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Abstract

The objective of the present work is to study most of the possibilities for 

extrinsic defects in the three cadmium silicate matrices, CdSiO3, Cd2SiO4 and 

Cd3SiO5 and understand the final geometry of the most energetically 

favourable defects, which are generators of the luminescence centres in the 

material. This analysis will be performed out through classical and static 

computer modelling, using the code GULP. We examined a large number of 

reactions that can occur when we incorporate trivalent rare earth ions (R3+) in 

these structures, and analysed the insertion of dopants in all symmetrically 

non-equivalent sites for three structures. Results demonstrated that R ions 

have a preference by Cd sites and cadmium vacancy are created in order to 

compensate charge unbalance. We carefully investigated different distances 
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and angles between the ions involved in the defects formation for CdSiO3 and 

found that all investigated R3+ ions have the same lower energetic defect 

configuration. We found a configuration preference for rare earth ions in an 

array with a distance of around 7 Å and an angle closer to 180º. These results 

predict a possible set of two dipoles caused by position of cadmium vacancy 

in defect.

Keyword: Cadmium silicate, CdSiO3, Extrinsic defects, Mott–Littleton 

method, Trivalent dopants.
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Introduction

Materials that have persistent luminescence characteristic have been widely studied 

since the beginning of the 20th century [1], mainly due to the wide possibilities of their 

applications. A long emission lifetime added to high brilliance allows several 

opportunities as emergency signs, luminous ceramics, energy conserving devices, 

scintillators, bioimaging, photocatalytic among others [2–6]. Sulphites were the first 

persistent emission materials studied, but problems such as chemical instability and short 

lifetime limited the applications [7]. By the 1990s, SrAl2O4:Eu,Dy was successfully 

developed giving properties like extreme brightness, long duration of emission and 

chemical stability. Since then, many aluminates and silicates doped with rare earth ions 

(R) have been reported as potential persistent materials for several applications [8–11]. 

Among these, cadmium silicates have been reported as a potential material yielding 

moderate and strong emissions [12].

Cadmium silicates were found in three known crystalline phases, CdSiO3 [13], 

Cd2SiO4 and Cd3SiO5 [14], the first host is the most extensively studied due to interesting 

optical properties already reported in literature. Undoped CdSiO3 has shown to present 

persistent luminescence even without doping [4,15] with emissions in three visible 

regions of the spectrum: 590 nm, 490 nm and 406 nm [15]. Such emissions change 

according to pH used in production allowing a tailored luminescent colour [15]. Previous 

modelling paper identified the pseudo CdO Schottky defects as the most favourable in 

this matrix yielding a silicon defect in the lattice [16]. Both can be responsible for these 

different emissions.

An important aspect to be highlighted is the fact that doping with R3+ in the CdSiO3 

host covers most of the visible light spectrum, starting from indigo blue to red, just by 
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changing the R doping ion [10,12,17]. This fact is of great interest because it is possible 

to choose the doping ion according to the desired luminescence colour and purpose. 

Persistent emission presented by a doped host spans from few minutes up to hours after 

the source is removed depending on the R3+ dopant [17]. For example, CdSiO3:Sm3+ has 

a pink light emission that can last up to 5 hours and can be see with the naked eye [18] 

while CdSiO3:Tb3+ has a typical green persistent colour [12].

Cd2SiO4 stoichiometry also present persistent luminescence when doped with Pr3+ 

ions yielding an almost pure red emission. This is in contrast to Cd2SiO4:Tb3+ that 

presents typical green emission from Tb3+ without delay in emission [19]. The authors 

affirm that the lower band gap energy regarding CdSiO3 puts Tb excited levels within the 

conduction band making Tb persistent emission absent, also affirm that Tb3+ substitutes 

Cd2+ ions in the matrix without major distortion of the lattice, despite needing 

mechanisms for charge compensation [19].

Although the persistent emission is well-known in literature, the mechanisms behind 

this emission is not clear yet. The presence of R3+ in the Cd2+ sites is confirmed by EXAFS 

measurements [19], but the exact nature of the defect responsible for charge compensation 

still not clear. Therefore, studies with theoretical calculations are needed mainly taking 

account of all defects related. In this work, we will use classical atomistic computer 

modelling to conduct a theoretical study of the cadmium silicate family doped with 

trivalent R ions. This doping study is based on previous works on other materials which 

provided an understanding about defects from the point of view of formation, structure 

distortions and energetic aspects [20–25].
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Methodology

The methodology used in this work is the classical atomistic modelling, which is 

based on interatomic potentials to describe the interactions between ions, aiming at 

minimising energy through the reduction of interatomic forces. For this purpose, we use 

the well-known GULP program (General Utility Lattice Program) [26]. The set of 

potential parameters used is based on two interatomic potentials (Buckingham and three 

body) plus shell model for oxygen ion polarisation. Such potential parameters were 

previously published in the references [16,20,25]. These sets of interatomic potentials 

were obtained by fitting the potential parameters to the CdSiO3, Cd2SiO4 and Cd3SiO5 

structures as well as their CdO and SiO2 precursor oxides[16]. The set of potential 

parameters for all rare earth oxides (R2O3) was obtained from refs [20,25] to describe the 

doping ions.

 Defect formation energies in the compounds were calculated using the Mott-

Littleton method [27]. This method divides the crystal into two regions, where in the first 

region all relaxations of the ions are treated explicitly. The second region is subdivided 

into region II A, where the ions undergo small displacements based on the relaxations 

that occurred in the explicit region I, and region II B which is treated as a continuous 

dielectric. Consistent region sizes of 16 and 22 Å for regions I and IIA were found in the 

calculations after tests to ensure that convergence had been reached.

For calculations, it was firstly assumed that each defect is isolated in an infinite 

matrix that yields a good approximation for diluted systems, where the interactions 

among dopants can be neglected. In these cases, the dopant concentrations are low enough 

to consider each defect homogeneously distributed in the host lattice [28]. Formation 
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energies are calculated for all dopants and point defect related to the charge compensation 

mechanisms. 

The simple comparison of the energetic costs using only the formation energies is 

not strictly correct because this does not take into account the overall mechanisms of the 

substitution process. One way and by far the most common way is using solid state 

reactions where all energy terms involved were built up, and these are the so-called 

solution energies [20]. A great advantage of this methodology is that it can analyse a wide 

range of combinations of all possible defects without any ‘a priori’ assumption.

The defects studied here will be defects induced by the presence of ions that did not 

originally exist in the lattice, the so-called extrinsic defects. These defects are formed by 

combinations of vacancies, interstitial ions and doping ions that interact via solid state 

reactions. 

The structures were modelled at two different temperatures: i-) 0 K, meaning that the 

internal energies are the calculated ones without considering the lattice vibrations, and 

ii-) 300 K, which is normally closer to the experimental conditions, where lattice 

vibrations were included in the Helmholtz free energies via the harmonic approximation. 

The theory for including the temperature implemented in the GULP program is described 

in detail in ref [29].

Considering the doping processes, there are basically two options for the inclusion 

of doping ion in a solid: i-) the substitutional mechanism, where the dopant can assume 

the position of a regular ion in the host, replacing the original ion, in a, and, ii-) the 

interstitial doping, where the dopant ion occupies positions that are not normally occupied 

by the constituent ions of the matrix, i.e., at interstitial sites. The interstitial doping 

mechanism is normally found for light ions and neutral elements, like Li+ ions in solid-
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state battery materials or atomic H in metals. For heavier elements, interstitial doping is 

less probable due to the large lattice distortion that would be needed and substitutional 

doping is more likely to occur. 

In the present work, the inclusion of the dopant ions was considered via substitutional 

doping. There are two possibilities for cationic substitution, in the Si and Cd sites and 

since the R ions are considered to be in their trivalent states, the substitutions at both 

cationic sites are aliovalent substitution requiring charge compensation to keep the 

neutrality of the crystal lattice. 

Considering all these aspects, the next step is to devise the possible mechanisms for 

incorporating the dopants and the corresponding solid-state reaction. The criterion used 

here in choosing these mechanisms and the reactions was to considered the simplest 

possible scheme for a particular mechanism that would involve the least number of basic 

defects in the composition, as a form of charge compensation.  The charge compensation 

defects considered were vacancies, interstitial sites of one of the three ions composing the 

lattice, Cd, Si or O, and Cd – Si anti-sites. The mechanism and reactions considered in 

this work are shown in Table 1, where Kröger-Vink notation was employed [30]. From 

these reactions, it is possible to devise the corresponding energetic balance that gave rise 

to the solution energies. As an example, the first mechanism in Table 1 is related to the 

incorporation of the trivalent dopant substitutional at the Cd site being compensated by 

Cd vacancy. Since a trivalent dopant sitting at a site that would be expected to have a 

divalent dopant will produce a +1 effective charge, a Cd vacancy will give a -2 effective 

charge. So, to balance out, the reaction will need two trivalent dopants for each Cd 

vacancy. The solution energy will thus require twice the energy of a substitutional defect 

added to the formation energy of a Cd vacancy. However, the dopant has to enter into the 

system in some form and it is considered that the oxide form is the adequate from the 
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synthesis point of view. As a result, 3 CdO molecules will be added to the system and 

within the Mott-Littleton modelling these are considered to contribute to form extra layers 

of the matrix far from the defect (formally, the CdO ions are moved to infinity). 

Combining all these energetic terms will give the solution energy of this particular defect. 

Some issues have to be considered in constructing the possible defects involved in 

the doping processes. The first one is the location of the interstitial positions in the silicate 

matrixes and that was done previously and is described in detail in reference [16]. The 

same interstitial positions were used here. The second issue is that in the three cadmium 

silicate structures there are different numbers of Cd, Si and O non-equivalent sites and 

when vacancies are involved all possible sites should be considered. This will be 

discussed in the next section. 

Table 1: Defect schemes with the corresponding solid-state reactions and the solution 
energy equations for the calculated extrinsic defects, both for the unbound and bound 

defects. R indicates the trivalent doping ion.

2𝑅 •
𝐶𝑑 + 𝑉''𝐶𝑑

Reaction I 𝑅2𝑂3 + 3𝐶𝑑𝐶𝑑→(2𝑅 •
𝐶𝑑 + 𝑉''𝐶𝑑) + 3𝐶𝑑𝑂

Solution energy I

Unbound defect: 𝐸𝑠𝑜𝑙 = 2𝐸𝑓𝑜𝑟𝑚(𝑅 •
𝐶𝑑) +  𝐸𝑓𝑜𝑟𝑚(𝑉''

𝐶𝑑) + 3𝐸𝐿𝑎𝑡𝑡𝑖𝑐𝑒(𝐶𝑑𝑂) ‒ 𝐸𝐿𝑎𝑡𝑡𝑖𝑐𝑒(𝑅2𝑂3)

Bound defect: 𝐸𝑠𝑜𝑙 = 𝐸𝑓𝑜𝑟𝑚(2𝑅 •
𝐶𝑑 ‒ 𝑉''

𝐶𝑑) + 3𝐸𝐿𝑎𝑡𝑡𝑖𝑐𝑒(𝐶𝑑𝑂) ‒ 𝐸𝐿𝑎𝑡𝑡𝑖𝑐𝑒(𝑅2𝑂3)

4𝑅 •
𝐶𝑑 + 𝑉''''𝑆𝑖

Reaction II 2𝑅2𝑂3 + 4𝐶𝑑𝐶𝑑 + 𝑆𝑖𝑆𝑖→(4𝑅 •
𝐶𝑑 + 𝑉''''𝑆𝑖) + 𝑆𝑖𝑂2 + 4𝐶𝑑𝑂

Solution energy II

Unbound defect: 𝐸𝑠𝑜𝑙 = 4𝐸𝑓𝑜𝑟𝑚(𝑅 •
𝐶𝑑) + 𝐸𝑓𝑜𝑟𝑚(𝑉''''

𝑆𝑖) + 𝐸𝑙𝑎𝑡𝑡𝑖𝑐𝑒(𝑆𝑖𝑂2) + 4𝐸𝑙𝑎𝑡𝑡𝑖𝑐𝑒(𝐶𝑑𝑂) ‒ 𝐸𝑙𝑎𝑡𝑡𝑖𝑐𝑒(𝑅2𝑂3)
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Bound defect: 𝐸𝑠𝑜𝑙 = 𝐸𝑓𝑜𝑟𝑚(4𝑅 •
𝐶𝑑 + 𝑉''''

𝑆𝑖) + 𝐸𝑙𝑎𝑡𝑡𝑖𝑐𝑒(𝑆𝑖𝑂2) + 4𝐸𝑙𝑎𝑡𝑡𝑖𝑐𝑒(𝐶𝑑𝑂) ‒ 𝐸𝑙𝑎𝑡𝑡𝑖𝑐𝑒(𝑅2𝑂3)

2𝑅 •
𝐶𝑑 + 𝑂''𝐼

Reaction III 𝑅2𝑂3 + 2𝐶𝑑𝐶𝑑→(2𝑅 •
𝐶𝑑 + 𝑂''𝐼) + 2𝐶𝑑𝑂

Solution energy III

Unbound defect: 𝐸𝑠𝑜𝑙 =  2𝐸𝑓𝑎𝑟𝑚(𝑅 •
𝐶𝑑) + 𝐸𝑓𝑜𝑟𝑚(𝑂''

𝐼) + 2𝐸𝑙𝑎𝑡𝑡𝑖𝑐𝑒(𝐶𝑑𝑂) ‒ 𝐸𝑙𝑎𝑡𝑡𝑖𝑐𝑒(𝑅2𝑂3)

Bound defect: 𝐸𝑠𝑜𝑙 =  𝐸𝑓𝑜𝑟𝑚(2𝑅 •
𝐶𝑑 + 𝑂''

𝐼) + 2𝐸𝑙𝑎𝑡𝑡𝑖𝑐𝑒(𝐶𝑑𝑂) ‒ 𝐸𝑙𝑎𝑡𝑡𝑖𝑐𝑒(𝑅2𝑂3)

2𝑅'𝑆𝑖 + 𝐶𝑑••
𝐼

Reaction IV 𝑅2𝑂3 + 2𝑆𝑖𝑆𝑖 + 𝐶𝑑𝑂 →(2𝑅'𝑆𝑖 + 𝐶𝑑••
𝐼 ) + 2𝑆𝑖𝑂2

Solution energy IV

Unbound defect: 𝐸𝑠𝑜𝑙 = 2𝐸𝑓𝑜𝑟𝑚(𝑅'
𝑆𝑖) + 𝐸𝑓𝑜𝑟𝑚(𝐶𝑑••

𝐼 ) ‒ 𝐸𝑙𝑎𝑡𝑡𝑖𝑐𝑒(𝐶𝑑𝑂) + 2𝐸𝑙𝑎𝑡𝑡𝑖𝑐𝑒(𝑆𝑖𝑂2) ‒ 𝐸𝑙𝑎𝑡𝑡𝑖𝑐𝑒(𝑅2𝑂3)

Bound defect: 𝐸𝑠𝑜𝑙 = 𝐸𝑓𝑜𝑟𝑚(2𝑅'
𝑆𝑖 + 𝐶𝑑••

𝐼 ) ‒ 𝐸𝑙𝑎𝑡𝑡𝑖𝑐𝑒(𝐶𝑑𝑂) + 2𝐸𝑙𝑎𝑡𝑡𝑖𝑐𝑒(𝑆𝑖𝑂2) ‒ 𝐸𝑙𝑎𝑡𝑡𝑖𝑐𝑒(𝑅2𝑂3)

4𝑅'𝑆𝑖 + 𝑆𝑖••••
𝐼

Reaction V 2𝑅2𝑂3 + 4𝑆𝑖𝑆𝑖 →(4𝑅'𝑆𝑖 + 𝑆𝑖••••
𝐼 ) + 3𝑆𝑖𝑂2

Solution energy V

Unbound defect: 𝐸𝑠𝑜𝑙 = 4𝐸𝑓𝑜𝑟𝑚(𝑅'
𝑆𝑖) + 𝐸𝑓𝑜𝑟𝑚(𝑆𝑖••••

𝐼 ) + 3𝐸𝑙𝑎𝑡𝑡𝑖𝑐𝑒(𝑆𝑖𝑂2) ‒ 2𝐸𝑙𝑎𝑡𝑡𝑖𝑐𝑒(𝑅2𝑂3)

Bound defect: 𝐸𝑠𝑜𝑙 = 𝐸𝑓𝑜𝑟𝑚(4𝑅'
𝑆𝑖 + 𝑆𝑖••••

𝐼 ) + 3𝐸𝑙𝑎𝑡𝑡𝑖𝑐𝑒(𝑆𝑖𝑂2) ‒ 2𝐸𝑙𝑎𝑡𝑡𝑖𝑐𝑒(𝑅2𝑂3)

2𝑅'𝑆𝑖 + 𝑉••
𝑂

Reaction VI 𝑅2𝑂3 + 𝑂𝑂 + 2𝑆𝑖𝑆𝑖→(2𝑅'𝑆𝑖 + 𝑉••
𝑂) + 2𝑆𝑖𝑂2

Solution energy VI

Unbound defect: 𝐸𝑠𝑜𝑙 = 2𝐸𝑓𝑜𝑟𝑚(𝑅'
𝑆𝑖) +  𝐸𝑓𝑜𝑟𝑚(𝑉••

𝑂) +  2𝐸𝑙𝑎𝑡𝑡𝑖𝑐𝑒(𝑆𝑖𝑂2) ‒  𝐸𝑙𝑎𝑡𝑡𝑖𝑐𝑒(𝑅2𝑂3)

Bound defect: 𝐸𝑠𝑜𝑙 = 𝐸𝑓𝑜𝑟𝑚(2𝑅'
𝑆𝑖 +  𝑉••

𝑂) +  2𝐸𝑙𝑎𝑡𝑡𝑖𝑐𝑒(𝑆𝑖𝑂2) ‒  𝐸𝑙𝑎𝑡𝑡𝑖𝑐𝑒(𝑅2𝑂3)
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Another important aspect to be considered when dealing with aliovalent dopants is 

Coulombic attraction between different constituents of the defect itself, the substitutional 

doping ion and the charge compensation defects involved. In a real crystalline system this 

often led to the charge compensating defect being located close to the doping ion forming 

a bound defect. However, this effect will happen only if the energy gained via the 

Coulombic attraction overcomes the energetic costs due to the distortions in the lattice, 

that is usually higher when a number of defects are close together. One possible way to 

deal with this effect is to consider the defect as a whole, including the dopant ions and the 

charging compensation defects, and calculating the formation and solution energies for 

the bound defect. The difference between the formation energy of the bound defect with 

the sum of the formation energy of the constituents forming the defect (unbound defect) 

will give the binding energy and if the energy of the bound defect is lower this will be an 

indication that the bond configuration is more stable and it will be more likely to be found 

in the matrix. 

In the present work both bound and unbound defects were considered, and their 

corresponding energetic balance equations are also shown in table 1. Since different 

mechanisms of incorporating the dopant in the matrix involve different numbers of 

individual defects, for comparison purposes the final values were normalized by the 

number of basic units forming the defect cluster itself. As an example, take the first 

mechanism in Table 1, incorporation of the trivalent dopant ion at the Cd site 

compensated by Cd vacancy. There are 3 basic units in this defect, 2 dopants sitting at Cd 

sites and one Cd vacancy. So, both the unbound and the bound solution energies 

calculated via the corresponding energetic balance equations were divided by 3. 

Another issue to be considered is how far the basic defects composing a specific 

defect would be to be considered as a bound defect. The simple answer would be: this 
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should be tested and in the present work, the maximum distance of around 15 Å among 

basic units was chosen since this is the cut-off distance for the short-range interaction 

potential terms. 

RESULTS AND DISCUSSIONS

The cadmium silicates crystalline structures considered in the present work have 

more than one symmetrically non-equivalent site for Cd, Si and O. In the CdSiO3 matrix 

there are three symmetrically non-equivalent sites for the silicon and cadmium ions, and 

nine for the oxygen ion (see Figure 1 A)). Cd3SiO5 has two symmetrically non-equivalent 

sites for the cadmium and oxygen ions and only one site for silicon (see Figure 1 C)),  

while there is only one symmetrically non-equivalent site for each kind of ion in the 

Cd2SiO4 matrix (see Figure 1 B)). Any defect modelling strategy have to take these into 

consideration to produce meaningful energetic values that could be used for predicting 

the most likely defect type. Due to these diverse set of non -equivalent sites, cadmium 

silicate matrices yield a wide number of combinations for the reactions described in Table 

1 resulting in a wide number of solution energies for each defect. 
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Figure 1: Identification of the symmetrically non-equivalent sites A) for the CdSiO3 

matrix, with three symmetrically non-equivalent sites for cadmium and silicon ions and 

nine for oxygen ions, B) for the Cd2SiO4 matrix, showing only one symmetrically non-

equivalent sites for cadmium, silicon and oxygen ions, and C) for the Cd3SiO5 matrix, 

with two symmetrically non-equivalent sites for cadmium and oxygen ions and one for 

silicon ions.
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Figure 2 describes the behaviour of the solution energy of defects in CdSiO3 host for 

each of the doping ions for all possible combinations in all reactions covered in the present 

work. Each defect/reaction shown in Table 1 is represented by a symbol/colour and the 

spreading of them indicates the variation in the solution energy considering all possible 

combination of sites for each defect model.

It can be observed that defects with R at the cadmium site are more favourable than 

those defects whose dopants are at Si sites. Furthermore, reaction I, associated to the 

formation of the  defect, is the most favourable doping mechanism for all 2𝑅 •
𝐶𝑑 + 𝑉''𝐶𝑑

dopants at both temperatures, 0 and 300 K.

Such results can be explained if we carefully look the variation between ionic radii 

of the dopants and substitutional ions. The trivalent rare earth family presents an ionic 

radii range from 86.1 pm (Lu3+) up to 102.0 pm (Ce3+) for coordination number 6. As a 

rule, the substitution of one host element by one dopant is favoured by a combination of 

factors: ionic radius of host element, similarity of charge and coordination number of 

substitutional site. From the point of view of the charge similarity, all reaction in Table 1 

show trivalent dopants at substitutional sites with different charges which require charge 

compensation mechanisms to keep the crystal neutral. Therefore, it is natural to assume 

that charge similarity is not the determining factor for dopant substitutional choice. The 

ionic radii of the dopant ions are closer to the Cd (95 pm, CN:6) than the Si(26 pm, CN:4) 

ions and this induces a natural choice of the dopant to choose the Cd sites. Moreover, the 

Cd sites have an average distance between Cd and its first neighbors around 2.34 Å while 

the distances from the Si ions to their first neighbors are around 1.62 Å. All these effects 

contributed for preference of the trivalent rare earth ions to substitute at one of the Cd 

sites.
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Figure 2: Solution energy graph for the different solution equations for 3+ doping ions in 

the CdSiO3 matrix at 0 K and 300 K, respectively.
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Figure 3: Solution energy graph for the different solution equations for 3+ doping ions in 

the Cd2SiO4 matrix at 0 K and 300 K, respectively.
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Figure 4: Solution energy graph for the different solution equations for 3+ doping ions in 

the Cd3SiO5 matrix at 0 K and 300 K, respectively.

Figures 3 and 4 show results for the other 2 Cd-silicates phases considered in this 

work. As expected, doping in Cd site is the most favourable extrinsic defects also in these 

structures. Results also shown that the compensation defect for all R ions in all Cd- 
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silicate structures is the Cd-vacancy. Such compensation can be related with ease of 

creation of  CdO pseudo-Schottky defect in pure structures as argued in reference [16].

Experimental reports have assigned two possible compensation mechanism for  

CdSiO3 structure: interstitial oxide ion and Cd-vacancy [12,31]. We can extend this 

possibility for other cadmium silicate structures taking account results presented in 

Figures 3 and 4. Otherwise, the hypothesis of interstitial oxide ion compensation due to 

considerable free space in CdSiO3 structure[12] was not observed here and this defect 

type is higher in energetic costs compared with the compensation via Cd vacancy.

Up to this point, only unbound defects were considered, and that is equivalent to 

considering that the dopant(s) and the charge compensation defect(s) are so far apart in 

the matrix that no interaction among them is taken into account. As discussed earlier, this 

is a quite unrealistic situation mainly if the individual defects are charged, as the case for 

all defects considered in the present work. A more realistic situation would be considering 

the dopant(s) and the charge compensation defect(s) as part of a single defect, or a defect 

cluster, where the interactions among them are rightly incorporated in the final energetics 

of the defect. But, the number of possible combinations of all individual defects is quite 

big for the cadmium silicates due to diversity of sites and to the symmetry of the lattices. 

A more comprehensive approach is to use the energy values obtained for the unbound 

defects, choose only the few lowest energetic defect configurations, and reanalyse them 

in the defect cluster approach. In the present work, only the two defects with lowest 

unbound solution energies were considered in order to reduce the number of possibilities 

and to make the calculations more feasible. Also, the bound defect calculations were done 

only for the CdSiO3 matrix due to two main reasons: i- among the cadmium silicate hosts, 

CdSiO3 is far the most studied one due to the diversity of its luminescence properties, 

however key aspects of the luminescence mechanisms are still not fully understood, and 
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ii-) connected to the previous one, the final configurations of the defects generated due to 

doping in the CdSiO3 matrix can give important insights to understand the characteristic 

of absorption and emission of light giving additional details useful for the models of the 

optical properties of the material. The two unbound defects that were considered hereafter 

and that have the lowest solutions energies are listed in Table 2. Similar to the unbound 

defects, the bound extrinsic defects were calculated at 0 K and 300 K for the two 

configurations with lowest energies listed in table 2, and it is worth reinforcing here that 

the calculations of the free energies were done within the limits of the harmonic 

approximation. As previously discussed, due to the large number of symmetrically non-

equivalent sites in the CdSiO3 matrix, it is important to calculate the bound solution 

energy considering as much  combinations of the lattice sites occupied by the basic defect 

composing the bound defect as it is possible. .

Table 2: Reactions used for calculating bound extrinsic defects.

0 K and 300 K

Lower energy 𝑅 •
𝐶𝑑(2) + 𝑅 •

𝐶𝑑(2) + 𝑉 ''
𝐶𝑑(1)

2nd lowest energy 𝑅 •
𝐶𝑑(2) + 𝑅 •

𝐶𝑑(2) + 𝑂(1)''
𝐼
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Table 3 presents all the distances between the three basic defects (2  and 1 𝑅 •
𝐶𝑑(2)

 and the  angles (with the  in the vertices), for eleven 𝑉 ''
𝐶𝑑(1)) 𝑅 •

𝐶𝑑(2) ‒ 𝑉 ''
𝐶𝑑(1) ‒ 𝑅 •

𝐶𝑑(2) 𝑉 ''
𝐶𝑑

different configurations (identified in Roman numbers) obtained by arranging the 3 basic 

defects in nearby lattice sites in the CdSiO3 matrix. These configurations represent all 

possibilities for arranging the basic defects within a maximum distance smaller than 15Å, 

and this means a longest distance within 1-2 lattice parameters, depending on the crystallographic 

axis taken as reference.  .

Table 3: Angles and Distances between the constituents of the bound 𝑅 •
𝐶𝑑(2) ‒ 𝑅 •

𝐶𝑑(2) ‒
 defects in the CdSiO3 matrix for ten different arrangements of the three basic 𝑉 ''

𝐶𝑑(1)

defects, 2  and 1 . The angle is taken with the cadmium vacancy at the 𝑅 •
𝐶𝑑(2) 𝑉 ''

𝐶𝑑(1)

vertices All values quoted here are related to the initial positions of the 3 basic defects, 
i.e., before the energy minimisation accompanied by the lattice relaxation induced by 

the defects.

Configuration I II III IV V VI VII VIII IX X XI

Angle (°) 12.79 24.13 42.04 55.68 61.91 71.91 99.73 112.74 148.78 169.91 177.63
Dist.

R1-R2 (Å) 7.20 9.97 7.20 11.61 7.20 7.20 12.44 12.44 10.81 11.99 6.97

Dist.
R1-V (Å) 3.43 14.92 6.52 13.55 6.16 6.49 11.34 3.43 3.54 3.43 3.43

Dist.
R2-V (Å) 10.51 5.73 10.57 10.71 7.62 5.73 3.54 10.71 7.62 8.6 3.54

Figure 5 shows the representation of two configurations used in the calculations of 

the bound defects. Figure 5 a) shows the configuration I, as in table 3, 2𝑅 •
𝐶𝑑(2) ‒ 𝑉 ''

𝐶𝑑(1)

that has a very acute V-shape with the smallest possible angle, allowed by the crystalline 

structure of CdSiO3. This configuration has the two dopants almost aligned with short 

distance between them of about 7.2Å. Figure 5 b) shows the configuration XI, as for in 

table 3, with the largest angle formed between the defects, of approximately 177.6º, where 
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the two dopants and the Cd vacancy is almost in a straight line with the vacancy almost 

in the middle point of the line connecting the two dopant ions. It is shown later in the 

paper that the angular position is of great importance for the value of the energy of the 

defects, with the angle being more relevant than the distances between the dopant ions.

Figure 5: Example of configurations for the calculations of the bound extrinsic defects. 

The yellow balls represent the two Cd sites that are replaced by the dopant ions and in 

blue, it is shown the Cd site where the vacancy is located. a) Representation of the 

configuration I (see table 3) of the two dopants and the vacancy in the vertices in a V-

shape configuration with the smallest possible angle allowed by the CdSiO3 crystal 

structure.  b)  shows the configurations XI (see table 3) with the two dopants and the Cd 

vacancy in an almost strait line configuration. This ended up being the most favourable 

configuration for doping with rare earth trivalent ions, as commented in the text.

Although the bound  defects are the ones with the lowest solution 2𝑅 •
𝐶𝑑(2) ‒ 𝑉 ''

𝐶𝑑(1)

energies in all cases, as it will be shown later, for the sake of clarity, it is important to 

draw a few lines about the second defect type that was considered in the calculations of 

the bound defects, named, the  type defects. The general idea is the same 2𝑅 •
𝐶𝑑(2) ‒ 𝑂(1)''

𝐼
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as it was done for the  defect. A few CdSiO3 unit cells were drawn around 2𝑅 •
𝐶𝑑(2) ‒ 𝑉 ''

𝐶𝑑(1)

the origin and the  defect is positioned as close as possible to the origin. If it was 𝑂(1)''
𝐼

necessary, the origin (and all positions of the ions) is shifted so the interstitial site is right 

in the origin. After that, all Cd(2) sites, that have to accommodate 2 dopant ions, are 

marked and all possible configurations of arranging the two dopants are registered. After 

that the subset of such configurations that has the longest distance between the basic 

defects smaller than a maximum distance of about 15Å are collected and simulated to 

obtain all solution energies for the different configurations of the  defects. 2𝑅 •
𝐶𝑑(2) ‒ 𝑂(1)''

𝐼

There were 11 of such configurations for 2Tr º Cd(2) + V''Cd(1) with the distances and angles 

are in the table A1 of the Appendix and 28 of such configurations for 2RºCd(2)  + O''I(1) with 

the distances and angles are in the table A2 of the Appendix.

The results of the solution energies for all configurations and for the two types of 

defects are shown in figures 6. The computed values of the bound solution energies are 

tabulated in the table A3 of the appendix, for the sake of comparison.
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(a)

(b)

Figure 6: Normalized solution energy for the bound defects in the CdSiO3 matrix. Plot 

of the first and second lowest solution energies a) at 0 K (aa) and at 300K (b).

The graph in Figure  a) shows the behaviour of the solution energy of the bound 

defects calculated at 0 K. and the graph in Figure  b), the solution energies obtained at 

300K are presented. The solution energies presented here are normalised to the number 

of basic defects contained in the bound defect, that is 3 in both  and 2𝑅 •
𝐶𝑑(2) ‒ 𝑉 ''

𝐶𝑑(1) 2

cases.  The results shown in figures 6 clearly pointed out once again that 𝑅 •
𝐶𝑑(2) ‒ 𝑉 ''

𝐶𝑑(1) 

the defect type giving the lowest solution energies for all dopants are the  2𝑅 •
𝐶𝑑(2) ‒ 𝑉 ''

𝐶𝑑(1)

ones, with doping ions replacing 2 Cd(2) charge-compensated by Cd vacancy created in 

Cd(1) site, a similar conclusion drawn from the calculations shown previously for the 

unbound defects. . 
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At this point we may argue that there was no significant gain in wasting a lot of time 

investigating the bound defects if the general conclusions are the same as for the unbound 

defects that are much easier to obtain and much less time consuming. But it should be 

noticed that with the bound and unbound defects being calculated a lot of new information 

is now readily available that are quite useful to understand the behaviour of some 

interesting optical properties of such materials.

Firstly, upon comparing figure 6 with figure 2, it is possible to conclude that the 

binding energy plays a quite important role dropping the solution energies from around 

2eV to around 1eV per constituent of the defect. This means a reduction of 50% of the 

total energetic costs to create a  defect in the CdSiO3 matrix, a quite 2𝑅 •
𝐶𝑑(2) ‒ 𝑉 ''

𝐶𝑑(1)

significant reduction in terms of energetic balances. 

Another interesting issue is that the energetic cost for that defect slightly but steadily 

increased as the ionic radius of the rare earth ion decreased or, the atomic number 

increased. As already mentioned earlier, the ionic radii range from 86.1 pm, for Lu3+, up 

to 102.0pm, for Ce3+, in 6-fold coordination. Cd2+ also in 6-fold coordination, presents an 

ionic radius of about 95pm, with size right in the middle of the family of the trivalent rare 

earth ions. So, from the point of view of ionic size alone, one may expect that both 

extremes, Lu3+ and Ce3+, would require higher energies since the lattice would be more 

distorted to accommodate bigger differences in sizes. The charge difference cannot also 

explain that, since all rare earth considered here have the same charges. So, this behaviour 

of increasing energetic costs on moving along the rare earth series, from the bigger to the 

smaller one, has to be connected to something else particular to the rare earth series itself. 

Upon inspecting the solution energies of the unbound defects, presented in figure 3, it can 

be seen that this feature is also presented in the results for 0K but in a more subtle way, 
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while for the results of the unbound defect energies at 300K it is not clear if the energetic 

costs steadily increased as the dopant ionic decreased. So, it seems to be a feature that 

depends on the binding of the defect and the role of the particular rare earth ion in it. 

Thirdly, and possibly a more interesting result concerning the understanding of the 

optical properties of doped CdSiO3, is that the final configuration of the defects and the 

final position of the surrounding neighbouring ions of the dopants is readily available 

allowing the analysis of the possible symmetry experienced by the dopants in the CdSiO3 

matrix. So, it was worth spending time to carefully analyse all possible configurations for 

the bound defects. In this scenario, the results in figure 6 indicates that the configuration 

XI for the  is the one that gave the lowest solution energies for all 2𝑅 •
𝐶𝑑(2) ‒ 𝑉 ''

𝐶𝑑(1)

trivalent rare earth ions. 

One of the important aspects that influences the optical properties of the trivalent 

rare earth ions is the site symmetry where they are located in the matrix. So, this is of key 

importance to understand the luminescence characteristics that are generated when 

trivalent rare earth ions enter as dopants in the CadSiO3 matrix. 

The geometric configuration of the surrounding neighbourhood of the dopant can be 

easily obtained from the relaxed lattice positions for the bound defect calculations. Figure 

6 a) shows the relaxed lattice in the region close to the 2 dopant ions for the 2𝑅 •
𝐶𝑑(2) ‒

 bound defect in configuration XI, taking as an example the case of R=Lu3+. 𝑉 ''
𝐶𝑑(1)

Similar pictures can be drawn for all other rare earths. Figure 6b shows the two polyhedra 

related to the two Lu3+ dopants. In this latter figure is also shown the notation for the 

distances and angles that were analysed to understand the site symmetry surrounding the 

dopants. The six distances, polyhedra volume and four angles was collected for all 
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dopants and they are shown in figure 7, 8 and 9, respectively, potted as a function of 

trivalent rare earth ionic radii.

Figure 6: In a) we have the lowest energy configuration for doping optimized for all R 

analysed. In b) we have a description of the numbering of the ions and angles analysed. 

In general, we can observe that doping only generates light deformations and 

maintains polyhedra volume and bond lengths very close to the reference (Cd 

polyhedrons). To better analyse these deformations, we will calculate distances between 

the ions, some crucial angles for the formation of the polyhedron and the volume of the 

polyhedra for the two extremes of values for the ionic radii of the doping ions that are Lu 

and Ce. The indication of the placement of the ions and the related angles are shown in 

Figure 6 b).
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In figure 7 we have the results for the bond lengths between R - O for the two 

polyhedra of R that form the most energetically favourable defect, in order of ionic radii. 

In red we have the reference values for the original Cd polyhedron (to facilitate the 

visualisation we have the area in gray). The larger the ionic radius of the dopant ion, the 

longer the bond lengths between R - O. Note that for each dopant ion we have 12 bond 

lengths, 6 for each doped polyhedron.

Figure 7: Bond length between R3+ - O ions for the relaxed lattice around the two 
dopants for the  bound defect, configuration XI. The site identification, 2𝑅 •

𝐶𝑑(2) ‒ 𝑉 ''
𝐶𝑑(1)

site R1 and site R2, are given in figure 6b.

From the graph in Figure 8, we can see that the volumes of the polyhedra increase 

according to the size of the ionic radii of the dopants. There is always a polyhedron that 

reduces in volume in relation to the other. The Eu polyhedron has a volume closer to the 

Cd original.
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Figure 8: Volume of the polyhedra of the R3+ - O ions for the relaxed lattice around the 
two dopants for the  bound defect, configuration XI. The site 2𝑅 •

𝐶𝑑(2) ‒ 𝑉 ''
𝐶𝑑(1)

identification, site R1 and site R2, are given in figure 6b.

The graph in Figure 9 shows the results for the angles analysed. The following 

interesting features can be drawn from figures 9: i- none of the polyhedra angles showed 

appreciable changes as moving along the rare earth series compared to the original angles 

of Cd polyhedra; ii- angles θ2, θ5 and θ7 are larger when doped, while all others are 

slightly smaller, probably caused by the vacancy in the region between the polyhedra.
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Figure 9: Angles analysed in the polyhedra of the R3+ - O ions for the relaxed lattice 
around the two dopants for the  bound defect, configuration XI. The 2𝑅 •

𝐶𝑑(2) ‒ 𝑉 ''
𝐶𝑑(1)

site identification, site R1 and site R2, are given in figure 6b.

In Figures 10 and 11 we have a qualitative approach to the distortions caused by 

substitutional doping made at Cd sites for Ce and Lu respectively. Figure 10 shows how 

the Ce polyhedra were after the relaxation of the lattice, compared to the relaxation of the 

Cd lattice, in black dotted circles. In Figure 10 a) we have an overview of the two doped 

polyhedra, we see from this angle that the biggest distortions are in the positions of the 

Ce ions. in Figure 10 b), c) and d) we have the views in the yz, xz and xy planes 

respectively. Figure 11 shows the Lu polyhedra after the relaxation of the defective lattice, 

remembering that the Lu ion has a smaller ionic radius than the Cd ion. With this in mind, 

we can see (in Figure 11 a)) a distancing of the Lu polyhedra because of the repulsion 

between the two Lu ions, as can also be seen in the xy plane (Figure 11 d)). In addition, 

we also observe the reduction of bond lengths between oxygen and lutetium ions, mainly 

in Figures 11 b) and 11 c).
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Figure 10: Polyhedra of Ce after relaxation of the network, in the dotted circles in black 

we have the representation of the position for the original ions of Cd and O. In a) we 

have an overview of the two doped polyhedra, in b) we have the view in the YZ plane, 

in c) we have the view in the XZ plane and in d) we have the view in the XY plane.
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Figure 11: Polyhedra of Lu after relaxation of the network, in the dotted circles in black 

we have the representation of the position for the original ions of Cd and O. In a) we 

have an overview of the two doped polyhedra, in b) we have the view in the YZ plane, 

in c) we have the view in the XZ plane and in d) we have the view in the XY plane.

Looking at 
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Table  , we can see some trends. The first trend that we will highlight is the decrease 

in the values of the solution energy at 300 K when compared to 0 K. This is because the 

thermal energy supplied to the lattice helps to minimize the total energy of the defect, 

since this energy provides a greater mobility to the ions, so we can find a minimum energy 

less at 300 K, than at 0 K. As the defect energy is calculated by subtracting the energy of 

the perfect lattice from the energy of the lattice with defect, the contribution from the 

thermal energy is compensated by this subtraction. Another very important trend to be 

mentioned, mainly for the results involving the ions of rare earth, is the relationship 

between the angle and the solution energy value. We can see that bound defect energy 

decreases when angle of three sites approaches to 180 degrees. For example, at an angle 

close to 12 degrees it has the lowest energy of acute angles, in this angle the three ions 

involved are almost aligned, the two doping in sequence with the vacancy at the tip (see 

Figure 6 a)). In the lower energetic case (see Figure 6 b)), there is an angle of 

approximately 177 degrees. We also have practically a straight line connecting the three 

ions with the vacancy centred between the two doping ions. This configuration forms a 

set of two dipoles, since the cadmium vacancy (charge -2e) is located between the doping 

ions (charge + 1e).

Conclusions

In this work, we analysed the trivalent rare earth doping in the cadmium silicate hosts 

(CdSiO3, Cd2SiO4 and Cd3SiO5) through classical computer modelling.  Initially, we 

construct reactions to calculate solution energies taking account the smaller number of 

basic defects in the composition. Results show that the most energetically favourable 
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defects are R ions occupy the cadmium site with Cd-vacancy charge compensation for all 

stoichiometries. These results agreed with experimental results reported in the literature.

We also analysed if there is a preferable configuration for the Cd-vacancy 

compensation defect in the CdSiO3 structure. Therefore, we tested different arrangements 

of the ions involved in the formation of Cd-vacancy compensation defects in the CdSiO3 

matrix. Results demonstrated that for rare earth ions there is a preferred arrangement with 

a distance of around 7 Å and angle closer to 180º. The distance represents the second 

coordination sphere such as happened in the case of intrinsic defects. There is the 

possibility of a set of two dipoles caused by charge balance because the Cd-vacancy 

defect is in the middle of two R ions.
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APPENDIX A

Table A1: Initial configuration for the bound defects of type 2R º Cd(2) + V''Cd(1) in the CdSiO3, 
describing distances and angle between point defects.

Config. Angle (°) Dist. R1-R2 (Å) Dist.R1-V (Å) Dist. R2-V (Å)

1 12.79 7.20 3.43 10.51

2 24.13 9.97 14.92 5.73

3 42.04 7.20 6.52 10.57

4 55.68 11.61 13.55 10.71

5 61.91 7.20 6.16 7.63

6 71.91 7.20 6.49 5.73

7 99.74 12.44 11.34 3.54

8 112.75 12.44 3.43 10.71

9 148.78 10.81 3.54 7.63

10 169.91 11.99 3.43 8.60

11 177.63 6.97 3.43 3.54
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Table A2:  Initial configuration for the bound defects of type 2RºCd(2)  + O''I(1) in the CdSiO3, 
describing distances and angle between point defects.

Config. Angle (°) Dist. R1-R2 (Å) Dist.R1-V (Å) Dist. R2-V (Å)

1 13.13 6.59 9.93 3.48

2 16.08 5.11 9.09 13.18

3 18.35 6.59 14.57 9.09

4 27.81 11.61 14.57 3.48

5 29.08 7.74 12.66 15.76

6 29.25 10.81 15.76 6.16

7 33.88 7.20 12.66 9.09

8 34.83 7.74 12.66 13.15

9 41.40 5.11 7.17 3.48

10 46.52 9.97 6.16 13.15

11 46.92 6.59 6.16 9.02

12 49.30 11.23 13.18 3.48

13 53.11 5.11 5.05 6.16

14 58.21 10.81 12.66 7.70

15 62.07 11.61 9.02 12.66

16 66.80 7.74 6.16 7.70

17 76.49 12.32 12.66 3.48

18 77.40 10.81 3.48 11.03

19 77.56 9.97 9.09 6.50

20 80.48 10.81 10.83 3.48

21 89.16 11.61 9.93 6.16

22 92.40 7.20 6.16 3.48

23 97.18 7.74 3.48 6.50

24 101.73 7.74 6.16 10.83

25 114.57 11.23 6.16 7.17

26 117.32 10.81 6.16 6.50

27 121.53 9.97 3.48 7.70

28 180.00 12.32 6.16 6.16
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Table A3: Configuration for bound defects for rare earth ions . 𝑅 •
𝐶𝑑(2) + 𝑅 •

𝐶𝑑(2) + 𝑉 ''
𝐶𝑑(1)

The table associates the angles with the distances between the ions involved for the 
creation of the defects, with the values of the solution energies at 0 K and 300 K.

Configuration I II III IV V VI VII VIII IX X XI

0 K 0.916 0.993 1.147 1.141 1.013 1.079 0.993 0.923 0.952 0.879 0.722
Ce (eV)

300 K 0.717 0.786 0.940 1.052 0.806 0.867 0.854 0.725 0.756 0.682 0.527

0 K 1.182 1.231 1.391 1.388 1.293 1.345 1.226 1.186 1.191 1.155 0.984
Dy (eV)

300 K 1.004 1.044 1.205 1.321 1.107 1.152 1.109 1.010 1.015 0.978 0.810

0 K 1.259 1.302 1.462 1.463 1.370 1.419 1.296 1.263 1.263 1.234 1.061
Er (eV)

300 K 1.085 1.119 1.279 1.399 1.187 1.229 1.183 1.091 1.091 1.061 0.890

0 K 1.078 1.137 1.297 1.290 1.188 1.245 1.133 1.082 1.096 1.047 0.880
Eu (eV)

300 K 0.892 0.943 1.103 1.215 0.994 1.045 1.009 0.899 0.913 0.863 0.699

0 K 1.111 1.167 1.327 1.321 1.222 1.278 1.163 1.116 1.127 1.082 0.914
Gd (eV)

300 K 0.929 0.975 1.136 1.250 1.031 1.080 1.041 0.935 0.946 0.901 0.735

0 K 1.212 1.259 1.419 1.417 1.324 1.374 1.253 1.216 1.220 1.186 1.014
Ho (eV)

300 K 1.036 1.073 1.234 1.352 1.139 1.183 1.138 1.042 1.045 1.011 0.841

0 K 1.406 1.443 1.603 1.606 1.517 1.561 1.435 1.409 1.403 1.383 1.205
Lu (eV)

300 K 1.284 1.312 1.472 1.592 1.386 1.423 1.375 1.289 1.282 1.261 1.086

0 K 1.002 1.071 1.230 1.221 1.109 1.171 1.070 1.007 1.029 0.967 0.805
Nd (eV)

300 K 0.810 0.872 1.032 1.140 0.910 0.966 0.939 0.818 0.841 0.778 0.618

0 K 1.000 1.069 1.227 1.219 1.106 1.168 1.067 1.005 1.027 0.965 0.803
Pr (eV)

300 K 0.807 0.869 1.028 1.137 0.906 0.962 0.936 0.815 0.837 0.775 0.615

0 K 1.045 1.108 1.268 1.260 1.154 1.213 1.106 1.050 1.067 1.012 0.848
Sm (eV)

300 K 0.858 0.913 1.073 1.183 0.959 1.012 0.979 0.864 0.882 0.827 0.665

0 K 1.146 1.200 1.361 1.354 1.259 1.313 1.195 1.150 1.159 1.117 0.948
Tb (eV)

300 K 0.966 1.011 1.173 1.285 1.071 1.118 1.077 0.972 0.981 0.938 0.772

0 K 1.312 1.352 1.511 1.514 1.423 1.470 1.345 1.316 1.314 1.289 1.114
Tm (eV)

300 K 1.141 1.172 1.331 1.453 1.243 1.283 1.235 1.147 1.144 1.119 0.946

0 K 1.248 1.293 1.455 1.454 1.361 1.410 1.287 1.252 1.254 1.222 1.048
Y (eV)

300 K 1.097 1.133 1.295 1.413 1.201 1.244 1.197 1.103 1.105 1.072 0.901

0 K 1.329 1.368 1.527 1.531 1.439 1.485 1.360 1.333 1.329 1.306 1.130
Yb (eV)

300 K 1.201 1.231 1.390 1.513 1.303 1.342 1.294 1.207 1.203 1.179 1.005


