Defects in MgB,O- (pure and doped with lanthanides): a case study using a
computational modelling approach.

Giordano F. C. Bispo!, Débora S. Nascimento?, Lucas B. Santana’, Gilvan S. Ferreira*, Hestia R. B.
R. Lima*, Susana O. Souza’, Francesco d'Errico??®, Robert A. Jackson®, Mario E. G. Valerio'3

! Materials Science and Engineering Department, Federal University of Sergipe, 49100-000, Sao
Cristovao, SE, Brazil

?Department of Civil and Industrial Engineering, University of Pisa, Largo Lazzarino 1, 56122 Pisa,
Italy.

3 Physics Department, Federal University of Sergipe, 49100000 Sao Cristovao, SE, Brazil

2 Instituto Federal de Sergipe, campus Lagarto, 49400000 - Lagarto, SE, Brasil
3 School of Medicine, Yale University, New Haven, CT, USA

¢ School of Chemical and Physical Sciences, Keele University, Keele, Staffordshire, ST5 5BG, UK

(Correspondent author: gfredericoc@gmail.com)

ABSTRACT: Lanthanide-doped MgB407 is a potential dosimetry due to its thermoluminescence (TL)
and optically stimulated luminescence (OSL) properties. These properties have been largely reported,
but there are few theoretical studies dedicated to understanding the material defects. The aim of this
work is to demonstrate that defects are a key issue to understand the luminescent mechanisms. A new
set of interatomic potential parameters were obtained reproduced MgB407 structure better than 2% and
4% for oxide precursors. The results showed that the O Frenkel defect is the most probable which can
account for the intrinsic blue emission in undoped material. Also, the extrinsic defect calculations
demonstrated two possible doping schemes for lanthanide ions. One lanthanide dopant group prefers
the direct substitution in boron site with a molecule of (BO3)-3 moving to balance the strain caused by
this substitution. Another prefers a substitution in magnesium site with an MgB anti-site as charge

compensation defect.

Keywords: Magnesium tetraborate, Atomistic Computational Modelling, intrinsic defects, extrinsic

defects.

. INTRODUCTION

Magnesium tetraborate (MgB407) is a phosphorus studied since the early 1980s because of
its TL and OSL properties when doped with lanthanides [1-4]. Recently, some works proposed
that this material is also sustainable for application as a passive temperature sensor [5,6]. The

interest in the MgB4O- dosimetric properties is because this borate presents an effective atomic



number (Zeff = 8.2) like tissue (Zeff = 7.35-7.65), which is excellent for use in personal
dosimetry due to its lack of correction factors for dose calculations [7]. Moreover, the material
is sensitive to photons and charge particles with linear response in a wide absorbed dose range,
from mGy up to 100 Gy [8]. The presence of boron in the matrix also allows the substitution
of natural boron source by B!? and B!! enriched sources with high capture cross-section for
thermal neutrons. In recent years, this fact has been explored as a possible solution for
measuring in-vivo dose for patients in radiotherapy treatments and in Boron Neutron Capture

Therapy (BNCT) as well as human activities during the nuclear fuel cycle [9].

Although MgB4O5 has a vast literature dedicated to dosimetry properties obtained using TL
and OSL, there is a lack of knowledge about the luminescent mechanism responsible by
TL/OSL emissions. Moreover, there are few theoretical papers dedicated to understanding the
basic properties of the defects in the material from the computational modelling point of view
[10]. But, as a dosimeter, the material is exposed to the radiation field and the primary effect
that is used in almost all types of dosimetric measurements are related to the defects already
present and the ones generated by the interaction of the radiation with the material.
Consequently, the knowledge of the physical and chemical properties of the defects that may
be present in any dosimetric material is a key issue to understand the mechanisms behind the

dosimetric signals and is also very important to improve the quality of the dosimeter.

Systematic studies carried out with lanthanide (Ln) doped MgB,0; samples have already
shown that different dopants are associated with different luminescence mechanisms [11,12],
and there is a possibility that the intrinsic and extrinsic defects are related to the light emissions
and electron paramagnetic resonance signals [13,14]. These features can be studied through
classical computational modelling which is based on interatomic potentials and lattice energy
minimisation [15,16]. Classical modelling allows the study of several configurations for
intrinsic defects as well as doping schemes with a low computational cost. This methodology
has been successfully used to predict the most probable defects in materials solving some open

experimental questions [16—18].

The present work proposes to predict the most likely intrinsic defects as well as studying
defects created by insertion of lanthanide dopants in the MgB4O; matrix. Such results can
contribute to the completely understanding of the luminescent mechanisms in the dosimetry
radiation field. The first challenge for these goals is fitting a set of interatomic potential

parameters for the structure, mainly for borate-based structures where these parameters are not



well established. The second step will be to calculate all intrinsic and extrinsic defects. Finally,
the comparison with experimental results will lead to a complete understanding of results and
will provide further evidence that can be used to propose a model for the luminescence

emission of the material.

II. METHODOLOGY

The computational atomistic modelling applied in this work is based on interatomic
potentials and lattice energy minimisation. This classical approach has been successfully
applied in ionic and covalent materials yielding important understanding of defect behaviour
[16,19-21]. Three basic steps are followed to model defects through this method: the first step
is to obtain an interatomic potential set using previously derived potentials or by deriving a
special set to model the material in focus. Next, all defects in the material and the corresponding
mechanisms are established to compute the energetics of the defects in terms of solid-state
reactions. The last step is calculating the energy terms involved in the reactions [17]. the

General Utility Lattice Program (GULP) was used to perform all calculations [22].

For the first step it is necessary to know which atomic bond is related to the interatomic
potential set. MgB,O has an orthorhombic structure belonging to space group Pbca (see figure
1) [23]. The unit cell presents one magnesium non-symmetric site with five neighbouring
oxygen polyhedra (orange polyhedra) linked to (B4O9)® basic repeating blocks via corner-
linked oxygens [10]. The boron block is divided in four non-symmetric sites: B1 and B3 with
tetrahedral coordination of four neighbouring oxygens (blue polyhedra) and B2 and B4 with
planar trigonal oxygen coordination (green polyhedra). There also are seven oxygen non-
symmetric sites. Looking at the structure along the c-axis (see Figure 1) is possible to see a

region where atomic distances are far enough apart to include interstitial ions.



Figure 1 — Crystal structure of MgB40O7 reproduced using the VESTA program [23] using
lattice parameters from #34397 ICSD card [23].

The Coulomb potential supplemented by a Buckingham potential is commonly used to
describe ionic interactions while for covalent ones usually Morse and many-body potentials
are used [17,25]. An analysis of DOS calculations has concluded that Mg-O bonds are ionic
while B-O bonds have a covalent character due to hybridization of the B and O states in
MgB,O; [10]. Therefore, it is usual to assume that interactions between rare earth and
magnesium with oxygen are described by ionic pair-potentials while boron-oxygen will require

an additional covalent term.

The set of pair-potential parameters used in the present work for Ln-O bonds are well
established [19]. Otherwise, there are few set of potential parameters for B-O bonds in the
literature used to describe B,Oj; structures [24,25], however, they did not provide a consistent
description of MgB4O; crystalline structure and bulk properties. Therefore, a new set of
potential parameters had to be derived to ensure the best reproduction of MgB40O5 structure and
the B,0O; and MgO oxide precursors. A Buckingham type potential was used to describe B-O
pair interactions and a three-body bond-bending term was added to ensure the reproduction of
the B-O-B bond angles. MgB40; presents two borate groups, (BO,)> tetrahedra and (BO;)-3
triangles, which have different bond angles, requiring two types of three-body terms for a
correct description of the crystalline structure. Unlike some previous publications, we
considered the trivalent oxidation state for B following the nominal state for B,Os precursor.
Such considerations allow many defects to be calculated including a substitution of boron ion

by one trivalent rare earth element.



Based on previous experience and the literature, a good set of potential parameters
reproduces lattice parameters with discrepancy within 2% for the main structure and +5% for
oxide precursors [18]. The set of potential parameters was fitted to reproduce the experimental
structures and properties as accurately as possible requiring an additional fit to the Mg-O pair-
potential available in the literature to ensure the best reproduction of the MgB4O; structure.
The potential parameters can be seen in table 1 while the comparison between experimental
and calculated crystal lattice parameters for and MgB40; and the oxide precursors are showed
in table 2. All calculated lattice parameters differences are within acceptable limits, lower than

2% tor MgB40O7 and around 3% for both MgO and B,0;.

Table 1 - Parameters of the potentials used for crystal lattice modelling.

Buckingham (Cut-offs = 10 A)

Interaction AjjleV] pi [A] C; [eVAf]
Mg-core= O-shen 946.63 0.3081 0.000
B-core- O-shen 567.29 0.3324 0.000
Osheir- Oshen 22764.0 0.1490 27.879
Three body terms (Cut-offs = 1.8, 1.8, 3.2 &)
Interaction K[eVrad?] 0(rad)
B1 core'Oshell'Oshell 4.09724 109.4
Bz'core'()shell'()shell 2.09724 120.3
Shell model (eVA-2)
Spring Ogheir-Osnen 70.0
Charge of the ions [e]
Mgcore Bcore Ocore Oshell
2.00000 3.00000 0.86902 -2.86902

Table 2 - Comparison between experimental and calculated crystal lattice and oxide precursor
parameters at 0 K.

Parameter  Experimental Cale. 0 K A%
MgB,0, [23]
a 13.730000 13.848758 0.86
b 7.970000 8.101029 1.64
c 8.620000 8.671833 0.60
o=p =y 90.0 90.0 0.00
B0, [27]

a= 4.335900 4.308210 0.64



c 8.342000 8.104961 2.81

a=p 90.0 90.0 0.00

y 120.0 120.0 0.00
MgO [28]

a=b=c 4217000 4.074932 3.37

a=p =y 90.0 90.0 0.00

Another aspect that should be considered is the Gibbs free energy for the formation of the
MgB,O; structure. From a theoretical point of view, the Gibbs free energy represents the
stability of a crystal under a specified thermodynamic condition. The crystal is stable under
those temperature and pressure conditions if 4Gy,marion 18 negative, otherwise the segregation
of the precursors happens. Equation 1 shows the solid-state reaction that describes the
formation of magnesium tetraborate from precursor oxides as well as Gibbs free energy

calculations:

:‘t[gO + 232()3 = 11[QB107

(1)

_ Latt Latt < Latt
AGfo-r*nmL:uan - Ej\,[gﬂ_l()T - E;\jg(’) - ‘ZEBZO;;

Table 3 shows the lattice energy for MgB4O7 and lattice energy for precursor oxides as well

as the negative Gibbs free energy calculated.

Table 3 - Lattice energy calculated for MgB,O; and their precursor oxides and free Gibbs
formation energy at OK.

Material Lattice Energy[eV]

MgO [28] ~42.04

B,0; 27 -175.86

MgB4O7 [23] -394.51
AGformation -0.75

Lastly, the set of potential parameters need to reproduce the bond distances and angles in
the B-O polyhedra for MgB4O; structure. It is highlighted here that the three-body potential,
acting on the O-B-O angle, was added to preserve the arrangement of two borate groups on the

B-O polyhedra. Thus, a good potential set must reproduce both B-O polyhedrons keeping final



values of the bond distances and angles in the simulated structure close to the values obtained
experimentally. Results given in table 4 shown that the simulated B-O distance in the polyhedra
are below 3.57% of the expected experimental values while the simulated bond angles were w
4.31% as compared to the values calculated from the experimental determined MgB40O,
crystalline structure. These results shown that new set of potential parameters are consistent in

reproducing the MgB,O; structure.

Table 4 - Comparison between average experimental and calculated distances in borate
polyhedra at 0 K.

Polyhedron Site Experimental [23] Simulated A%

(BO)., B1 1.4697 1.5042 2.35
B3 1.4789 1.5141 2.38
(BO); B2 1.3632 1.4067 3.19
B4 1.3624 1.4111 3.57

Table 5 - Comparison between experimental and calculated angles in borate polyhedra.

Polyhedron 1 (BO),
Angle Experimental[23] Simulated A%

D, 108.9 107.8 1.01
D, 108.9 110.8 1.74
D; 119.4 119.6 0.17
D, 105.8 105.5 0.28
D; 110.8 110.8 0.00
Dy 103.4 100.4 2.90
Polyhedron 2 (BO);
el 120.1 124.7 3.83
O, 119.1 119.8 0.59
O; 120.6 1154 431

Having obtained the set of potential parameters, the next step is to calculate the formation
energy to create each isolated point defect in MgB,O; structure. The calculations were
performed by the Mott-Littleton method, which can provide a concentration of defects in the
dilute limit. This method consists in separate defect calculus in two spherical regions. For the
first region, defects are treated considering all interactions (region I) evaluating all position
parameters, while more distant parts are treated using a continuum approach (region II). Lattice
induced distortions by the defect are treated through region II division. For region II(a) each
ion displacement is calculated considering an harmonic approximation. The region II(b) is

considered a dielectric continuum, since the influence of the defect is very small [18]. Several



region sizes were tested and a consistent cut-off radius of 15 and 19 A for region I and II(a),

respectively, was found for intrinsic and extrinsic defects.

The formation energies were calculated for all non-symmetrical equivalent site positions in
MgB,4O; structure: 7 positions for oxygen, 4 for boron and 1 for magnesium. They are used to
calculate vacancy point defects. Furthermore, 4 interstitial positions were found by inspecting
the empty volumes in the unit cell and considering a minimum distance of from the first
neighbours, and they are presented in table 6. These positions were used to calculate interstitial

point defects.

Table 6 - Coordinates of the interstitial positions.

P1 0.00.00.0
P2 1/21/2 172
P3 1/41/4 1/2
P4 1/4 1/4 1/4

The formation energies of isolated point defects (vacancies, interstitials, and doping
substitution) allow numerous defect configurations. This is one of the advantages of atomistic
classical modelling because it is possible to cover all defect configuration without a huge
computational cost. Also, this methodology can give an idea about the atomic positions close
to defect region before and after the lattice relaxation that helps the luminescence phenomena

interpretation.

. RESULTS AND DISCUSSION

Intrinsic defects

The determination of energies for Frenkel, Schottky and others type of intrinsic defects can
provide a good estimate about what occurs in undoped material. They are obtained through a
combination of isolated point defect (vacancy and interstitial) energies and relevant lattice
energies calculated previously. For example, an oxygen Frenkel pair is a combination of an
oxygen vacancy and one oxygen interstitial ion. In this case, there are seven different oxygen
sites for vacancies and each one of them were calculated separately. In additional, there are

four different interstitial positions calculated separately that yield 28 combinations of unbound



oxygen Frenkel pairs. Reactions for these defects are showed in table 7, represented in Kroger—
Vink notation, as well as the lowest energy value found for each defect. Solution defect
energies were calculated using lattice energies presented in table 3. Energies obtained are
normalised by number of point defects necessary in each reaction. They are calculated under
the unbound condition, where it assumes basic defects are so far apart that there is no
interaction between the basic constituents of the constituents of the considered intrinsic

disorder [12].

Table 7 - Reaction schemes (defect equations) and values of lowest solution energies for intrinsic

defects in MgB,0; calculated under unbound condition.

Scheme Defect equations Solution energy

[eV/ Defect]

(i) Bp — BI™+V 5.50

Ewi=Epye+ Eyp

(i) Mg, — Mgp*+V), 248
Egi=Enrgse+ E".i'.-.,
(iii) Op — 04 +Ve 2.05

Bu=Fq,+ Byge

Pseudo-Schottky

b
=1
(3=

(iv) 2B + 300 — 2V +3VE + BaO3
E,.NE—EE‘-J-;-+ Ev(:- + E.ia’_:‘(')‘
(v) Mgarg + Oo — Vi, +VE + MgO 3.13

, L
Ew=Ey: + Evgr + Eifjo

Schottky

(vi) Mgy +4Bp + 700 = Vi, +AVy +7VE + MgB,0; 2.73

- L
E.u=Ey, +4Eyy +TEyge + Eifon.or

Anti-Schottky

(vii) MgB4O7 — Mgj® + 4B7** + 705 3.58

_ v = "Loatt
Ecau= Engyr + 4Epgee TEg- Exjipo,

Results from Table 7 show that the oxygen Frenkel pair, a combination of an O ion in an
interstitial site and a O vacancy, is the most favourable intrinsic defect while Boron Frenkel
pair has the highest energetic cost. There are a few reports which show emissions in undoped
samples from an unknown centre [8,12,29]. These emissions ranged from near-UV up to blue
spectral region and could be assigned to some intrinsic defect like F-centres or self-trapped
excitons (STE) [30]. The STE emissions are strongly temperature dependent, usually occurring
at temperatures below 150 K, which is not the case for these reports. Moreover, intrinsic

emission reported by Souza et. al. is obtained under 315 nm excitation, far below the predicted



MgB40O7 band gap [8,10]. Thus, there is a probability that these emission bands arise from an
O centre defect such as an F-centre (electrons trapped in an oxygen vacancy). This argument
is reinforced by an electron paramagnetic resonance (EPR) study where signals assigned as an

electron trapped at oxygen ion vacancy were reported in a Tm-doped MgB4O; sample [13].

Until now, defects were calculated under an unbound condition that gives an idea about the
energetic cost of the defect but cannot address how structure changes with intrinsic disorder.
In order to access this information, all constituents of the defect should be added in the same
unit cell including explicitly the interaction among the basic defects. This is known as the

bound condition [17].

There are some aspects that should be considered to choose the starting configurations for
the simulations of oxygen Frenkel pairs. The vacancy and interstitial positions should be far
enough apart to avoid the interstitial ion returning to the vacancy position. In the calculations
presented in this work. a minimum distance between them of 2 A was considered. However,
the distances between the two constituents are not expected to be so far apart since they are
both charged defects and one should expect that the Coulombic attraction will pull together the
O vacancy and interstitial. The initial configurations of oxygen Frenkel pair as well as solution
energies obtained are presented in Table 8.

Table 8 - Values of lowest solution energies and pair distance for oxygen Frenkel defects under
bounded condition in the MgB,0;. The values were normalized to the total number of basic defects.

Vacancy Interstitial position
Crystallographic P1 P2 P3 P4
Site Ew(eV) D(A) [Em(eV) D @A) |[Em(eV) D(A) Ew(eV) D(A)
0 237 4615 | 243 2842 | 1.8l 3.961 1.87  6.807
(07 318 3484 | 141 2305 | 130 2538 | 125 2282
0; 576 4.341 ne 3.695 | 580 3498 | 1.03 3.625
04 234 5584 | 196 3964 | 558 6.721 | 090 2703
Os 1.73 3735 | 154 3790 | 3.80 2336 | 1.78 4.150
O¢ 321 7170 | 271 3956 ne 4230 ne 3.624
07 374 5455 | 191 5126 | 3.02 5835 | 114 9.139

The solution energies found are typically lower than its similar Frenkel pairs calculated
under unbounded condition. This is expected because the interaction among the basic defects
is explicitly included [17]. Apart from being a more realistic modelling approach, close to what
is expect to happen in a real crystal, another advantage of the bound defect simulation is that
the final configuration of the lattice around the defect after the lattice relaxation is readily

available. Figure 1 shows the comparison of the crystalline lattice in the neighbourhood of the



O Frenkel pair disorder before and after the lattice relaxation for the lowest energetic Frenkel

pair configuration according to the results shown in table 7.

(b)

Figure 2 - Configuration with lowest energetic cost for a bound O Frenkel pair defect. It can
be observed that the crystallographic oxygen vacancy site, shown as a grey shaded sphere,
is the one that links boron and magnesium ions, while interstitial atom is in the middle of an
empty region of the crystal. (a) represents the geometry of the lattice before relaxation while
(b) shows the final position of the neighbouring ions after relaxation of the lattice.

Figure 2(a) shows the region of Frenkel pair defect before relaxation. The interstitial
position P4 (1/4 1/4 1/4) is in middle of an empty region in material while the O4
crystallographic site (represented by a grey-shaded sphere) is surrounded by two boron and one
magnesium ion. This atom links two different polyhedra of boron (BO, BO;) and the
magnesium polyhedra. When the vacancy is created the BO, becomes a BO; while BO;
changes to a BO,. The BO, molecule is unstable and will need an extra oxygen ion to stabilise
itself. In this case, the interstitial oxygen originally sitting at the P4 position, is pulled close to
the unstable BO, group, as shown in figure 2(b), that represents the lattice after relaxation. The
vacancy region shows that the surrounding atoms undergo some electric field effect due to

basic defects, but interstitial oxygen stabilises them without large modifications.

The existence of a stabilised Frenkel pair opens possibilities for understanding the TL and
OSL mechanisms and reinforces the F-centre luminescent emission hypothesis. However, the
TL peak in the undoped material has been assigned to impurity ions present in precursors and
not to the presence of intrinsic defects [31]. It could occur if the energy levels created by

Frenkel pair defect are too shallow or deep for usual TL temperature region or electron-hole



pair recombination yields a photon in emission not detectable by a typical TL and OSL light
detection systems. However, it is important to consider in TL mechanisms the possibility of
F-centres and hole trapped created by interaction between an interstitial oxygen and a BO3

molecule.

Extrinsic defects

Although an intrinsic defect study can be useful for understanding of luminescent properties
in this material, most reports have been dedicated to Ln-doped MgB,O; samples. The
lanthanides (Ln) elements have been used as common dopants aiming the improve of the
thermoluminescent intensity by many researchers since these elements are known as an
effective way to obtain excellent luminescence properties [32]. Several reports have pointed
out the Mg crystallographic site as a unique substitutional site because B-O would be a strong
covalent bond [10,29,32]. Although may sound reasonable, there is no direct evidence that the
Ln dopant ions actually substitute only for the Mg ions in the matrix and there is no work in
the literature that test the hypothesis that maybe B sites can also accommodate Ln-doped ions.
One of the aims of the present work is to test all cationic possibilities for Ln**-doping
substitutions and let the energetic costs of the possible defect to decide which would be the

main mechanism for Ln incorporation in the matrix.

The solid-state reactions used to calculate the Ln** extrinsic defects are presented in table 9
as well as the corresponding solution energy equations. These reactions simulate the probable
defects created by substitution of one Ln3"ion in a cationic host site taking account all possible
charge compensation mechanisms when needed. The isovalent boron substitution (i) is only
possible because the set of potential parameters used in this work consider the formal charge
for boron ion. For aliovalent substitution at Mg?* sites, the compensation mechanisms were
tested considering Mg anti-site defect (ii), oxygen interstitials (iii), magnesium and boron
vacancies (iv and v). Having these reactions, the solution equations can be constructed using

lattice energies presented in table 3 and reference [19].



Table 9 - Reaction schemes and solution energy defect equations for extrinsic defects in
MgB,O;. In these expressions Ey,;, Eqoand Ejq are solution, formation defect and lattice
energies, respectively.

(i) 1 Lny034Bp — Lup+i By0;

NI, o 1 1Latt 1 1 Latt
Esor=Eades+ 2 th();; T2 ]:JLHQ();;

(ii) 3 LnyO5 + Mgarg + B — (Lnj,, — Mgy) +3 ByOs

I, o 1 @ Laitt 1 1w Latt
Esor=VKaes+ 5 K550, - 3 Bin,o,

(iii) LnyO3+2Mgary — (2Lny,, — O)) +2MgO

AR, P Latt » Latt
Eso=BEae s +2E50-E 000,

(iv) LnyO54+3Mgarg — (2L}, — Viyy) +3MgO

AR, P Latt P Latt
Eor=Ede +3hﬂ-fg()_bbnz();;

(V) g LIIQOB + BI\IgUQ + BB — (SL??';Jg - Vg) +31\[g0 +% BQO;}

I, oy nLatt 1 1 Latt 3 T Latt
bsul*bdef—k ‘?’hﬂ'{g(} + 9 ngU;; -9 hL'nz();;

The interactions of the lanthanide ions were described through a set of pairwise interatomic
potentials derived previously in [19]. Formation energies for Ln substitution were calculated
for all symmetrically non-equivalent cationic sites, and formation energies previously
calculated for isolated point defects were used. There is no strict rule about insertion of dopant
in the host material, however defects involving ions of similar nature (ionic radius, charge, and

bonds) tend to have small energetic cost [16].

The plot of solution energies per defect versus ionic radii is important because it shows the
tendency of more favourable substitution comparing ionic radii and kind of defect involving in
solutions. Figure 3(a) presents values of the lowest solution energies as a function of each ionic
radius for the unbound condition while Figure 3(b) shows the same for the bound condition. It
is important to highlight that all positions and defects were considered in assuming the bound

condition.
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Figure 3 - Plot of lowest solution energy for each scheme represent in Table 9 as function
of ionic radii calculated under (a) unbound and (b) bounded condition. All energies were
normalised by number of point defects. Values for reaction scheme (i) are identical for
both conditions.

Typically, defects calculated under unbound condition have higher energetic cost than
bound ones because the Coulomb term acts as an attraction term while lattice strain can be
contributed positively or negatively to the energy. In fact, the energetic cost of lattice strain
due to introduction of dopant will determine which defect configuration is the most favourable
for that system. Results in figure 3 show that all solution energies calculated under unbound
conditions have an energetic cost by defect higher than the corresponding bound case. For both
cases, the solution energies decrease with ionic radii increasing for all compensation

mechanism schemes (ii - v) while isovalent substitution (scheme 1) displayed a maximum



energetic cost for Tm and Er dopant ions, decreasing after that as the Ln ionic radius also
decreased. It is important to note that the isovalent substitutions at the boron site does not have
“bound” and unbound” configuration since the defect involved only the Ln substituting for the

B in a particular lattice site, as discussed previously.

Some works have suggested Mg sites as more appropriate sites for impurity substitution,
even in the case large dopant ions [10,29,32], yielding a necessary charge compensation
mechanism. Results in figure 3(b) suggests that this maybe be the case for Tm, Er and Dy
dopant ions where the substitution in Mg sites with a Mg anti-site located in trigonal B site as
compensation mechanism was the most favourable defect. However, for most of Ln ions (Lu,
Yb, Ho, Tb, Gd, Eu, Sm. Nd, Pr and Ce), a direct substitution at one of the B sites is the less
energetically expensive defect. These results may sound unexpected taking account the nature

of bonding and the significant difference between lanthanides and boron environment.

Looking all dopant schemes proposed (table 9), we can observe that reactions where there
is a reduction of boron quantities in the final product have less energetic cost than Mg sites and
interstitial oxygen (figure 3). Such a fact does not mean that boron oxygen bounds are weak,
but that the material prefers a substitution where degree of ionicity increases. Also, it suggests
that synthesis with reduction of boron source quantities while rare earth dopant quantities
increase can favour the doping. In the literature, doped and codoped MgB,0O; is synthesized
reducing host quantities or using excess of boric acid to achieve the correct crystalline phase
[11]. This stoichiometric deviation is observed in several works and can be linked with boron

molecule release when material is doped, but further studies are necessary to prove this.




(d)
Figure 4. Configuration with smallest energy cost for both mainly substitutional
mechanisms. Figures (a), (c) represent the geometry of defect region before relaxation while
(b), (d) represent the final position of the neighbouring ions after relaxation of the lattice.
The cuts were made in z-axis for figure (c), (d) while a minimum rotation to the x axis was
necessary to see figures (a), (b).

Another important aspect of the result shown in figure 3 is that substitution at the boron site
implies a significant displacement not only in the first neighbouring ions, but also in ions of
second region. If we consider boron as an ionic atom, the similarity of radii between ions
involved in defect scheme (i) is too large and would always give the highest solution energy.
On the other hand, the Mg site also has a small ionic radius (r(Mg?") = 66.0 pm, CN = 5 [33])
when compared to ionic radius average for lanthanide ions which implies a high energetic cost
for substitution in that site. Furthermore, isovalent substitution typically causes less distortion
in the lattice than aliovalent because the material does not need to create extra defect to

compensate the excess of charge [16].

Figure 4 was obtained to see the distortion caused by the introduction of dopants in
substitutional sites as well as the region closer to the dopant after lattice relaxation and energy
minimisation. Figure 4 (a) and (c) show the unrelaxed configuration with the smallest energy
cost for substitution in B site scheme and the scheme with Mg anti-site compensation. Figures
4(b) and (d) show the final configurations after lattice relaxation. In both cases, the final
configuration brings dopants with coordination number equal 6 which is usual for lanthanide
dopants. For direct B substitution, dopant causes an increase in distances between cation and
anions neighbors (from 1.51 to 2.41 A) and, as consequence, a molecule of (BOs)* moves to
an empty region in of the crystal. For Mg-B anti-site defect, the dopant also causes an increase

in distances, from 2.03 to 2.28 A, but the displacement is lower than substitution at B site.



For both defects present in figure 4(d) and (e), there are displacement or substitution of host
elements beyond dopant which implies in configurations with point defects associates. These
defects might be considered during interpretation of luminescent mechanism because they can
create electronic trapping centers in the material. Therefore, luminescent mechanism models
which consider only the inclusion of lanthanide level in the material may not correctly describe

the luminescent phenomenon.

IV.  CONCLUSIONS

In this work, we used a classical computational modelling approach to describe the intrinsic
and extrinsic defects in MgB4O;. The description was made by a new set of interatomic
potential parameters that consider the Buckingham potential to describe Mg-O and B-O pair
interactions plus three-body bond-bending terms used to describe B-O-B bond angles as
accurate as possible. The structures were reproduced with discrepancy between experimental
and simulated structures better than 2% for MgB,0O; and 3.4% for oxide precursor parameters,
respectively. The potential parameters also reproduced (BO,)? and (BO;)3 polyhedron
structures with discrepancy better than 4% for B-O distances and 5% for angles. Intrinsic
defects were initially calculated under unbound condition to obtain the most favourable defect
that was further investigated under bound condition to obtain results closer to the real crystal.
The results demonstrated that O Frenkel defect is the most probable intrinsic disorder with a
Frenkel pair with O in P4 interstitial relaxed position and a O surround by two boron and one
magnesium ion is the most probable configuration. A stabilised vacancy is in line with electron
paramagnetic resonance (EPR) studies presented in literature. Results from extrinsic defect
calculations demonstrated two possible doping mechanisms for lanthanide ions. The first is the
direct substitution in boron site with a molecule of (BO3)* moving to an empty region in the
crystal to balance the strain caused by this substitution. The second is a substitution in
magnesium site with a n Mgg anti-site as charge compensation defect. For both, there are ion

displacements beyond first neighbours that shall be considered.
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