the interaction energy of diffusing atoms with the surrounding 

environment as occupancy can decrease with increasing repulsive interaction and vice versa. The other 

important factor is that higher defect concentration can reduce symmetry of the system. In a system 

where symmetry is lowered, interaction can be significantly increased due to anisotropy in force, leading 

to a change in energy barrier for diffusion. It is computational intensive in DFT to calculate at higher 

concentration as it requires a large defective supercell size. Nevertheless, it is always possible to obtain 

some insight on the effect of increasing number of defects on the diffusion barriers and the pathways.  

As an example, we calculate the diffusion barrier by taking four Frenkel defects (VLi + Ti). The 
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calculated energy barrier is 3.41 eV. This energy barrier is higher by 2.51 eV for Ti diffusion in case of 

one Frenkel defect and 2.12 eV for Ti diffusion in case of two Frenkel defect.  

 

 

Figure 15 The OT diffusion to the bound Li and O vacancy (VOLi) at (a) 1st NN, (b) 2nd NN, and (c) 3rd 
NN. The energy activation barrier in each case is 2.17 eV, 4.23 eV, and 3.44 eV. The Figure d shows a 
transition state of OT migrating to 3rd NN position. The color codes are as shown. 

 

4.3.6 Diffusion Coefficient 

 

Using the Einstein-Smoluchowski relation [12], it is possible theoretically to calculate the 

diffusivity and probability of jump per second for T diffusing to nearest empty site.  The diffusion 

coefficient can be written as ܦ =
௔మ

௖ఛ
 , where a and ߬ are average distance and time between two jumps, 

respectively, and c is 2 in 1D, 4 in 2D, and 6 in 3D. The quantity  ߬  is proportional to the Boltzmann’s 
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factor that gives a probability of jump from one site to other. Therefore, diffusion coefficient can be 

written as  
 

Tk

QE

o
B

Vm

zeR
a

D





6

2

, where oR  is attempt frequency, and z is coordination number. The mE  

is the migration barrier, and VQ  is the energy to form a vacancy. The probability of jump can be 

obtained from 
 

Tk

QE

o

B

Vm

e
zR




1 . Assuming that we have crystal with a vacancy ( 0VQ ), and using the 

smallest energy barrier of 0.63 eV obtained for a substitutional T migrating to the 1st NN, we obtain 

about 1400 jumps/s at 300 K, whereas about 2 million jumps/s at 600 K.  

 

 

 

 

 

 

 

 

 

 

Figure 16  Diffusion coefficient in Log scale for LiAlO2 

 

The calculated diffusion coefficient is shown in the Figure 16. From this, it is possible to obtain a 

qualitative description of the diffusivity of T in a low Li defect concentration limit.  

 

4.4 Diffusivity and Solubility in Li2ZrO3 
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The crystal of Li2ZrO3 has monoclinic structure and has a symmetry of C2/c [13]. The symmetry is 

greatly lowered as compared to LiAlO2 (P41212). The details of the lattice parameters and structures are 

calculated by us previously, and can be found in the ref. [14]. In LiAlO2 crystal, due to its high 

symmetry, there were several diffusion pathways possible as many of them are equivalent in term of 

energy barrier. However, in Li2ZrO3, due to its low-symmetry in nature, diffusing atom can have fewer 

number of isotropic diffusion pathways. 

  

Figure 17 The monoclinic lattice (a) and two-layer model structure (b) of LiZrO3. The two layers in (b) 
are formed by Li[1] in combination with O and Li[2] in combination with Zr and O. Li[1] and Li[2] 
represent the first and second type atoms of Li.  Color codes are as shown on the top. 
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Figure 18 The vacancy assisted migration of the T in layer 1 and layer 2. The diffusion energy barrier 
for the migration within layer 1 is 0.32 eV (a) while within the layer 2 is 0.3 eV (b). 

 

In the Figure 17 we present a lattice structure (a) and a model of two-layer structure (b) where first 

and second types of Li atom in combination with Zr and O form two alternating layers lying 

perpendicular to b axis. It is to be noted that in addition to the Li, there are two types of O based on the 

symmetry, O[1] bonded to Li[2] and O[2] bonded to Li[1]. The calculated bond lengths O[1]-Li[2] and 

O[2]-Li[1] are, respectively, 2 Å and 2.14 Å. Therefore, diffusing atom can see a different oxygen 

environment during migration. 

 

4.4.1 Substitutional diffusion 

 

We first replace a Li and substitute by a T in the layer 1 formed by Li[1], Zr and O. We create also 

a Li vacancy in the same crystal. The activation energy barrier in this case is calculated to be 0.32 eV. T 

migrates by forming a bond with O lying close to it as shown in the Figure 18 a. We call this as intra-

layer diffusion. In similar case but when diffusion of T occurs in the layer 2, activation energy barrier is 

obtained to be 0.3 eV as shown in the Figure 18 b. The experimental result of activation energy barrier 
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for T diffusion in Li2ZrO3 is 0.52 eV [15], which is about 0.2 eV off by our calculated minimum energy 

barrier. When a substituted T from layer 2 diffuses to VLi1 (between layer 1 and layer 2) along b 

direction, we find a resonant transition state exactly in between the VLi1 and VLi2. In this case, the barrier 

is close to zero and T can be stable in between these two vacancies as shown in the Figure 19. But when 

it diffuses to VLi1 along another possible direction as shown in Figure 19 c, the barrier is found to be 

0.41 eV. The different energy barrier is due to the different O environment that T is subjected to while 

diffusing.   

In case of longer migration path over the distance in which the potential scape changes, energy 

barriers can also change. We calculate for the case when T diffuses a distance of 4.31 A (layer 1 to layer 

2) and 7.16 A (within layer 1) as shown in the Figure 20. In the first case, we obtain energy barrier of 

0.45 eV while in the latter case we obtain energy barrier of 1.3 eV. The second migration, particularly, is 

interesting because it connects two different planes each formed by combining Li[1] and Li[2] layers as 

shown in the Figure 20. 

 

 

Figure 19 Vacancy assisted migration of T when diffusing from the layer 1 to the Li vacancy located at 
layer 2. While diffusing along b (b) T experiences no barrier but while diffusing to the other direction as 
shown (c), the energy barrier is 0.41 eV. 
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Figure 20 Shaded planes formed by Li[1] and Li[2] layers, oriented along c-direction. The long 
migration of 7.16 Å connects opposite points of two adjacent planes. 

 

4.4.2 Interstitial diffusion  

 

Consider a VLi in the layer 1 and an interstitial T from the layer 2 (a Frenkel defect).  The T is 

diffusing to the VLi (a Frenkel defect) as shown in the Figure 21 a. The activation energy barrier is found 

to be 0.6 eV (Figure 21 c) for this case, whereas when T diffuses within the same layer (Figure 21 b), it 

is decreased by almost half (Figure 21 d). In previous case, diffusing T atom experiences a repulsive 

interaction due to change in O environment.   
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Figure 21 The interstitial migration: T migrates from interstitial position in the layer 2 to VLi1 (Frenkel 
defect recombination) (a), and within the same (b). The energy barrier in the former case is 0.6 eV, and 
in the latter case is 0.34 eV. 

 

4.4.3 Bottle neck pathway for T diffusion 

 

A set of parallel strips, with each strip having the Li[1] and Li[2] atoms and extending along c 

direction and perpendicular to a-c plane, are shown in Figure 22. Two strips are connected by a bottle 

neck pathway (See Figure 22) between Li[2] atoms in the adjacent strips. The distance between two 

bridging bottle necks is 5.4 Å. Therefore, mainly the diffusion is dominated by diffusion within a strip. 

As soon as a Li[2] vacancy is available in the adjacent strip, T makes a jump to recombine with the 

vacancy as indicated by a narrow cylindrical channel in the Figure 22. The energy barrier for inter-strip 

migration is found to be 0.3 eV and is a minimum diffusion barrier for Li2ZrO3. Our finding is in 

agreement with the results obtained from the experiment for the Li diffusion in this material as reported 

in the ref. [16]. The jump between nearest bottle neck pathways is highly unlikely as the energy barrier 

for that, as discussed in Section 4.4.1, is 1.3 eV which is 1 eV higher than the energy barrier for 
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migration along the bottle neck pathway. As observed in the experiment, at higher temperature jump via 

the bottle neck pathway can affect significantly to the ionic conductivity. At around 750 K a rise was 

observed in the ionic conductivity showing that Li atoms are diffusing from one strip to the Li vacancy 

available in the adjacent strip. Therefore, understanding of diffusion along the bottle neck pathway could 

be of important for example, in tritium transport experiment where the operating temperature is above 

650 K.  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 22 Diffusion of T between two strips happens through a bridge connecting them by two Li[2] 
atoms. The bridge allows T migration as soon as there is a vacancy available in the adjacent strip. 
Mainly, diffusion is dominated by a migration within a strip. Unless a Li[2] type vacancy is available in 
the adjacent strip, it is highly unlikely that inter-strip diffusion is possible.  

 

 

4.4.4 Diffusion coefficient  

 

In the Figure 23, we present diffusion coefficient calculation using the activation energy of 0.3 eV 

as a function of temperature. It is to be noted that our calculation gives a qualitative description of the 

diffusion coefficient. A detail picture of diffusion coefficient requires a calculation of root mean square 
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averaging of atomic position and use Einestien-Smoluchowski equation in molecular dynamics (MD) 

simulation. The calculated diffusion coefficient at 300 K is 1.2 x 10-12 which is 5 orders of magnitude 

higher than in case of LiAlO2 at the same temperature. At 300 K, there are around 10 million jumps/s 

whereas at 600 K, it is 4 billion jumps/s.  

 

 

 

 

 

 

 

 

 

Figure 23 Diffusion coefficient in Log scale for Li2ZrO3 

 

 

4.5 Summary  

We studied the diffusion mechanism of 3T and OT species in order to provide an understanding 

of the effects on diffusion due to the presence of interstitial and substitutional Li defects, hydroxide (O-

T) vacancy defect, and of the interactions of 3T with O-vacancies in ceramic materials γ- LiAlO2. We 

considered different diffusion pathways and calculated the activation energy barrier of 3T and that of O-

T as a single bound entity while migrating as interstitial defects or as substitutional defects in a 2x2x2 

supercell. Our results showed that the smallest activation energy barrier and the diffusion coefficient are 

0.63 eV and 3.25x10-12 m2/s, respectively corresponding to the substitutional 3T diffusion to the 1st NN 

Li vacancies in LiAlO2. The smallest energy barrier for OT migration was found to be 2.17 eV 

corresponding to diffusion to the 1st NN Li vacancies. This diffusion coefficient in this case was 
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calculated to be 3.56x10-25 m2/s. We also studied the correlated motion of T and Li and found that the 

smallest activation energy barrier is 1.18 eV, and the diffusion coefficient is 3.82 x 10-27 m2/s, 

corresponding to Li-T diffusion to the 1st NN position. We also studied the higher order concentration of 

the defects and 3T in 2x2x2 supercell. But we found that the diffusivities to be several orders of 

magnitude smaller than single defect in supercell of the same size.  
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5. Summary and further work 
 

By using density functional theory (DFT), in this study, we investigated the solubility and 

diffusivity properties of tritium ( Tଵ
ଷ ) in the blanket candidate materials LiAlO2 and Li2ZrO3 for TPBARs 

to enable Tଵ
ଷ   production in PWRs and to enhance the performances of these components.  

The blanket material LiAlO2 is stable at high temperatures, characteristic that enables an efficient 

production of Tଵ
ଷ . In this porject we focused to identify the mechanisms associated with atomic Tଵ

ଷ  

formation, diffusion, transport, deposition, and the kinetics at high temperature.  

Using a combined DFT and lattice phonon dynamics approach, we calculated the electronic, 

optical, thermal conductivity, and thermodynamic properties of γ-LiAlO2 and 6Li isotope substituted γ-
6LiAlO2. After substituting 7Li with 6Li isotope in γ-LiAlO2, the lattice phonon frequencies have 

changed, and modifications in the range 5-15 THz out of entire frequency spectra (0-26 THz) have been 

evidenced. We have also calculated the lattice thermal conductivity by taking anharmonic effects into 

account in the calculations. Our results were found to be in good agreement over a wide range of 

temperature with the available experimental data. As the temperature increases, it was found that the 

phonon free energies for both γ-LiAlO2 and 6Li isotope substituted γ-6LiAlO2 were decreased while their 

entropies were increased.  

We systematically studied the defect stability as a function of electron chemical potential under two 

selected chemical potential conditions (oxygen-rich and metal hydride rich conditions) for the materials 

the γ-LiAlO2, Li2ZrO3, and Li2TiO3. The calculated defect stability results were in good agreement with 

the previous works. The consistent thermodynamic analysis using the PyCDT module of pymatgen 

allowed to extract defect stability information for comparison among the selected materials systems. 

Overall HO formation energy trend under the metal hydride rich condition (also the oxygen rich 

condition) is as follows: γ-LiAlO2 > Li2ZrO3 > Li2TiO3.  

In this work, we have also studied the diffusion mechanism of T and OT species in order to provide an 

understanding of the effects on diffusion due to the presence of interstitial and substitutional Li defects, 

hydroxide (O-T) vacancy defect, and of the interactions of T with O-vacancies in ceramic materials γ- 

LiAlO2 and Li2ZrO3. By considering several different diffusion pathways, we calculated the activation 

energy barrier of T as well as of O-T as a single entity while migrating as interstitial defects or as 
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substitutional defects. Our results show that the smallest activation energy barrier is 0.63 eV 

corresponding to the substitutional T diffusion in LiAlO2 while it is 0.3 eV in Li2ZrO3. 

In future, two major avenues can be chosen to explore further the diffusion mechanisms in blanket 

materials. First, it still need to explore the effects of O, Al, Zr defects on the Tଵ
ଷ  diffusivity and solubility 

in γ-LiAlO2 and Li2ZrO3. After irradiation, due to an enormous amount of kinetic energy of neutron 

beams, the recoiled helium nuclei can create defect rich regions within surface grain boundaries. These 

defects can trap or slow down the released molecular Tଵ
ଷ  which may have different diffusion mechanism. 

Second, it is essential to understand the surface and interface diffusion mechanisms of various chemical 

species such as T, OT-, and H2O.  Once the Tଵ
ଷ  diffuses from the bulk to the surface/interface, surface 

chemistry plays an important role. The mechanisms such as adsorption/desorption and 

recombination/dissociation at given temperatures are key factors controlling formation of Tଵ
ଷ . In addition 

to these, the lattice oxygen could become bonded to Tଵ
ଷ , leading to formation of T2O or OT- species on γ-

LiAlO2 surface, from where desorption can take place. These studies could provide a further 

understanding of the various physical and chemical processes occurring in the blanket materials, and 

hence assist in modelling and to improve the performance of TPBAR systems.   
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