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Abstract

Octalithium plumbate (LigPbOg) is a candidate for use as a breeder material in future D-T tokamak fusion reactor
designs. Key to the development of a breeder blanket is the characterisation of candidate materials. Therefore, density
functional theory (DFT) simulations are used to examine the fundamental elastic, electronic and thermal properties of
LigPbOg. A comparison is made between two different DFT simulation packages to demonstrate the validity of the
results given in this article and as compensation for a lack of experimental data to compare to in the literature. Finally,
formation energies are calculated for lithium vacancy defects as well as tritium accommodated as substitutional defects
on the lithium site, as these are expected to be some of the most common types of defect in the breeder blanket during

reactor operation.

1. Introduction

Nuclear fusion offers the prospect of large quantities
of low carbon electricity without generating the long
lived radioactive waste associated with today’s fission
reactors. A future fusion reactor will employ the D-T
reaction between two isotopes of hydrogen, deuterium
and tritium, i.e.:

3T +2 D -5 He +) n. (1)

Reaction 1 releases a large quantity of energy predom-
inantly in the form of kinetic energy of the neutron.
Both reactant nuclides occur naturally, however, given
its short half-life of 12.6 years tritium only exists in
trace quantities primarily in seawater at a concentration
of approximately 1 in 10'® hydrogen atoms[1], equating
to a total inventory of a few kilograms. Such scarcity
means there is insufficient tritium to sustain a fleet of
fusion reactors. Therefore, maintaining the supply of
tritium, often referred to as the tritium economy, is fun-
damental to the sustainability of fusion energy.

Tritium can be obtained from the transmutation of
lithium by high energy neutrons according to:
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A future fusion reactor will be wrapped in a breeder
blanket that will contain a lithium based material that
will capture the neutrons ejected from the plasma for tri-
tium breeding. The tritium must then be extracted from
the blanket for use in the plasma. To ensure that the
whole process is sustainable it is essential that at least 1
tritium atom can be recovered from the blanket for ev-
ery fusion reaction that occurs in the plasma, i.e. the
tritium breeding ratio must be greater than unity.

In addition to breeding tritium the blanket region is
where the neutron energy is converted into heat for
electricity generation while simultaneously providing
shielding for the magnets and other ancillary systems.
Given the multiple roles for the blanket region, it is per-
haps unsurprising, that the choice of breeder material
is complicated and inevitably impacts other choices in
the construction of a future reactor. There are an ar-
ray of different breeder blanket concepts that are due
to be tested on ITER[2]. In general, these employ ei-
ther a lithium ceramic or liquid lithium lead eutectic as
breeder material.

Ceramic breeder materials are advantageous due to
their high lithium densities and their low chemical
reactivity[3]. This ensures a degree of safety even in
the event of a loss of coolant accident. However, ce-
ramic materials have relatively low thermal conductivi-
ties, which will impact the thermal efficiency of the re-
actor. By contrast the liquid lithium lead concepts offer
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a higher thermal efficiency[4], however, the reactivity
of the liquid metal poses a safety issue, particularly if
water is used as a coolant[5]. The liquid breeder con-
cepts also offer an easier refuelling route that may re-
duce reactor downtime, thereby increasing availability.
Ceramic breeder materials currently offer a more near-
term solution for effective tritium breeding due to the
lack of technological innovation required in comparison
with liquid breeder concepts[6].

Of the ceramics breeder materials recent attention has
focused on two leading candidates, lithium orthosili-
cate (LizSiO4) and lithium metatitate (Li; TiO3). With
some more recent studies looking at developing hy-
brid ceramic breeder pebbles[7] or creating core shell
Li,TiO3/Li4SiO4 pebbles[8, 9]. Irrespective, it is nec-
essary to enrich with ®Li and to employ a neutron
multiplier to achieve the desired TBR. The principle
neutron multiplier material is beryllium (typically in
Be,Ti)[10], however, there is now a desire to reduce
the reliance on this element as it is relatively rare and
is found to contain traces of uranium. As a con-
sequence, Hernandez and Pereslavtsev re-examined a
wide range of solid breeder materials[11]. Of the ox-
ides considered, octalithium plumbate (LigPbOg) was
predicted to offer the highest TBR, at least partially due
to the Pb which also offers an (#,2n) neutron multiply-
ing reaction. Previous experiments have also indicated
favourable tritium release characteristics[12]. Palermo
et al. have proposed a design for a solid breeder blanket
based on LigPbOg via a neutronics assessment which
also suggested potential for high tritium release[13].
There are, however, concerns regarding the high tem-
perature stability of the material.

Despite its potential for use as a breeder material in
a future fusion reactor, the fundamental properties of
LigPbOg have not been widely studied and there is a
requirement to understand more about this material, in-
cluding basic thermodynamic and elastic data as well
as how tritium may be accommodated in the lattice. In
recent years there has been a significant growth in the
use of atomistic simulation to examine the properties
of ceramic breeder materials[14, 15] as well as tritium
solubility[16, 17] and diffusivity[18]. Therefore, the
present work will use density functional theory (DFT),
to calculate key electronic, elastic and thermodynamics
properties of LigPbOg as well as offering a first exami-
nation of how tritium may be accommodated in the lat-
tice.

Figure 1: Crystal structure of octalithium plumbate, LigPbOg. Grey,
green and red spheres represent the lead, lithium and oxygen ions re-
spectively. The black outline represents the edges of a single unitcell.

2. Crystallography

LigPbOg crystallises in a trigonal crystal structure
that can be described by the R3H space group (num-
ber 148). Within the unitcell the lead ions occupy the 3a
Wyckoff sties and the oxygen ions are all symmetrically
equivalent and occupy the 18f positions. By contrast,
there are two symmetrically distinct Li positions, the
tetrahedrally co-ordinated 18f site and the octahedrally
co-ordinated 6c¢ site. As shown in figure 1, LigPbOg
adopts a complex layered structure arranged in sequence
-PbLi;-03-Li3-Li3z-O3- with the Pb in the mixed cation
layer displaced by 1/3 in the x and y directions between
each layer. The pure Li layers are composed of the tetra-
hedrally co-ordinated Li ions and the octahedrally co-
ordinated Li occurs only in the mixed cation layer.



3. Methodology

3.1. DFT parameterisation

Simulations presented were performed using a
combination of both VASP (version 5.4.4)[19] and
CASTEP (version 18.1)[20, 21] planewave pseudopo-
tential codes. Within DFT an infinite crystal is de-
scribed using supercells and periodic boundary condi-
tions with special point integration over the Brillouin
zone. The majority of simulations for both codes em-
ployed the generalised gradient approximation (GGA)
of Perdew, Burke and Ernzerhof (PBE)[22], however,
due to the failure of such semi-local functionals to ac-
curately reproduce band gaps of materials some hybrid
simulations employed the hybrid functional of Heyd,
Scuseria and Ernzerhof (HSE06)[23]. Integration over
the Brillouin zone was performed using a Monkhorst-
Pack grid[24] with 6xX6X2 k-points in the unitcell, cor-
responding to a separation between points of 0.0316x2r
A1 in the z-axis and 0.0344x27 A~ along the x and y
axes. Note that the k-point grid was reduced to a sin-
gle k-point at I" for the hybrid simulations in CASTEP
due to computational constraints, although it is not an-
ticipated that this will dramatically impact the results.
Atoms in CASTEP simulations were represented using
norm-conserving pseudopotentials based on the default
strings in CASTEP 18.1, whereas VASP simulations
employed projector augmented wave (PAW)[25] pseu-
dopotentials. Consequentially, the difference in pseu-
dopotentials used requires different planewave cutoff
energies are used to ensure similar convergence. Due
to the hardness of the oxygen pseudopotential used in
CASTEP a high cutoff energy of 1150 eV was required
to ensure a convergence of 0.01 eV per atom. PAW
pseudopotentials in VASP allowed the use of a lower
cutoff energy of 520 eV to maintain the same level of
convergence, although this value was increased by 30%
to 650 eV to ensure correct evaluation of the elastic ten-
sor and remained consistent across all calculations. The
inclusion of spin-orbit coupling in simulations was not
found to have a significant contribution on results. Both
codes were able to reproduce the lattice parameters for
LigPbOg and many of its subsystems as illustrated in ta-
ble 1.

3.2. Defect formalism

At relatively low temperatures, the difference in vi-
brational contributions to the free energy between per-
fect and defect supercells can be safely neglected, so we
can approximate AG; by AE}, calculated from the total
energies of the perfect and defective cells according to

the formalism of Zhang and Northrup[32]. The defect
formation energy is then given by:

AE; = Ejefect—EIferf+Z Notta+qi(Evem+e)+dE, (4)
(o3

where, E . . and Ege . are the DFT total energies of the
system with and without the defect, n, is the number of
atoms added/removed of each atomic species @, u, is
the chemical potential of each species, g; is the defect
charge, Evpy is the valence band maximum taken from
the perfect crystal and & is the Fermi energy relative to
the valence band maximum, which is taken to be O for
defect energy calculations. The chemical potential used
for lithium in this paper is taken from the lithium metal
and for tritium the chemical potential is taken as % of
the H, molecule. Note that by selecting the chemical
potential of lithium as that of the metal means that the
energy presented here represents an upper bound for the
formation energy of a lithium vacancy defect.

dE is a correction factor applied to the formation en-
ergies of charged defects to correct for finite size effects
arising due to the use of a relatively small simulation
supercell. In this work we employ an electrostatic cor-
rection of the form:

1 .
dE = Eqizv‘;n‘r, (5)

where vi" is the screened Madelung constant for the
bulk crystal[33]. Given the low atomic numbers for
the atoms added or removed to/from the system it
is assumed that the potential alignment correction is
negligible[34].

Defect simulations employed a supercell constructed
from 2x2x1 repetitions of the relaxed hexagonal unit-
cell, resulting in a supercell containing 180 atoms. To
compensate for the increase in the supercell size the k-
point grid sampling grid was reduced to 3x3X2 in order
to maintain the sampling density. During minimisation
of the defect containing supercell the lattice parameters
were fixed in order to represent the dilute limit.

4. Results and Discussion

4.1. Electronic properties

The density of states for both models was calculated
using both PBE and HSE functionals, due to the ten-
dency for semi-local functionals to underestimate band
gaps. A comparison between density of states calcu-
lated in VASP and CASTEP are shown below in figure
2.



Table 1: Table showing the lattice parameters for LigPbOg and it s subsystems compared to experimental values.

System Property  CASTEP VASP Literature value Reference
LigPbOg a/A 5.59 5.58 5.55 [26]
c/A 15.83 15.81 15.64 [26]
Li,O a/A 4.62 4.62 4.54 [27]
PbO, a/A 5.07 5.10 4.971 (28]
b/A 6.05 6.07 5.95 [28]
c/A 5.55 5.58 5.43 (28]
Li a/A 3.43 3.46 3.51 [29]
Pb a/A 5.02 5.06 4.95 [30]
0, r(0-0) /A 1.24 1.23 1.21 [31]

There is a strong agreement in the structure of the
electronic density of states between both simulation
packages, with both showing roughly the same increase
in bandgap energy between semi-local and hybrid func-
tionals. PBE-measured bandgap energies of 2.05 eV
and 1.94 eV and HSE-measured bandgap energies of
3.25 eV and 3.36 eV were measured for CASTEP and
VASP softwares respectively.

The dielectric tensor is calculated using Den-
sity Functional Perturbation Theory (DFPT) for both
VASP[35] and CASTEP[36] simulation codes. The
symmetry of the crystal structure illustrated by the unit
cell in figure 1 suggests the dielectric constant in the z
axis will differ from the values measured in the x and
y axes, which are expected to be the same. Static and
high frequency dielectric tensors were calculated us-
ing both CASTEP (equations 7 & 8) and VASP (equa-
tions 9 & 10) simulation packages and are shown below.
Both codes are in close agreement with one another,
which are in consensus with the expected anisotropic
behaviour of the crystal structure.

12.89 0 0 367 O 0
& :[ 0 12.89 0 ] € :[ 0 367 O ]
0 0 13.84 0 0 393
(7,8)
13.09 0 0 396 O 0
& :[ 0 13.09 0 ] € :[ 0 39 0 ]
0 0 14.29 0 0 425
(9, 10)
The dielectric tensor for LigPbOg is comparatively
low in comparison to other proposed ceramic breeder
materials such as Li;TiO3[33], which may have a sig-
nificant impact on ionic conductivity and the mobility
of tritium ions in the crystal.

4.2. Elastic properties

The elastic tensor is derived from the stress-strain
relationship predicted by performing finite distortions
on the crystal in both codes. The elastic response of
LigPbOg¢ is summarised in the elastic constant tensor
shown in Table 2. According to Neumann’s rules there
are seven unique elastic constants for the R3H space
group, these are ¢y, ¢y, €13, C14, C15, €33 and c44. Seven
more elastic constants can be derived from equivalences
with these values, these are: ¢y» = ci1, ¢33 = cCi3,
€4 = —C56 = Cl4, €25 = Cea = —Ci5 and ¢s5 = Ca.
The final elastic constant is related to these unique elas-
tic constants according to c¢s = (c;1 —c12) /2. It is
clear from the data presented that this relation holds for
LigPbOg.

Elastic constants were calculated using a 6X6x2 k-
point grid on the relaxed hexagonal unit cell. Despite
general agreement between codes, there is a slight dis-
crepancy between the c;; elastic constants.

The inconsistency in c¢;; manifests in the Young’s
modulus. Due to the large contribution the c;; elas-
tic constant plays particularly in the x and y directions,
large differences in c¢j; values between codes can pro-
duce radically different values for the Young’s moduli.
The CASTEP code predicts the x and y components of
the Young’s modulus is is over 25% greater in compar-
ison with the VASP code. This consequentially equates
to CASTEP suggesting LigPbOg is stiffer in the x and y
directions compared with z, in contrast to VASP which
suggests the opposite.

4.3. Thermodynamics properties

Due to the scarcity of literature on the physical char-
acteristics of LigPbOg, thermodynamic properties of
LigPbOg¢ were examined in VASP using the Density
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Figure 2: Electronic density of states for LigPbOg using the PBE and
HSE exchange-correlation functionals. Top = PBE, bottom = HSE

Functional Perturbation Theory (DFPT) software pack-
age Phonopy[37] and using default phonon calculations
provided by CASTEP[38]. As ceramic breeder materi-
als are expected to transfer heat to the reactor coolant
and maintain performance in high temperature regimes
(>800°C), an understanding of the thermal properties
is critical for determining the efficacy of LigPbOg as a
breeder blanket. Phonon density of states for both sim-
ulation packages are included in figure 3.

As there is no published value in the literature for
the enthalpy of formation of LigPbOg from Li,O and
PbO,, Born-Haber cycles were created to demonstrate
enthalpies of fomation of the LigPbOg compound from
its constitiuent elements. There is general agreement in
enthalpies of formation between simulation packages.
Given that the formation energies of Li,O and PbO, are
in reasonable agreement with the literature, the enthalpy
of formation of LigPbOg calculated is likely a reason-

Table 2: Table showing the elastic constants for LigPbOg.

Parameter CASTEP (GPa) VASP (GPa)

c11 191.54 163.54

c12 54.27 55.32

c13 53.80 50.11

Ci4 20.74 21.87

Ci5 -1.10 -1.98

c33 150.90 161.56

Ca4 64.50 54.46

C66 68.64 52.63

Bulk modulus 94.74 88.46
Shear modulus 61.61 51.11

Young’s Modulus

X 155.14 121.85

y 155.14 120.03

b4 127.34 138.74
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Figure 3: Phonon density of states for LigPbOg.

able approximation to the true value.

The relationship between the Helmholtz free ener-
gies, internal energy and entropy have been calculated
from the phonon density of states. There is very strong
agreement between simulation packages as might be ex-
pected from the close agreement with the phonon den-
sity of states. The internal energy shown in figure 5 be-
comes roughly linear above approximately S00K. The
contribution given by the entropy of the crystal plays a
major role in the final result for Helmholtz free energy
at high temperatures.

The specific heat for a constant volume Cy has also
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ergy and entropy as a function of temperature for LigPbOg. Top =
CASTEP, bottom = VASP

been calculated and is illustrated in figure 6. An under-
standing of the specific heat for LigPbOg is important
as ceramic breeder materials are often used dually as
a means to transfer heat to the reactor coolant to gen-
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Figure 6: Specific heat for constant volume of LigPbOg as a function
of temperature. Top = CASTEP, bottom = VASP

erate power, due to their close proximity to the fusion
plasma. The predicted specific heat of LigPbOg is gen-
erally lower than estimates for other lithium-ceramics,
such as the DFT-calculated estimate made by Wan et al.
for B-Li, TiO3[40] and that of Yan et al. for Li; TiO4[41],



indicating LigPbOg may be more susceptible to a faster
rise in temperature during reactor operation compared
to other proposed breeder blanket materials. Although
this is not always true as comparisons with other ma-
terials such as Li;SiO3 [42] predicted by Ma et al. are
much more promising, with a heat capacity more than
twice as high.

4.4. High Temperature Stability

The stability of LigPbOg at high temperatures has
been examined by implementing the quasi-harmonic ap-
proximation given by the DFPT package Phonopy to in-
troduce a volume dependence onto the thermal proper-
ties of LigPbOg, as well as its constituents. The spe-
cific heat for constant pressure Cp, volume-dependent
enthalpies and Gibbs free energies were calculated for
LigPbOg, Li,O, PbO, and LisPbO, (sharing the same
energy cut-off and k-point density), as traces of LisPbOy
were found to be present during the sintering process
for temperatures of 600-800°C, although no traces were
found at 1000°C over a period of 24 hours [43]. There-
fore, the key processes to consider are:

Li4PbO4 + 2Li,O — LigPbOg (10)
PbO, + 2Li,O — Li,PbO, (12)

Due to the similarity in results for thermodynamic prop-
erties between simulation packages, results for this sec-
tion were produced using only the VASP software. Vol-
umes in the range of +15% of the relaxed crystal were
used in steps of 3% for all materials examined. The re-
sulting heat capacities are presented in figure 7.
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Figure 7: Specific heat for constant pressure of LigPbOg and its con-
stituents as a function of temperature.

Using these specific heats, it is possible to determine
the enthalpy changes associated with reactions 10 - 12,
these are illustrated in figure 8. Figure 8 shows that
the enhalpy changes are negative across the tempera-
ture range, implying the LigPbOg is the more favourable
state and only grows more favourable with increasing
temperature. The enthalpy of formation of the reaction
PbO, + 2Li,O — LisPbO,4 was also found to be neg-
ative, although with a marginal preference towards the
formation of LigPbOg over LisPbOy and this preference
increasing with temperature.
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Figure 8: Enthalpy of formation of LigPbOg and its constituents as a
function of temperature.

Examination of the Gibbs formation energy is criti-
cal in discussion of the phase stability of LigPbOg. The
Gibbs formation energy of LisPbOg and Li4PbO,4 from
PbO, and Li,O are strongly negative and thus sponta-
neous. Due to the greater negativity of the entropy in
the formation of LigPbOg compared to LisPbOy, the
Gibbs formation energy rises above that of the forma-
tion of LiyPbO, at roughly 1000 K. Implying that the
LigPbOg phase is unstable at higher temperatures. De-
spite the phase instability at high temperatures, LigPbOg
may have some utility in cooler regions of the blanket.

4.5. Lithium vacancy defects

During operation the ceramic breeder material ages
and the lithium will be burnt-up to produce tritium re-
sulting in a reduction in its availability in the matrix.
This paucity of lithium will be accommodated by point
defects such as interstitials and vacancies. As discussed
for other ceramic breeder materials it is anticipated that
the lithium vacancy defects will play a significant role in
the accommodation of this substochiometry[16]. There-
fore, the formation energy for the formally charged,
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V{i‘, is examined here and other defects and charge
states will be the focus of future work.

As discussed in the Crystallography section there are
two symmetrically distinct lithium sites in LigPbOg,
therefore the defect formation energy for the two differ-
ent sites has been calculated and the energies presented

in table 3.

Table 3: Defect formation energies for the lithium vacancy defects in
LigPbOs.

CASTEP VASP

Lithium site  Wychoff notation E; eV Ey eV
Lil 18f 3.728 3.641
Li2 6¢ 4.071 4.007

The data presented in table 3 shows that the forma-
tion energy for the vacancy on the tetrahedrally co-
ordinated 18f site is lower than on the octahedrally co-
ordinated 6¢ site. This implies that the majority of such
defects will occur on the 18c Lil site. Defect forma-
tion energies between codes show remarkable agree-
ment with a deviation of less than 0.1 eV between each
other for both lithium sites, with VASP measurements
being slightly lower. The difference between the two va-
cancy defects is similar between DFT simulation pack-
ages, with values of 0.34 eV and 0.37 eV for CASTEP
and VASP respectively. This is larger than the differ-
ence between possible Li sites in Li; TiO3[14] although
significantly smaller than predicted for LisSiO4[44]. In
LigPbOg, the origin of this discrepancy is the increased

electrostatic attraction between the Li'* ion and the six
surrounding O% ions making it more difficult to remove
the lithium from the 6c¢ site.

4.6. Tritium solubility at lithium sites

Given the likely high concentration of lithium va-
cancy defects as the material ages it is anticipated that
this defect will play an important role in the accommo-
dation and diffusion[45] of tritium in the crystal. There-
fore, we now examine substitution of tritium onto the
lithium sublattice, (i.e. Tgi). Previous DFT studies of
tritium accommodation in Li,TiO3 show that the tri-
tium will move from the Li site and bond with a nearest
neighbour oxygen atom to form a hydroxide that could
be considered to be a {V]'; : T!*} cluster[16]. Li ef al.
have shown that the energy of the resulting hydroxide
bond depends on exactly which of the nearest neigh-
bour oxygens the tritium ion bonds to[18]. Therefore,
here we investigate the energy for all possible hydrox-
ide orientations around both Li vacancies in LigPbOg
and the results are presented in table 4.

Figure 10: Possible tritium sites for { Vﬁl’ : Ti“} defect clusters at
the Lil site. Grey, green and red spheres represent the lead, lithium
and oxygen ions respectively. Yellow spheres represent the possible
tritium sites and the green cube represents a lithium vacancy site.

The data presented in table 4 shows that there are four
symmetrically distinct {VLli’ : Tl.”} clusters involving
the tetrahedral Lil site. By contrast, despite there be-
ing six oxygen nearest neighbours surrounding the Li2
site, there appear to be just two symmetrically distinct
hydroxides formed in both VASP and CASTEP models
due to the symmetry of the crystal. Once again, like
the lithium vacancy defects there is excellent agreement
in formation energies produced by both codes, with a



Table 4: Defect formation energies for the tritium accommodation at lithium vacancy defects in LigPbOg. Also included are the resulting O-H bond

distances

CASTEP VASP
Lithium site  Oatom E;/eV r(O-H)/A E;/feV r(O-H)/A
Lil 1 1.591 0.988 1.593 0.989
(18f) 2 1.437 0.980 1.438 0.980

3 1.491 0.986 1.490 0.990
4 1.747 0.990 1.747 0.991
Li2 1 1.769 0.982 1.783 0.984
(6¢) 2 1.769 0.982 1.785 0.983
3 1.769 0.982 1.784 0.986
4 1.880 0.985 1.892 0.988
5 1.880 0.985 1.891 0.986
6 1.880 0.985 1.889 0.987

Figure 11: Possible tritium sites for {V]'J‘ : Tl.'“'} defect clusters at the
Li2 site.

discrepancy of less than 20 meV. Visualisations of the
(vi- Tl.”} defect clusters are given in figures 10 and

The formation energies for the {V/7 : T!*} indicate
that tritium will preferentially form a hydroxide that is
bound to an Lil site.

5. Conclusion

Thermal, elastic and electronic properties of LigPbOg
have been examined via first principles simulations us-
ing DFT. Formation energies for lithium vacancy de-
fects and {Vﬁi‘ : Tl.“} defect clusters have been deter-

mined. Despite the different basis sets used, there is a
remarkable level of agreement between codes for many
of the fundamental properties properties of LigPbOg.
This is especially true for defect formation energy cal-
culations, which are accurate to within 0.1 eV of each
other. We were able to show there is a preference in
LigPbOg for lithium vacancies to form at 18f Wyckoff
sites and consequentially we expect more native vacan-
cies to form here rather than at 6¢ sites. We have also
shown there is a preference for tritium to bond to near-
est neighbour oxygen sites at lithium 18f sites over 6¢
sites, suggesting higher accomodation of tritium at the
18f sites in general.
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