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CaYAl307 presents a challenge for computer modelling techniques because of its site-occupancy disorder
related to the Ca/Y shared site. Supercells were built to reproduce experimental results which have the best
agreement and lowest lattice energy. The potential parameters were obtained by empirical fitting, and reproduced
the structure to within 1.09%. Results obtained by supercell and the Mott—Littleton methods were compared.
Both methods predict oxygen Frenkel defects are likely to be formed.
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1. Introduction

CaYAl307; (CYAM), as with other Y-containing ma-
terials, has been studied as a host for rare earth (RE)
ions which can induce interesting luminescent properties,
including mechanoluminescence (Ce®* and Eu?t dop-
ing), afterglow (Ce3* doping) and up-conversion fluores-
cence (Yb** doping) [1-4]. CYAM has also been inves-
tigated for applications in white LEDs, sensing of struc-
tural damage, volumetric displays, temperature sensors
and other applications [5, 6].

CYAM belongs to the mellilite family and its crystal
structure belongs to the space group P-42;m, where the
Ca and Y ions are randomly distributed at the same site
in the lattice with a composition ratio of 1:1 [7]. The
site-occupancy disorder related to the Ca/Y shared site
in CYAM produces naturally different local symmetries
around defects and this can be connected to the low local
symmetry found in the literature for both divalent and
trivalent rare earth ions substitute at this Ca/Y shared
site [4, 7].

Computer modelling based on atomistic potentials and
energy minimisation has been used to provide fundamen-
tal insights into defects in a wide range of materials [8—
10]. These modelling techniques use interatomic poten-
tials to define interactions in the material, and have the
advantage that a relatively large number of atoms/ions
can be treated explicitly. However, materials with frac-
tional occupancy, like CYAM, represent a challenge for
this technique when defects have to be considered in the
modelling strategy. The present work aims to develop a
strategy to model intrinsic defects in CYAM to obtain the
energetics of the possible defects present in the material.

2. Methodology

The methodology used to model the defect in CYAM
is based on energy minimisation where the interatomic

*corresponding author; e-mail: megvalerio@gmail.com

interactions are described using a set of interatomic po-
tentials. This same strategy has been applied successfully
in a number of systems [8-10].

The usual way of modelling the defects in a material
follows three basic steps. Firstly, the interatomic poten-
tial set has to be obtained, either by using previously
derived potentials, or by deriving a special set to model
the material in focus. The second step is to establish
the possible defects in the material and the correspond-
ing mechanisms to be used to compute the energetics of
the defects in terms of solid state reactions. The third
step is performing the calculations of the defect energies
involved in the reactions.

In step two, the mechanisms are normally composed of
combinations of vacancies, interstitial and substitutional
ions depending on the defect of interest. This is the part
that presents the challenge in modelling CYAM because
if any defect involves either Ca or Y ions there is no way
to remove just the Ca or the Y since the material itself
is described as being composed of 50% Ca and 50% Y at
the same lattice site. This may not present problems for
general structural methods, like X-ray diffraction (XRD)
or the calculation of lattice energies, but it is not suitable
for treating defect modelling calculations.

One possible way of overcoming this problem is to rep-
resent the material by a supercell that is constructed
based on repetitions of the unit cell of CYAM generated
from the crystallographic data. In this supercell there
are a number of Ca/Y sites that can be occupied either
by a Ca?t or an Y>*, 50% each. However, two impor-
tant issues arise from this approach. Firstly, what is a
suitable size for the supercell, and, secondly, how should
the Ca/Y sites be filled to mimic the random occupancy
actually found in the material? In order to properly deal
with both issues, as large as possible a supercell should
be constructed, and more than one configuration of the
Ca/Y sites should be considered. The problem now is
that using a very large supercell may make the calcula-
tions impossible to run due to computer resource limits,
and repeating the calculations for a number of configu-
rations can be very time consuming.
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Fig. 1. (a) 1 x 1 x 1 supercell structure viewed along
001 direction, (b) 2 x 2 x 2 supercell structure viewed
along 001 direction, (c) 3 x 3 x 3 supercell structure
viewed along 001 direction, (d) a comparison between
the standard patterns and the calculated ones generated
by supercells (a), (b) and (c).

Several supercells were constructed with different num-
bers of repetitions and distributions. Diffraction patterns
were simulated through the GSAS® program [11] and
compared with standard diffraction patterns [12]. Fig-
ure 1 shows the CYAM basic unit cell plus examples of
2x2x2 and 3x3x 3 supercells with Ca/Y ions randomly
distributed. The patterns generated by each cell are also
shown. The conditions used to choose the supercells were
best agreement between patterns and lowest lattice en-
ergy, and this was found for the 3 x 3 x 3 supercell.

The calculations were performed using the computer
code GULP [13]. The Buckingham potentials supple-
mented by electrostatic terms (1) were used to describe
the interactions between ions

s C.: s
‘/iinjeXp< ”>é]+thqg (1)
Pij T Tij

Here ¢; and g; are charges on the ions, 7;; is their separa-
tion, and A, p and C are potential parameters. Further-
more, the shell mode was employed to take account of
polarisation of the O ions, while Ca, Y and Al take their
formal charges. The potential parameters (Table I) used
in this paper were obtained by empirical fitting methods;
the agreement between the experimental and calculated
lattice parameters is given in Table II.

Having a negative formation enthalpy of CYAM is
also considered as a criterion to select the supercell
configuration. Table IIT shows the calculated formation
enthalpy for CYAM, according to the reaction below,

TABLE I
Potential parameters used in the CYAM modelling.
Interaction A [eV] o [A] C leV AY)
Buckingham cut-offs: 10 A
Y core-Osheit 1345.1 0.3372 0.0
Cacore-Oshelr 1217.7 0.3372 0.0
Alcore-Oshen 1396.4 0.3006 0.0
Oshett-Oshelt 22764.0 0.1490 27.879
shell model parameters
spring Ocore-Oshen [6V A7) 28.0
qOcore qOshell
h
charge [|e]] 0.86002  2.86902
TABLE II

Comparison of calculated and experimental structures.

CaYAI307 supercell parameters [A]

Experimental ~ Calculated A%

a 23.0280 22.8451 0.79

b 23.0280 22.8429 0.80

c 15.1200 15.2844 1.09
Al>O3 parameters

a=1b 4.7657 4.7331 0.68

c 13.0100 12.6074 3.09
Y203 parameters

a=b=c 10.6017 10.5117 0.85
CaO parameters

a=b=c 4.8152 4.8008 0.30

using the lattice energies for the precursor oxides (given
in the table). Also given in the table are lattice energies
for other possible products, which are seen to be nega-
tive.

1
CaO + §Y203 + gAIQO:g — CaYA1307

1 3
Acaval,0; = Eb,o + §E\L@oz + §Eﬁ1203

Calculations of defect energies were performed us-
ing two methods: supercells and the Mott-Littleton
method [14, 15], adapted so that the supercell is used in-

Calculated lattice energies. TABLE III

3Material Lattice energy [eV]
Al,O3 -161.12
Y203 -135.42
CaO -36.1
CaAl204 -198.38
Y4AlzOg -432.32
Y3Al5012 —606.168
YAIOs3 —148.1
CaYAl30y -346.31
AHpormation(CaYAl;O7) -0.82
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stead of a basic unit cell. The first method involves: (i)
generation of the supercell, (ii) incorporation of defects,
and (iii) lattice energy minimisation [14]. This method
can provide a concentration of defects beyond the di-
lute limit. In the second method, the spherical region of
the lattice surrounding the defect is treated considering
all interactions (region I), while more distant parts are
treated using a continuum approach (region II). In order
to accommodate the distortions of the lattice induced by
the defect, region II is divided into region II(a) and II(b).
Each ion displacement in region II(a) is calculated con-
sidering an harmonic approximation and region II(b) is
considered to be a dielectric continuum since the influ-
ence of the defect is very small [15]. Consistent cut-off
radii of 24 A and 28 A have been used for regions I and
II(a), respectively.

3. Results and discussion

A series of calculations were carried out and the for-
mation energies of isolated point defects (vacancies and
interstitials) in CYAM were obtained. The formation
energy is the energy difference between the defective and
perfect lattice; in the supercell method it is the lattice
energy obtained after minimisation of the defective and
perfect lattice, while in the Mott—Littleton method, the
defect formation energy is calculated in the limit of infi-
nite dilution [14].

The intrinsic defect (Frenkel, Schottky and others) re-
actions have been devised and are listed in Table IV.

TABLE IV

Reaction schemes (defect equations) for intrinsic defects
in CYAM.

Frenkel defect

77T

Yy = Y +Vy,
Caca — Cal®+Ve,
nr
Alp — Al;,..+VA1
Oo — O, +V&
Pseudo-Schottky

Cacat00 — Vg, +V& +Ca0
2Yy+300 — 2Vy, +3Ve+Y203
2A101+300 — 2V, +3Ve +AL03
Caca+2A141+400 — Vi, +2V, +4Ve +CaAl Oy
Yy +AlA1+300 = Vy +V 5, +3Ve+YAIO3

I

CacatYy+Alx1+400 — V{, +VY +V o +4Ve +CaYAIO,
Schottky
Caca+Yy+3AlA1+700 — V{, +Vy +3Va +7Ve +CaYAl;07
anti-Schottky
CaYAl307 — Cal®+Y***+3A1°**+70]

Table V shows a comparison of formation energies
of basic defects in CYAM calculated by the supercell
method compared with those calculated using the Mott—
Littleton methodology, assuming no defect binding. The
essential difference between both methods is in defect

Solution energies for intrinsic defects. TABLE V
Defect ML ‘ SC
type Energy [eV/defect] ‘ No. of config.
Frenkel
Y 7.56 3.23+0.61 5994
Ca 4.34 2.75+0.43 5994
Al 8.31 4.774+0.64 8103
(0] 3.63 2.2440.21 38625
Pseudo-Schottky
CaO 4.90 3.01£0.17 20250
Y203 6.00 3.44+0.14 20250
Al,O3 5.93 3.74+0.15 61125
CaAlz0O3 4.24 3.44+0.14 3300750
YAIO3 6.00 3.39+0.14 3300750
CaYAlO4 6.01 3.68+0.01 178220625
Schottky
| 570 [ 3.4440.14 | 178096617
anti-Schottky
| 4.67 | 266+0.18 | 139952421

concentration where the Mott—Littleton method is at the
dilute limit [14, 16|, but in the supercell method a con-
centration of defects beyond the dilute limit can be estab-
lished. The concentration of defects can be controlled by
varying the size of the supercell and /or the number of de-
fects within it, therefore, an increase of size reduces con-
centration and the predicted formation energy obtained
from the supercell method converges toward the Mott-
Littleton result [14, 17]. Results are quantitatively dif-
ferent, with formation energies from the supercell method
being approximately double the Mott—Littleton method,
but qualitatively they give the same result with the O
Frenkel being the most favourable defect.

The energies from the supercell method were obtained
by averaging over all possible combinations of defects in
the supercell.

4. Conclusions

Supercells with Ca/Y ions distributed randomly, keep-
ing the composition ratio of 1:1, were built to reproduce
the standard XRD patterns of CYAM. A 3 x 3 x 3 su-
percell was chosen as this gives the best overall agree-
ment. A set of potential parameters were obtained by
empirical fitting that reproduce the CYAM and precur-
sor oxides crystal structures to within 1.09% and 3.09%,
respectively. The intrinsic defect formation energies were
calculated using supercell and the Mott—Littleton meth-
ods. Both methods predict oxygen Frenkel defects are
most likely to be formed.
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