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Abstract

A new force field has been empirically derived that is transferable across the YPO4,

Y2O3 and P2O5 phases, utilising a reverse Monte Carlo (RMC) method. This method

employs a simulated annealing technique with a logarithmic quench to fit potential

parameters to observed crystallographic and mechanical properties, producing a force

field suitable for simulating radiation damage events in an atomistic molecular dynam-

ics regime. These potentials are used to investigate the defect properties of xenotime,

where a wide range of intrinsic defects including Schottky, Schottky-like, Frenkel pairs

and anti-site defects have been investigated, both at infinite dilution and as defect clus-

ters. A common feature in the lowest energy defect configurations was the presence

of polymerised phosphate tetrahedra, forming P2O7 units. The trend in the formation

energies for the Frenkel pair defects at infinite dilution was in good agreement with

previously published simulations. However, the binding energy associated with the ag-

gregation of point defects was found to have a profound impact on the defect formation

energies, significantly lowering the formation energy of the phosphorous Frenkel pair in

particular. The intrinsic defect calculations presented here have been compared with

previous work in zircon, to gain insight into differences that may contribute to the

disparity in the radiation resistance of the two minerals.

1 Introduction

Of the waste produced over the lifetime of a nuclear power plant (including decommissioning),

only a very small proportion (∼ 0.1%) is categorised as high level waste (HLW).1 However,

this waste fraction contains ∼ 95% of the radioactivity.2 One of the main contributors to

this waste originates from the reprocessing of spent nuclear fuel (SNF). The HLW contains

a complex mixture of radionuclides, including fission products (e.g. Cs, Sr, Nb, Y and Zr

etc.)3–5 and trans-uranics such as Pu, Am and Cm.6,7 Although the waste can be stored

at the processing facility on a temporary basis while the short lived radioisotopes decay, a
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more long term strategy is required for dealing with the long lived radioisotopes. One of the

most promising solutions is the construction of a geological disposal facility (GDF), using a

multi-barrier approach. Here, the waste is immobilised into a waste form that can be stored

more easily and safely than the liquid waste.8 Vitreous waste forms such as borosilicate glass

have been studied extensively and the process of immobilizing the waste well established.

Despite the capacity for high waste loading and the ability to accommodate a wide range

of waste elements, these waste forms are inherently metastable. Indeed, their stability has

been questioned over geological timescales, an important consideration since any instability

may result in de-vitrification and possible release of the waste elements.

Ceramic waste forms offer a possible alternative with many natural analogues existing,

demonstrating good durability over geological timescales for minerals containing reasonably

high concentrations of actinides and fission products.9 Orthophosphate and orthosilicate

minerals with the general formula ABO4, such as monazite (LaPO4) and zircon (ZrSiO4)

have received increased interest as ceramic waste forms. It is well documented that zircon

is regularly found to be fully or partially amorphised due to the accumulation of damage

from radioactive decay events (metamict) and is a common mineral used in geochronol-

ogy.10–16 Xenotime (YPO4) is another accessory mineral in plutonic rocks17, crystallising in

the tetragonal space group I41/amd18, isostructural with zircon, Figure 1. In contrast to

zircon, natural samples are rarely found to be metamict. One metric often used to compare

the resistance of a material to radiation damage is the critical temperature of annealing

(TC). The high TC value for zircon (∼1100 K) compared with that of xenotime (∼512 K) is

indicative of the increased resistance of xenotime to the accumulation of radiation damage.19

Whilst zircon has been extensively studied both experimentally20–25 and computation-

ally26–30, xenotime has received much less attention.31–33 As both zircon and xenotime crys-

tallise in the same space group, they offer an excellent opportunity to investigate the inherent

differences in the behaviour of phosphate and silicate minerals to radiation damage. First,

the intrinsic defect properties of xenotime must be understood, with relevance to applica-
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tions including nuclear engineering and the development of electronic devices.34 This work

aims to derive a robust potential set for xenotime (transferable across YPO4, Y2O3 and P2O5

phases) prior to a rigorous investigation of the defect chemistry. This is important to further

the understanding of the disparity in the radiation resistance of the two minerals.

(a) (b)

Figure 1: Crystal structure of xenotime viewed down the c axis (a) and a slice in the bc
plane (b).

2 Computational Methodology

2.1 Interatomic potential model

The simulations reported here are based upon atomistic modelling techniques in which the

total energy of the system, U , is, in concept, calculated as an expansion in terms of the

contributions to the potential energy from all atoms in the system, over all length scales. In

practice, this expansion is truncated at the three-body term, φijk, and contributions from

pairwise interactions, φij, are truncated at a distance , rmax. The force field developed in this

work utilises pair potentials of the Buckingham and Morse forms defined in Equations 1 and 2,

respectively. Here qi and qj represent the ionic charges, rij is the interatomic separation and

all other constants are adjustable parameters which may be fitted empirically.

φij(rij) =
qiqj
rij

+ Aij exp

(
−rij
ρij

)
− Cij

r6ij
(1)
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φij(rij) =
qiqj
rij

+Dij

[
(1− exp (−αij (rij − r0)))2 − 1

]
(2)

A harmonic three-body potential has been applied to help constrain the geometry of the

tetrahedral phosphate units, Equation 3, where (θijk − θ0) is the deviation from the equilib-

rium angle and kijk is the force constant which may also be fitted empirically.

φijk(θijk) =
kijk
2

(θijk − θ0)2 (3)

Once a suitable force field is defined, the geometry is optimised by altering the lattice pa-

rameters and atomic positions to minimise the forces acting upon the atoms and therefore

the total energy of the system. Properties of the material such as elastic constants are

subsequently calculated from the minimum energy structure. All simulations performed in

this work were carried out in the static regime using the General Utilities Lattice Program

(GULP)35 and optimised at constant pressure.

2.2 Defect Calculations

Once the geometry of the pure bulk lattice has been optimised and relaxations inherent

in the potential model accounted for, lattice defects are introduced. The Mott-Littleton36

approach is adopted to calculate defect energies efficiently, taking into account the lattice

relaxation that occurs about point defects or defect clusters. Here, the ions within a spherical

region centred about the defect site, which exhibit the majority of the lattice relaxations, are

allowed to relax to zero strain explicitly. This is referred to as region I. Region II comprises

all remaining atoms outside of region I, extending to infinity, and is subdivided into regions

IIa and IIb. In this region, the displacements of lattice ions are assumed to occur as a

result of the polarisation due to the effective charge of the defect. The contribution from

region IIb is calculated implicitly whilst region IIa acts as a buffer region in which the energy

contributions for each atom are calculated explicitly, ensuring smooth convergence between

the explicitly summed region I and the continuum region IIb. Radii for the spherical regions
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I and IIa are determined via convergence testing and selected so as to maximise the accuracy

of the calculated defect energy, whilst attempting to minimise the computation time. The

defect energy is defined as the difference between the total energy of the defective system

and that of the perfect lattice.

3 Results and Discussion

3.1 Potential Models

To the knowledge of the authors there are four sets of previously derived interatomic po-

tentials for the xenotime system.31–33 The suitability of these potentials for the simulation

of radiation damage has been analysed and it was immediately clear that only one set of

potentials (Gao et al.31) is transferable across the YPO4, Y2O3 and P2O5 phases, based on

the charges of the constituent ions. This is essential to model reliably phase decomposition

and segregation phenomena that may occur upon irradiation. These potentials reproduce

the crystallographic and mechanical properties of YPO4 and Y2O3 to a high degree, but are

unable to reproduce accurately the crystallographic properties of P2O5, as summarised in

Tables 2–4, respectively. As such derivation of a new self-consistent force field was required.

3.2 Derivation of Interatomic Potentials

A Reverse Monte Carlo (RMC) fitting procedure was developed to fit a range of potential

parameters within multiple phases, simultaneously. The pseudo-code for the procedure is

listed in Figure 2 A cost function is minimised by randomly moving around the parameter

space, with moves accepted or rejected with a probability dictated by the difference between

the quality of the fit for both the previous, LSq_Old, and current, LSq_New, cycles.

The cost function, LSqw, is calculated as the weighted sum of the squared relative differ-

ences to n observed properties across N phases following Equation 4. The squared relative

difference for each observable value, yj, for each phase is weighted by a factor βj and the
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1 RMCFitting ( c y c l e s )
cy c l e := 0

3 s t epS i z e := 0.005
parameters := s t a r t i n g po t en t i a l parameters

5 CALL GULP( parameters )
LSq_Old := getF i tQua l i ty ( parameters )

7 parameters_Best := parameters
LSq_Best := LSq_Old

9 WHILE cyc l e ≤ c y c l e s :
op t im i z a t i onCr i t e r i a := FALSE

11 WHILE op t im i z a t i onCr i t e r i a = FALSE
rand := a random po t en t i a l parameter

13 step_max := rand ∗ s t epS i z e
step := a random number such that

15 −step_max ≤ s tep ≤ step_max and s tep 6= 0
rand_new :=rand + step

17 IF rand_min ≤ rand_new ≤ rand_max
op t im i z a t i onCr i t e r i a := TRUE

19 IF op t im i z a t i onCr i t e r i a := TRUE
parameters_new := updated po t en t i a l parameters

21 CALL GULP( parameters_new )
IF opt imizat i on c r i t e r i a are not met

23 op t im i z a t i onCr i t e r i a := FALSE
LSq_New := getF i tQua l i ty ( parameters_new )

25 Accept := checkAcceptance (LSq_Old , LSq_New)
IF Accept = TRUE

27 parameters := parameters_new
LSq_Old := LSq_New

29 IF LSq_Old < LSq_Best
LSq_Best := LSq_Old

31 parameters_Best := parameters
INCREMENT cyc l e

33 RETURN parameters_Best
END

Figure 2: Fitting routine pseudo-code

total function weighted for each phase by a factor of αi. This allows for particular properties

to be weighted more heavily based on the user’s priorities and confidence in the accuracy

of the experimental values, ultimately biasing the fit towards the phases of primary inter-

est. Properties such as unit cell parameters, atomic positions, elastic constants and the

bulk modulus are calculated using routines embodied within the GULP code, subsequent to

successful geometry optimisation.

LSqw =
N∑
i

αi

n∑
j

βj

(
|y − yj|
yj

)2

(4)

A proportion of ‘bad’ moves about the parameter space are accepted in an attempt to

avoid trapping within local minima, whilst searching for the global minimum, Equation 5.

Here, the value of LSqw(Pc) is calculated using the same weighting factors as discussed previ-

ously and is equivalent to the cost function for a fit with a uniform percentage difference of

Pc % across all observable properties used within the fitting. Simulated annealing regimes

were included to provide a balance between exploration and exploitation of the parameter
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space. This systematically lowers the value of Pc with each successive cycle, Figure 3. Both

linear and logarithmic quenching routines were made available. The value of Pclin for cycle

Ni of N cycles for the linear quench, Pclin, is described simply following Equations 6 and 7 by

defining a maximum and a minimum percentage difference, Pcmax and Pcmin, respectively.

The value of Pclog for the i’th cycle following the logarithmic quench is calculated following

Equations 8 and 9. Here, an additional variable, Pcmid, is defined as the value of Pclog to be

achieved when Ni = N/2. This allows the first half of the search to be biased towards ex-

ploration with a higher percentage of ‘bad’ moves being accepted, whilst allowing the latter

half of the search to be focussed on exploitation. This effect is illustrated in Figure 3 for the

logarithmic regime.

P (x′) = min

(
1, exp

(
−∆LSqw
LSqw(Pc)

))
(5)

δPc =
(Pcmax − Pcmin)

(N − 1)
(6)

Pclin = Pcmax − (Ni − 1)δPc (7)

klog =
2 (ln(Pcmid)− ln(Pcmax))

δPc(−N + 2)
(8)

Pclog = Pcmax exp (klog (Pclin − Pcmax)) (9)

Optimisation criteria are defined to avoid searching the parameter space in areas which

produce models with unphysical properties. Along with the adjustable parameters outlined

previously for the Buckingham and Morse potentials, the force constant for three-body terms

and a scaling factor for the ionic charges were also included in the fitting procedure. This

factor scales the formal charges uniformly across all species to maintain charge neutrality for

all phases. The parameter space was constrained for each parameter by setting upper and

lower limits, as defined by the user. If the proposed candidate for a cycle was within the

allowed search area then the model was checked against further optimization conditions:
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• All valid candidates must achieve geometry optimisation under the criteria defined

within the GULP package.

• The computation time for each candidate must not exceed a set limit to prevent ex-

cessive run times for unphysical models which fail to converge during the geometry

optimisation stage.

• The elastic constants must meet the symmetry–specific necessary and sufficient condi-

tions outlined by Mouhat et al.37

This procedure was iterated over a defined number of cycles and the set of parameters

producing the model with the smallest value of LSqw returned. This process was subsequently

repeated for multiple runs to attempt to locate the global minimum.
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(a) (b)

Figure 3: Comparison of the linear and logarithmic annealing regimes (a) and the effect of
the logarithmic regime on the acceptance probability (b) .

In practice, the equilibrium bond length for the P-O Morse potential and ideal bond

angles for three-body terms were fixed. The three-body term relating to the P-O-O angle

within the phosphate tetrahedra originates from Gao et al., with all other parameters allowed

to vary within constraints. The resulting force field parameters are summarised in Table 1

and a comparison of the fit to the observed properties for this force field with that of Gao

et al. for the YPO4, Y2O3 and P2O5 phases is summarised in Tables 2–4, respectively. The

force field derived here reproduces both the crystallographic and mechanical properties of all

three phases to an acceptable degree of accuracy, with only a small sacrifice in accuracy to

achieve transferability across these key phases. This transferability enhances the robustness

of this force field, with the potentials adequately describing the interactions over a wider

range of interatomic separations.

3.3 Modifications to potentials

The force field described in the previous section considers the forces acting upon the atoms

around the equilibrium bond lengths successfully. However, at shorter interatomic separa-

tions the atoms experience unphysical attractive forces aptly known as the ‘Buckingham
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Table 1: Force field parameters

Buckingham Aij ρij Cij rmax

eV Å Å6 Å
Y1.11 · · · O−0.74 27025.72941 0.22225 188.27260 10.0

O−0.74 · · · O−0.74 1458.23941 0.33460 99.41669 10.0

Morse Dij αij r0 rmax

eV Å−2 Å6 Å
P1.85 · · · O−0.74 3.51305 3.76122 1.54000 10.0

Three-body harmonic kijk θ0 rmax rmax rmax

(ij) (ik) (jk)

eV rad−2 o Å Å Å
P1.85 · · ·O−0.74 · · ·O−0.74 3.5000 109.47 1.8 1.8 3.2

O−0.74 · · ·P1.85 · · ·P1.85 20.9326 135.58 1.8 1.8 3.2

catastrophe’. This becomes especially troublesome when modelling radiation damage within

a molecular dynamics regime in which atoms are likely to come into much closer proximity to

each other than would be the case for the perfect lattice. Similarly, the grid search method

for isolating defect configurations discussed in section 3.4 may encounter a similar issue,

with interstitial or relaxed atoms coming into close proximity with other lattice atoms. To

overcome this, the offending potentials are splined to the strongly repulsive ZBL potential43,

Figure 4. The potentials were splined using a fifth order exponential polynomial, ensuring

continuity of the first and second derivatives at the cut-offs, summarised in Table 5. The

total potential was then also subjected to a linear shift to ensure that the potential was zero

at the potential cut-off in both value and first derivative.

The version of GULP used in this study did not support the ZBL functional form and as

such the splined potential was approximated using a least squares fit to the linear sum of a

third order exponential polynomial and a Morse potential, Equation 10. Here all terms were

treated as adjustable parameters and the resulting potential is illustrated in Figure 5. The

potential parameters are listed in Table 6. This modification to the force field made only a

marginal impact on the overall fit of the equilibrium properties to the observed experimental
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Table 2: Comparison of predicted and observed properties for YPO4

Property Observed This study ∆% Gao et al. ∆%

Calculated Calculated
Lattice Parameters (Å) (a)

a 6.8947 6.8747 −0.29 6.7658 −1.87

c 6.0276 6.0511 0.39 6.2349 3.44

Elastic Constants (GPa) (b)

C11 220.0 282.1 28.23 319.5 45.23

C12 55.0 44.0 −19.99 56.2 2.19

C13 86.0 84.7 −1.51 97.7 13.65

C33 332.0 278.6 −16.09 284.6 −14.29

C44 64.6 66.4 2.74 76.6 18.56

C66 17.3 14.9 −13.94 24.4 40.87

Interatomic Separation (Å) (a)

Y· · ·O 2.31 2.32 0.26 2.29 −0.86

Y· · ·O 2.38 2.42 1.80 2.51 5.63

P· · ·O 1.54 1.52 −1.27 1.49 −3.13

Bulk Modulus (G Pa) (c)

B0 144 144 0.00 164 13.97

Lattice Enthalpy (eV mol−1)
−57.99

(a) Ref.18, (b) Ref.38, (c) Ref.39

Figure 4: Splined potential for the Y-O interaction with the Buckingham, fifth order expo-
nential polynomial and ZBL regions highlighted in red, green and black respectively.
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Table 3: Comparison of predicted and observed properties for Y2O3

Property Observed This study ∆% Gao et al. ∆%

Calculated Calculated
Lattice Parameters (Å) (a)

a 10.604 10.513 −0.86 10.596 −0.07

Interatomic Separation (Å) (a)

Y· · ·O 2.29 2.27 −1.05 2.29 −0.13

Y· · ·O 2.27 2.26 −0.27 2.28 0.44

Y· · ·O 2.34 2.29 −2.10 2.25 −4.00

Y· · ·O 2.36 2.25 −4.80 2.31 −1.96

Bulk Modulus (G Pa) (b)

B0 146 117 −19.64 1470.86

Lattice Enthalpy (eV mol−1)
−27.02

(a) Ref.40, (b) Ref.41

Table 4: Comparison of predicted and observed properties for P2O5 (ortho)

Property Observed This study ∆% Gao et al. ∆%

Calculated Calculated
Lattice Parameters (Å) (a)

a 16.314 16.435 0.74 16.563 1.52

b 8.115 8.164 0.60 8.364 3.07

c 5.265 5.260 −0.10 4.727 −10.22

Interatomic Separation (Å) (a)

P· · ·O 1.44 1.51 4.69 1.46 1.72

P· · ·O 1.56 1.53 −2.16 1.50 −3.87

P· · ·O 1.58 1.53 −3.29 1.52 −3.68

P· · ·O 1.58 1.53 −3.45 1.52 −3.99

Lattice Enthalpy (eV mol−1)
−85.58

(a) Ref.42

data for each phase.

These modified pair potentials were therefore deemed suitable for performing defect cal-

culations.
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Table 5: Cut-offs used for ZBL spline

Interaction rmin (Å) rmax (Å)
Y1.11 · · · O−0.74 0.24 1.25

O−0.74 · · · O−0.74 0.40 1.37

φij = Aij exp
(
B0 +B1rij +B2r

2
ij +B3r

3
ij

)
+ Dij

[
(1− exp (−αij (rij − r0)))2 − 1

]
(10)

Figure 5: Comparison of the ZBL splined and exponential polynomial + Morse potential
functions.

Table 6: Modified potential parameters

Exponential Aij B0 B1 B2 B3

Polynomial eV Å−1 Å−2 Å−3

Y1.11 · · ·O−0.74 −3.937× 10−6 16.316 7.995 −8.617 0.497

O−0.74 · · ·O−0.74 3.232 9.358 −25.539 55.926 −52.763

Morse Dij αij r0
eV Å−2 Å

Y1.11 · · ·O−0.74 0.444 2.143 2.405

O−0.74 · · ·O−0.74 0.017 1.404 3.782
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3.4 Intrinsic Defects

When simulating defect configurations it is simple to define vacancy sites based on the

positions of the lattice atoms within the unit cell. However, the position of prospective

interstitial atoms is much more ambiguous. In this study, the location of interstitial atoms

as both point defects and as Frenkel pair clusters were thoroughly investigated by utilising

a 3D grid set on the unit cell which subdivided the unit cell into multiple small regions of

equal volume. The unit cell was subdivided into 15625 regions (25 × 25 × 25) for the point

defect calculations and 1000 regions (10 × 10 × 10) for the defect cluster calculations. An

interstitial atom was placed at the centre of each region sequentially and allowed to relax

freely. The vacancy position was fixed throughout the defect cluster calculations. An initial

search was performed using region I and IIa sizes of 7 and 14�A, respectively, centred on

the geometric centre of the interstitial and vacancy sites. The unique defect configurations

were filtered using geometric transformations, with a new set of vacancy and interstitial sites

identified for each configuration based on a radius method. Here, the atomic positions of

the lattice atoms before optimisation are used as nodes. After geometric relaxation, the

unique defect configurations were filtered using geometric transformations (i.e. reflection

and rotation). Subsequently a new set of vacancy and interstitial positions were defined

for each configuration using a radius based method. When multiple atoms were associated

with a single node, only the closest atom claimed the node and all other atoms were classed

as interstitials. Once these new vacancy and interstitial sites had been identified for each

configuration, further defect calculations were performed where convergence was achieved

using region I and IIa sizes of 17 and 34�A, respectively. The new defect centre for the defect

calculation was taken as the geometric centre of the new defect sites.

3.4.1 Schottky and Schottky-like defects

Defect energies were initially calculated for isolated point defects and vacancy defect clusters,

summarised in Table 7. These can be combined following Equations 11– 13 to calculate the
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relative formation energies for Schottky and Schottky-like defects, summarised in Table 8.

Throughout this work defects contained within braces denote a defect cluster. Those not

grouped within braces are point defects at infinite dilution.

Y×Y + P×P + 4O×O ⇀↽ V′′′Y + V′′′′′P + 4V••O + YPO4 (11)

2Y×Y + 3O×O ⇀↽ 2V′′′Y + 3V••O + Y2O3 (12)

2P×P + 5O×O ⇀↽ 2V′′′′′P + 5V••O + P2O5 (13)

The formation energy calculated from the point defects at infinite dilution do not take

into account the binding energy associated with the aggregation of point defects. As such the

binding energy for defect clusters can be calculated as the difference between the formation

energy of the Schottky defect cluster and the formation energy at infinite dilution. The lowest

energy Schottky and Schottky-like clusters are illustrated in Figure 6. Whilst the YPO4

Schottky and P2O5 Schottky-like defect clusters experience minimal relaxation in the region

surrounding the defects, the Y2O3 Schottky-like cluster causes considerable deformation to

the lattice. Here, localised phosphate units become polymerised forming both P3O10 and

P2O7 units. These deformations to the lattice are manifest in the relatively small binding

energy for this cluster. At infinite dilution the Y2O3 Schottky-like defect is found to be the

lowest energy of the three Schottky and Schottky-like defects investigated, with a formation

energy of 20.34 eV mol−1. However, the clustering of the vacancy point defects for the YPO4

Schottky defect results in a significant binding energy, reducing the formation energy to

6.05 eV mol−1. Once the binding energy is taken into consideration, it can be seen that the

YPO4 Schottky cluster is the lowest energy of the three Schottky and Schottky-like defect

mechanisms.
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Table 7: Vacancy defect formation energies

Defect Defect Formation Energy
eV

V′′′Y 14.71

V′′′′′P 48.25

V••O 5.98{
V′′′′′P + 4V••O

}
53.25{

V′′′Y + V′′′′′P + 4V••O
}

64.04{
2V′′′Y + 3V••O

}
38.52{

2V′′′′′P + 5V••O
}

95.74

N.B. Braces define defects contained within a defect cluster.

Table 8: Formation and binding energies calculated for the Schottky and
Schottky-like defects

Schottky Formation Binding
Defect Defect Energy Energy

eV mol−1 eV mol−1

V′′′Y + V′′′′′P + 4V••O 28.89 −
YPO4 V′′′Y +

{
V′′′′′P + 4V••O

}
9.96 −18.94{

V′′′Y + V′′′′′P + 4V••O
}

6.05 −22.84

Y2O3 2V′′′Y + 3V••O 20.34 −{
2V′′′Y + 3V••O

}
11.48 −8.86

2V′′′′′P + 5V••O 40.82 −
P2O5 V′′′′′P + V••O +

{
V′′′′′P + 4V••O

}
21.89 −18.94{

2V′′′′′P + 5V••O
}

10.14 −30.68
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(a) (b) (c)

Figure 6: Lowest energy Schottky and Schottky-like defect clusters for (a) YPO4, (b) Y2O3
and (c) P2O5. Vacancy sites are highlighted in orange.

3.4.2 Frenkel pair defect configurations

The formation energies for the three possible Frenkel pair defects can be calculated from the

defect energies of the constituent vacancy and interstitial defects at infinite dilution or using

defect cluster calculations following Equations 14– 16.

Y×Y ⇀↽ V′′′Y + Y•••i (14)

P×P ⇀↽ V′′′′′P + P•••••i (15)

O×O ⇀↽ V••O + O′′i (16)

Yttrium interstitial point defects In total, 11 unique yttrium interstitial point defects

were identified ranging from −5.90 to −3.49 eV. The lowest energy of these consisted of a

six coordinate yttrium site located at the centre of the channel parallel to the c axis, edge

sharing with one and corner sharing with four phosphate tetrahedra, Figure 7. This defect

is comparable with that identified by Gao et al.

Phosphorus interstitial point defects A total of 18 unique configurations were iso-

lated for the phosphorus interstitial point defect, with defect energies ranging from −27.41

to 3.94 eV. The lowest energy isolated phosphorus interstitial was found to occupy a four
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Figure 7: Lowest energy configuration for an yttrium interstitial point defect.

coordinate site down the channel parallel to the c axis, Figure 8(a), with a defect energy

of −26.81 eV. Here, the phosphorous interstitial is corner sharing with four neighbouring

phosphate tetrahedra to form a P5O16 unit. This is in agreement with Gao et al. and is

comparable with the lowest energy silicon interstitial site in zircon, determined by Crocom-

bette.26 The presence of a secondary phosphorous Frenkel pair defect can be seen to lower the

formation energy of the interstitial, with two such configurations illustrated in Figure 8(b)

and (c) , both with a defect energy of −27.41 eV. In both cases the interstitial ion causes

polymerisation of the local phosphate tetrahedra. The interstitial atom in the configura-

tion illustrated in Figure 8(b) is corner sharing with three phosphate tetrahedra to form a

P4O13 unit. A second smaller P2O7 chain is also formed, resulting from the polymerisation

of two neighbouring phosphate units. The residual oxygen atom from this polymerisation

is highlighted in blue and corresponds to the non-bridging oxygen atom coordinated to the

phosphorus interstitial ion. In contrast, the interstitial ion in the configuration illustrated in

Figure 8(c) causes the formation of only one polymerised P5O16 chain. The defect configu-

ration illustrated in Figure 8(d) shows a split interstitial centred on an yttrium lattice site.

Here, the yttrium and phosphorous atoms are split diagonally into neighbouring channels

at distances of 1.95 and 2.18�A from the yttrium vacancy site, respectively. The yttrium

atom adopts a six-coordinate site similar to that discussed in the previous section whilst the

phosphorus interstitial is corner sharing with four phosphate tetrahedra, forming a P5O16

unit. The defect energy calculated for this defect is −27.11 eV, which is only 0.3 eV greater

than the energy of the most favourable configurations.
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(a) (b) (c)

(d)

Figure 8: Phosphorus interstitial point defect configurations. Residual oxygen atoms and
vacancy sites are highlighted in blue and orange, respectively.

Oxygen interstitial point defects A total of 17 unique oxygen interstitial point defects

were isolated with defect energies ranging from 1.69 to 12.21 eV. The lowest energy defect

is found to be located in the channel running parallel to the c axis, bridging between two

yttrium lattice atoms, Figure 9(a). A split interstitial was identified with the oxygen atoms at

ca 1.03�A from the vacancy site, Figure 9(b). The interstitial is split parallel to the a axis with

both oxygen atoms bridging between a phosphorus and an yttrium atom, increasing their

coordination to five and nine, respectively. The defect energy calculated for this configuration

is 2.95 eV. This higher energy split interstitial is comparable with the lowest energy oxygen

interstitial configuration determined by Crocombette in zircon26. However, a lower energy

split interstitial was isolated, Figure 9(c), where the oxygen interstitials are split along the

(101) vector at a distance of ca 1.15�A from the vacancy site. Here, the split interstitial causes

a rotation of the phosphate tetrahedron, maintaining the coordination of the phosphorous

and yttrium atoms. This stabilises the split interstitial, with a defect energy of 1.82 eV. This

defect is similar to that previously identified by Gao et al., although it was not found to be
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the lowest energy defect configuration for an oxygen interstitial in this study.

(a) (b) (c)

Figure 9: Oxygen interstitial point defect configurations. Vacancy sites are highlighted in
orange.

Yttrium Frenkel pair clusters A total of 22 unique configurations were identified con-

taining an yttrium Frenkel pair cluster, with defect energies ranging from 4.50 to 10.16 eV.

The lowest energy configuration containing an isolated Frenkel pair consisted of a six coor-

dinate yttrium interstitial within the channel parallel to the c axis, at a distance of 5.46�A

from the vacancy site, Figure 10(a). The defect energy for this configuration is 6.53 eV. A

similar, lower energy defect configuration is illustrated in Figure 10(b), with a defect en-

ergy of 4.93 eV. Here the configuration is stabilised by the polymerisation of neighbouring

phosphate tetrahedra, with the residual oxygen atom remaining coordinated to the yttrium

interstitial. The lowest energy configuration consisted of two Frenkel pairs with a defect

energy of 4.50 eV, Figure 10(c). Here, yttrium interstitials are edge sharing, adopting six-

coordinate sites in adjacent channels. They are symmetrical about the centre of the cluster,

at distances of 1.93 and 3.10�A from the vacancy sites.

Phosphorus Frenkel pair clusters A total of 25 unique defect configurations were iden-

tified with defect energies ranging from 3.02 to 29.30 eV. The lowest energy configuration

for a phosphorus Frenkel pair is illustrated in Figure 11(a). Here, the phosphorus atom is

shifted within the ac plane to form a polymerised P2O7 unit. This configuration is consider-
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(a) (b) (c)

Figure 10: Yttrium Frenkel pair cluster defect configurations. Residual oxygen atoms and
vacancy sites are highlighted in blue and orange, respectively.

ably more energetically favourable than the defect configuration illustrated in Figure 11(b),

in which the phosphorous interstitial is located in the channel. Here, the interstitial is cor-

ner sharing with two phosphate tetrahedra, and is coordinated to two non-bridging oxygen

atoms, forming a P3O10 polymerised unit. The defect energy calculated for this configuration

is 6.02 eV.

(a) (b)

Figure 11: Phosphorus Frenkel pair cluster defect configurations. Residual oxygen atoms
and vacancy sites are highlighted in blue and orange, respectively.

Oxygen Frenkel pair clusters In total 12 unique configurations were identified contain-

ing an oxygen Frenkel pair cluster, with defect energies ranging from 3.85 to 9.15 eV. In
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general, the lower energy configurations are produced by either rotations or distortions of

phosphate tetrahedra, where the oxygen interstitial remained coordinated to the original

phosphorous atom. The lowest energy configuration is illustrated in Figure 12(a) where the

oxygen interstitial is removed from a vacancy site in the ac plane and relocated into the bc

plane. A similar configuration is illustrated in Figure 12(b) where the oxygen interstitial is

located in the channel. The defect energies for these configurations are calculated to be 3.85

and 3.96 eV, respectively. In the defect configurations where the oxygen atom was removed

from the coordination sphere of a phosphate unit, the resulting three-coordinate phospho-

rous atom would polymerise with a neighbouring phosphate unit forming a P2O7 unit with a

vacancy on the residual oxygen site. The lowest energy of these configurations is illustrated

in Figure 12(c), with a defect energy of 6.33 eV. Here, the oxygen interstitial is bridging

between two nine coordinate yttrium atoms, at a distance of 3.63�A from the vacancy site.

Finally, a low energy defect configuration is identified consisting of three oxygen Frenkel pairs

resulting from the rotation of a phosphate tetrahedron of ca 60° about one of the P · · ·O

bonds, Figure 12(d). The defect energy for this configuration is calculated to be 6.01 eV.

Table 9: Interstitial defect formation energies at infinite dilution

Defect Defect Formation Energy
eV

Y•••i −5.90

P•••••i −26.81{
V′′′′′P + 2P•••••i

}
−27.41{

V′′′Y + Y•••i + P•••••i

}
−27.11

O′′i 1.69{
V••O + 2O′′i

}
1.82

3.4.3 Frenkel pair formation energies

Bound and unbound Frenkel defect formation energies have been calculated with the associ-

ated binding energies, listed in Table 10. Simple Frenkel defects have been considered along
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(a) (b) (c)

(d)

Figure 12: Phosphorus Frenkel pair cluster defect configurations. Vacancy sites are high-
lighted in orange.

with some more complex Frenkel pair clusters where multiple Frenkel pairs have aggregated

together. It is important to note that it is energetically favourable for the vacancy and

interstitial defects to cluster together for all three of the isolated Frenkel pairs, in particular

for the phosphorus Frenkel pair. This trend extends to the more complex aggregated Frenkel

pairs with the phosphorous-containing defect clusters having larger binding energies.

In general, the formation energies calculated for isolated Frenkel pairs at infinite dilution

for yttrium, phosphorus and oxygen are in good agreement with the work of Gao et al., with

the phosphorus and oxygen Frenkel pairs being the highest and lowest energy, respectively,

Table 11. The binding energy associated with the aggregation of the point defects has been

shown to play a significant role in lowering the formation energy of defect configurations.

When this is taken into account, the phosphorus Frenkel pair cluster becomes the lowest
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Table 10: Formation and binding energies calculated for the Frenkel defects

Defect Formation Binding
Energy Energy

eV mol−1 eV mol−1

V′′′Y + Y•••i 8.81 −{
V′′′Y + Y•••i

}a
6.53 −2.28

V′′′′′P + P•••••i 21.44 −{
V′′′′′P + P•••••i

}b
3.02 −18.42

V••O + O′′i 7.67 −{
V••O + O′′i

}c
3.85 −3.82

2V′′′Y + 2Y•••i 17.62 −
2
{
V′′′Y + Y•••i

}
13.06 −4.56{

2V′′′Y + 2Y•••i

}d
4.50 −13.12

2V′′′′′P + 2P•••••i 42.88 −
2
{
V′′′′′P + P•••••i

}
6.04 −36.84

V′′′′′P +
{
V′′′′′P + 2P•••••i

}
20.84 −22.04

2V••O + 2O′′i 15.34 −
2
{
V••O + O′′i

}
7.70 −7.64

V••O +
{
V••O + 2O′′i

}
7.80 −7.54

3V••O + 3O′′i 23.01 −
3
{
V••O + O′′i

}
11.55 −11.46

V••O +
{
V••O + 2O′′i

}
+
{
V••O + O′′i

}
11.65 −11.36{

3V••O + 3O′′i
}e

6.01 −17.00

V′′′′′P + V′′′Y + Y•••i + P•••••i 30.25 −{
V′′′′′P + P•••••i

}
+
{
V′′′Y + Y•••i

}
9.55 −20.70

V′′′′′P +
{
V′′′Y + Y•••i + P•••••i

}
21.14 −9.11{

V′′′′′P + V′′′Y + Y•••i + P•••••i

}f
4.93 −25.32

V′′′′′P + V••O + P•••••i + O′′i 29.11 −{
V′′′′′P + P•••••i

}
+
{
V••O + O′′i

}
6.87 −22.24{

V′′′′′P + V••O + P•••••i + O′′i
}g

6.33 −22.78
a Figure 10(a),b Figure 11(a),c Figure 12(a),d Figure 10(c)

e Figure 12(d),f Figure 10(b),g Figure 12(c),

energy of the three species, with a formation energy of 3.02 eV. This defect configuration

results from a small displacement of the phosphorus atom in the ac or bc plane, where

it becomes polymerised with a neighbouring phosphate tetrahedron to form a P2O7 unit.

Similarly, the binding energy for the defect cluster consisting of two localised yttrium Frenkel
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pairs, 2V′′′Y + 2Y•••i , is sufficiently large to reduce the formation energy of the cluster to less

than that of a single yttrium Frenkel pair cluster. In general, all phosphorus Frenkel pairs

resulted in the polymerisation of multiple phosphate units, frequently forming P2O7 units

preferentially. Oxygen Frenkel pairs also often introduced polymerisation of local phosphate

units when the oxygen interstitial is located outside of the nearest neighbour distance of

the phosphorus atom to which it was originally coordinated. This residual three-coordinate

phosphorus atom subsequently polymerises with a neighbouring phosphate tetrahedron to

form a P2O7 unit. The lowest energy oxygen Frenkel pair clusters were, however, found to be

those resulting from simple rotations or distortions of phosphate tetrahedra. With respect to

oxygen split interstitials, very little difference is found between the formation energies of the

configuration where two oxygen Frenkel pair clusters are at infinite dilution, 2 {V••O + O′′i },

and for the split interstitial, V••O +{V••O + 2O′′i }, with formation energies of 7.70 and 7.80 eV,

respectively. It is noteworthy that when comparing the trend in formation energies for the

three possible Frenkel pairs in xenotime and zircon, Table 11, the Frenkel pair for the B

cation at infinite dilution is unanimously found to be the least energetically favourable in

xenotime. In contrast, the Frenkel pair for the A cation has the highest formation energy in

zircon.

3.4.4 Anti-site Defects

Anti-site defects are simple to define in xenotime with the yttrium and phosphorous ions

exchanging crystallographic sites following the Kröger Vink notation in Equation 17

Y×Y + P×P ⇀↽ Y′′P + P••Y (17)

The lowest energy anti-site cluster was identified during the search for phosphorus Frenkel

pairs via the grid search method, Figure 13. Here, the yttrium and phosphorus defects sit

slightly offset from the corresponding lattice sites at a distance of ca 1.10�A. This results in

a six-coordinate yttrium anti-site and a four coordinate phosphorus anti-site, polymerising
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Table 11: Comparison of Frenkel pair formation energies

Formation Energy / eV

Defect This This Gao Urusov Pruneda Crocom-
Work Work et al.a 31 et al.a 33 et al.b 30 betteb 26

(∞) (Cluster)
AFP 8.81 6.53 7.37 9.53 13.20 24.00

BFP 21.44 3.02 16.86 40.25 10.70 22.90

OFP 7.67 3.85 4.43 10.79 7.60 7.30

General formula for orthophosphates and silicates is ABO4.
a YPO4 and b ZrSiO4

N.B. reported defect energies are not calculated from models using a consistent
forcefield. Therefore absolute values should not be compared directly.

with two neighbouring phosphate tetrahedra to form a P3O10 unit. The formation energies

for the bound and unbound anti-site defects are listed in Table 12, along with the associated

binding energy. The formation energy for the anti-site defect at infinite dilution is much

higher than that of the anti-site defect in zircon, 8.5 eV, calculated by Pruneda et al.30 The

large binding energy associated with the cluster reduces the formation energy to a more

comparable value.

Figure 13: Anti-site defect cluster found using the grid search methodology. Vacancy sites
are highlighted in orange.
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Table 12: Formation and binding energies calculated for the anti-site defects

Anti-site Formation Binding
Defect Energy / eV Energy / eV

Y′′P + P••Y 21.93 −{
Y′′P + P••Y

}
7.60 −14.33

4 Conclusion

A new self-consistent force field has been developed across the YPO4, Y2O3 and P2O5 phases

using a fitting methodology based upon a reverse Monte Carlo procedure. These potentials

successfully reproduce the crystallographic and mechanical properties of these phases, in

relatively good agreement with experimental data. This new force field has been used to

calculate the formation energies for a range of intrinsic defects in xenotime including Schot-

tky, Schottky-like, Frenkel pair and anti-site defects. The binding energy associated with

the aggregation of point defects into clusters is shown to play a significant role in lowering

the formation energy of defect configurations. Though the Frenkel pair defects at infinite

dilution are generally in good agreement with the previous work of Gao et al., this study

has identified that, once the binding energy is taken into account, the phosphorus Frenkel

pair cluster is the lowest energy Frenkel pair, forming a P2O7 polymerised unit in the ac

or bc plane. The polymerisation of phosphate units was found to be a key feature of the

defect configurations for both phosphorus and oxygen Frenkel pairs, with the lower energy

configurations generally forming P2O7 units and maintaining a coordination number of four

for the phosphorus atoms. In contrast, the lowest energy yttrium Frenkel pair configurations

generally resulted in an yttrium interstitial with a reduced coordination number of six.

Intrinsic differences have been identified between the lowest energy defect configuration

in this study for xenotime and the equivalent defects in zircon outlined by Crocombette and

Pruneda et al. In zircon, an oxygen split interstitial, resulting in a five coordinate silicon
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atom, was identified as the lowest energy oxygen interstitial. The equivalent split interstitial

calculated in this study was much higher in energy than an oxygen interstitial located in the

c channel, bridging between two yttrium atoms. However, a similar lower energy split inter-

stitial was identified for xenotime where the phosphorus atom remained in a four coordinate

geometry. This may be indicative of the relative stability of the five coordinate silicon and

phosphorus species. In general the phosphorus Frenkel pair at infinite dilution was found to

be the least energetically favourable cation Frenkel pair in this study and those of Gao et

al.31 and Urusov et al.33, whereas in contrast, the zirconium Frenkel pair was found to have

the highest formation energy in zircon by both Crocombette26 and Punedaet al.30 This again

indicates another inherent difference in the intrinsic defect properties of the two isostructural

phases. Finally, the formation energy for anti-site defects at infinite dilution are calculated

to be much larger than those calculated for zircon by Pruneda et al., likely owing to the

difference in the relative charges of the Zr, Si, Y and P atoms, respectively.

The transferability of these potentials across the YPO4, Y2O3 and P2O5 phases along with

the good agreement between the observed and calculated crystallographic and mechanical

properties makes them ideal for simulating radiation damage events in the xenotime system

within a molecular dynamics regime. N.B. employing the fitting method described above,

further parameterisation of charges and short-range pair potentials for systems such as UO2

and PuO2 would enable a consistent force field to fully model the effect of incorporating such

aliovalent dopant species as extrinsic defects into xenotime. An additional point to consider

when simulating radiation damage with molecular dynamic techniques is the possibility that

energy would not be conserved during the simulation if an O-P-O bond breaks, rendering

the three body term inapplicable. Although not of concern to the static defect simulations

reported in this paper, a solution would be to implement a variant of the three-body potential

that decays smoothly to zero as the P-O distance increases, to conserve energy.

We have shown in this work that the novel potential set for xenotime, derived empirically

using in-house reverse Monte Carlo techniques, is robust for the investigation of the defect
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chemistry. Our results further the understanding of radiation damage in this material, which

is essential for long term assessment of the safety and surety of this material for use in the

immobilisation of High Level Radioactive Waste.
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