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Abstract 

We investigate the evolution of the fluorite structure in the Ce1-xMxO2-x/2 system with Gd and Sm 

as Rare Earth (RE) doping cations and Gd/Sm as co-doping couple using Molecular Dynamics at 

298 K. Doping cations and oxygen vacancies are introduced in the CeO2 fluorite lattice through 

two different arrangements the Random one and the Neighbour one. The evolution of the lattice 

parameter is compared with different models and experimental data extracted from the literature. 

Results concerning the chemical expansion and the oxygen vacancy radius are commented. The 

calculation of the Radial Distribution Function (RDF) allows to observe two components for the 

Ce-Ce, Ce-M and M-M (M= Gd, Sm, Gd/Sm) bond length as it is the case in the C-type RE2O3 

structure. The percolation concept is introduced and discussed based on the evolution of the M-M 

group size distribution and the M-O coordination number.   

 

Keywords: Doped ceria, co-doped ceria, Molecular Dynamics, Structure, Percolation. 

 

© 2021 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/

Version of Record: https://www.sciencedirect.com/science/article/pii/S0167273821000643
Manuscript_e0599400ab0c92c18095650e10494dbf

https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S0167273821000643
https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S0167273821000643


1. Introduction 

In the last few years a lot of attention has been paid to CeO2-based materials. This interest is in 

large part due to the high ionic conductivity at relatively moderate temperature (500°C - 700°C) 

of Rare Earth (RE) doped CeO2 [1-3] essential for a future commercial application in Solid Oxide 

Fuel (and/or Electrolysis) Cell technology [4-6]. Such materials are also under investigation in 

other research fields as bio sensor [7], catalysis [8] or electrostriction [9]. 

Once CeO2 doped with aliovalent cations, oxygen vacancies are created in order to maintain the 

charge neutrality of the structure. In the case of a RE3+ dopant the introduction of two foreign 

ions in the CeO2 fluorite structure generates one oxygen vacancy following the relation (1): 

����� → 2���	
 + 3�
� + �
••  (1) 

This vacancy will be more or less mobile according to its energetical environment. Indeed, to 

move from one site to another an oxygen vacancy has to overcome an energy barrier which is a 

function of the migration and the defect association enthalpies [1, 10]. 

The distribution of dopant and oxygen vacancies inside the fluorite structure will then greatly 

influence the ionic conductivity of the doped material at a given temperature and is the subject of 

intense research [3, 11-13]. It is thus of prime importance to study the evolution of the starting 

fluorite structure with the rate of dopant. Different dopant and vacancy arrangements have been 

considered for the doped CeO2 structure. There are three basic defect types, the isolated defect 

(���	
  and �
••) the charged associated dopant-vacancy pair ([���	
 �
••]•) also called dimer and the 

neutral association in the Near Neighbour position (NN) of two ���	
  with one �
•• 
([���	
 �
••���	
 ]x) also called trimer. The aggregation of those basic defects, when the doping 

cation and the oxygen vacancy concentrations are increased, generates some clusters which 

approach more or less the C-type RE2O3 structure (bixbyite). The presence of such defects can be 



deduced from the results of experimental characterizations. Thus, Ohashi et al. [14] propose the 

presence of neutral trimers to explain the evolution of Ce-O and Gd-O distances with the doping 

ratio based on Extended X-Rays Absorption Fine Structure (EXAFS) spectrometry results. 

Deguchi et al. [15] also from X-Rays Absorption characterizations suggest that "a basic structure 

in GDC is composed of 1–2 Gd3+ adjacent to one oxygen vacancy, and this basic structure 

distributes randomly in ceria lattice". Shibharte et al. [16] indicate from EXAFS data that for 

Sm-doped ceria dimer dominates while for Gd-doped ceria trimer is more than dimer. From the 

UV-Raman characterization Taniguchi et al. [17] propose for the Gd-doped system that isolated 

defects are mostly present for a low temperature synthesis (coprecipitation/200°C) and that after 

diffusion at higher temperature dimers form. Yamamura et al. [18] propose the presence of 

dimers and trimers for Sm-doped ceria at 573K from dielectric relaxation curves.  Giannici et al. 

[19] are in favour of the presence of SmO8 cubes and thus more in accordance with a random 

distribution of isolated defects for a low doping level. Koettgen and Martin [20] recently agree 

the random distribution of defects in Sm doped ceria at room temperature supported by a 

coordination number study extracted from EXAFS measurements.  For the study of the structure 

evolution (X-Ray diffraction/Rietveld) with the dopant level Artini et al. [21] used a hybrid 

crystallographic structure where the dopants are distributed at random and the vacancies 

gradually order around them describing by this way the continuously passage from a pure fluorite 

structure to a pure C-type RE2O3 one. Calorimetric experiments lead Chen and Navrotsky [22] to 

suggest that the primary associates in CeO2-MO1.5 are neutral trimers with the oxygen vacancy in 

NN position relative to the doping cations.  

The influence of the presence of the basic defects and their combinations on the structure and 

properties of ceria-based materials have also been extensively regarded using computer 



modelling. Employing the Static Force Field simulation based on pair potential interactions it is 

possible to energetically probe the defect arrangements. Butler et al. [23] have first proposed an 

explanation of the trend of ionic conductivity with the doping cations ionic radii based on the 

basic defects binding energy calculation. Wei et al. [24] conclude that for Gd-doped ceria the 

Gd3+ ions are distributed randomly while it has been evidenced that the conformation of charged 

and neutral defects is highly dependent on the parameter set chosen for the pair potential 

interactions [25]. Other authors discuss the arrangement of larger clusters [26-29] employing 

different parameter sets. First principles simulation where electronic structure is considered has 

also been largely exploited to correlate the basic defect structure with the oxygen diffusion 

activation energy [30-34] or the reducibility of doped CeO2 [35-37]. Those preceding simulations 

being static ones they are proceeded at 0 K. The influence of the temperature on the structure and 

properties of doped ceria is then introduced using Molecular Dynamics (MD) or Kinetic Monte 

Carlo (KMC) technics. Molecular Dynamics simulations lead to different results according to the 

parameter set used. Thus, for the Gd-doped ceria Inaba et al. [38] report that the system is more 

stable when Gd-Gd pairs are distributed at random inside the structure while Cui et al. [39] 

propose that the stability is improved when isolated Gd3+ ions are placed at random. Tarancon et 

al. [40] simulate the Gd-doped ceria structure distributing Gd3+ ions and oxygen vacancies at 

random while Hayashi et al. [41] and Huang et al. [42] prefer to distribute randomly the Gd-Gd 

pairs.  In KMC simulations the starting structure is a randomly distributed one [43-45] or a non-

random one resulting from a minimization procedure [13,46,47] with a preferred presence of 

associated defects. 

To sum up, it seems difficult to be sure that a type of repartition is favoured over another one for 

a particular dopant even if recent works confirm the trend that Gd dopant attracts oxygen vacancy 

while Sm repels it. Indeed, Grieshammer et al. [13], Purton et al.[12] and Žguns et al.[48,49] 



have shown the attraction/repelling property with simulations in accordance with experimental 

observations. In those studies, an equilibration step (Monte Carlo) is performed for a temperature 

T>1500K describing the structure of the doped ceria close to the thermodynamic equilibrium. 

This step is not necessarily present for the synthesis and/or operation at low or intermediate 

temperatures and different defect distributions (isolated defects and/or trimers) could then be 

expected. Thus Guizard et al. [50] obtained crystallized Gd-doped CeO2 at a temperature as low 

as 150°C by a supercritical CO2 aided sol-gel process and Kraynis et al. [51] assumed that both 

dopant and oxygen vacancies are distributed at random for doped ceria thin films due to the use 

of magnetron sputtering at 400°C. 

The present work focuses on the study of doped CeO2 fluorite structure at 298 K resulting from 

Molecular Dynamics simulations. We particularly pay our attention on the influence of the 

defects arrangement on the structural features as the lattice parameter, the ion-ion bond length 

and the ion coordination number. We then compare the simulation results to the available 

experimental data extracted from the literature. We have tested the Gd-doped and Sm-doped 

systems as they are the two systems considered as the best choice to reach the highest ionic 

conductivity [52-56]. Furthermore, the case of the co-doped ceria is investigated knowing that a 

controversy exists concerning the benefic effect or not of co-doping on the ionic conductivity. 

Indeed, some authors announce an improvement of the ionic conductivity by a synergetic effect 

due to co-doping [57-59] while others observe no improvement [60,61]. These two conclusions 

are also drawn from simulations with authors in favor of an enhancement of the ionic 

conductivity [62,63] and others observing no enhancement [64,65]. Therefore, the structure of the 

co-doped ceria has to be compared to the structure of the single-doped ceria to be able to detect if 

some structural modifications could be related to a modification of the ionic conductivity. 

 



 

2. Simulation procedures 

To perform the MD simulations, we employ the LAMMPS simulation code [66]. The NPT 

ensemble with zero external pressure is adopted and the Nosé-Hoover algorithm is used to 

control the temperature and pressure. The Ewald sum is applied to calculate the electrostatic 

energy. For each simulation the time step is fixed at 1 fs. The structure is first minimised (0 K 

Static Force Field) then an equilibration step is performed at the desired temperature during 7500 

steps (7.5 ps).  The results are then collected after the 250 ps of the final dynamics step.  

The starting simulation supercell contains 8×8×8 CeO2 fluorite unit cells with periodic boundary 

conditions. We study the doping of this structure with Gd, Sm and Gd/Sm (1:1) cations. For each 

doped system (Ce1-xRExO2-x/2) and each doping ratio (x=0, 0.05, 0.1, 0.15, 0.2, 0.25, 0.3) two 

dopant arrangements are examined. In the first arrangement (GdR, SmR, SGR) dopants and 

oxygen vacancies are distributed at random and in the second arrangement (GdN, SmN, SGN) 

these are the trimers (���	
 �
••���	
 ) that are distributed at random with RE the doping cation 

(Gd or Sm) in the nearest neighbour position relative to the oxygen vacancy. Those two 

configurations can then be viewed as two extreme cases. Obviously, a C-type like RE2O3 

structure (with ordered and/or disordered vacancy distributions) will then be expected to be 

approached first by the aggregation of trimers which already contain one vacancy for two doping 

ions. In our opinion the interest of studying those two extreme cases comes from the fact that in 

the experimental samples the defects distribution could result of a mix of the R and N 

arrangements with different proportions of each one. A random distribution of dimers would also 

be an interesting arrangement to consider in order to study if the system behaves as an 

intermediate case between the R and N distribution.  



For each system five structures are generated and the final result is averaged over those five 

structures. Then the structures are all different in their defect distribution and in the doping cation 

nature. Those arrangements are created using the Atomsk code [67]. The Molecular Dynamics 

simulations are carried out at 298 K. We label those simulations with first the doping level then 

the doping cation and third the arrangement, in this way the 20SGR simulation corresponds to 

Gd/Sm co-doped ceria in the random arrangement with x=0.2 (Ce0.8Gd0.1Sm0.1O1.9). 

The pair correlation functions ���(�) or Radial Distribution Functions (RDF) are determined for 

all ion pairs using the relation: 

���(�) = ���(�)
��(���� �)� ∆�⁄    (2) 

Where Ni and Nj are the number of ions in the cell with volume V, #��(�) is the number of ij ion 

pairs present between the distance r-(∆r/2) and r+(∆r/2) with ∆r=2.5pm in this study. For each 

simulation ���(�) is calculated each 10000 steps and then averaged. The pair correlation first 

peak is always fitted by a log-normal function (3) as it is detailed in [68]. We use the log-normal 

function as defined in the Fityk program [69]: 

$ = ℎ exp )−ln (2) ./�012�34567 8
3 9�:   and  ;<=> = ? 0@ABC (3)

3 8  (3) 

where h is the peak height, w the peak width, c the peak position, b the peak asymmetry 

parameter and FWHM the Full Width at Half Maximum. 

For all the pairs the coordination number (CN) is obtained through the integration of the pair 

correlation function first peak. 

In this work the short-range interaction is described by a parameterized pair potential model, here 

the Buckingham function:  



��� = D��EFG H− ���I��J − ������K  (3) 

Eij is the two-body interatomic potential and rij the distance between ions i and j. The parameters 

Aij, Cij and ρij have to be determined in order to describe a specific ion-ion interaction. A cut-off 

distance of 13 Å is fixed for the short-range interaction and the cation-cation interaction is 

considered to be purely coulombic.  

Knowing that the used parameter set largely influences the results of the Force Field (static or 

dynamics) calculations [25] we have chosen the set proposed by Huang et al. [42] by comparing 

some results with experimental data as described in our preceding work [68]. Those parameters 

are listed in Table S1 of the Supplementary Material. 

We have limited our simulations in the composition range 0≤ x ≤0.3 for two reasons, firstly this 

is the range where the maximum of ionic conductivity is usually observed and secondly the used 

parameter set is not adapted to describe the structure of C-type RE2O3 systems (lattice parameter, 

thermal expansion, ...) [42]. 

 

3. Results and discussion 

3.1. Lattice parameter  

The lattice parameter of doped ceria is highly dependent on the local structure and more 

particularly on the cation-�
•• arrangement at the atomic-mesoscale level. This arrangement will 

greatly influence the physico-chemical properties of the material as its density, ionic conductivity 

or catalytic activity. It is the reason why different models have been developed to link the value 

of the measured lattice parameter (X-Ray or Neutron diffraction) to the presence of local 

structures where cations and oxygen vacancies are associated in the defected fluorite lattice. This 

knowledge would then be useful to interpret the properties of the doped ceria. All those models 



are based on the values of the room temperature cation and oxygen anion radii as determined 

empirically by Shannon and Prewitt [70] and later revised by Shannon [71]. 

In the model developed by Kim [72] the Vegard law is assumed to be valid and after a multiple 

regression analysis the following expression is proposed for the doped CeO2 system: 

L�	
 = 0.5413 + ∑ (0.022∆�S + 0.00015∆TS)USS   (1) 

with ∆rk the cation radius mismatch (rk - rh) between the dopant (rk) and the host cation (rh) both 

in eightfold coordination. ∆zk is the valency difference (zk - zh), and mk is the mole percent of the 

kth dopant in the form of MOx. 

In their model Hong and Virkar [73] consider the oxygen vacancy as a specie and assign to it an 

ion radius. They thus determine the evolution of the lattice parameter of doped ceria (Ce1-xMxO2-

x/2) as follow: 

L(F, �W) = 4 √3Y × [F�W + (1 − F)��	 + (1 − 0.25F)�
 + 0.25F��\] × 0.9971  (2) 

where rM and rCe are the ionic radius of M and Ce in the coordination 8, rVo the oxygen vacancy 

radius and rO the ionic radius of oxygen in coordination 4. By a fitting approach of experimental 

data, they determined rVo to be 1.164Å for the CeO2-MO1.5 solid solution. 

Kim and Hong-Virkar in their models admit that the repartition of dopant is homogeneous in the 

fluorite lattice and they successfully tested them for x<0.3. 

Another approach is to consider the rcation evolution with the coordination number as it is defined 

by Shannon [70,71]. Then a single cation coordination number (the same for the host and the 

dopant) in a random distribution of dopant in the structure and two CN (one for the host and one 

for the dopant) for a non-random distribution are defined. In this view Nakamura [74] proposes a 

new model where the non-random distribution is connected to the preference of the oxygen 



vacancies to be associated to the host or the dopant cation while no preference is assumed for the 

random distribution. 

 

 

Fig. 1. Evolution of the lattice parameter of Ce1-xMxO2-x/2 as a function of the composition 
according to the different models [72-74] and MD simulations. a) M=Gd; b) M=Gd/Sm; c) 
M=Sm. 

 

In Fig.1 the different models are compared with the MD simulations for the Gd-doped, Sm-doped 

and Gd/Sm co-doped ceria. As indicated by the relations (1) and (2) the lattice parameter of the 

doped ceria varies linearly with x for the Hong-Virkar and the Kim models. The Nakamura 

models (random and non-random) reveal a non-linear relation between the lattice parameter and 

the doping level as it is the case for the MD simulations for the two defect configurations R and 



N even if it appears more evident for the R configuration. This figure illustrates the non-

equivalence of those models for the description of the lattice parameter evolution with the doping 

level. The Hong-Virkar model leads to results close to the Nakamura random one for the three 

systems mainly for x ≤ 0.2 while the Kim model seems more in accordance with the MD 

simulation for the N configuration letting suppose that in the major part of the samples used for 

the Kim model (linear regression) the defects were distributed in the N arrangement. It is 

important to remind here that all those models are empirical and that only the Nakamura 

description and the MD simulations propose two kinds of defect arrangement. However, 

noticeable differences exist between the Nakamura models and the MD simulations. The random 

Nakamura model leads to lattice parameters lower than the MD Random (homogeneous) ones for 

the three systems while for the non-random (heterogeneous) model the results are slightly higher 

than the MD Neighbour ones for the Gd-doped ceria, quasi equivalent for the co-doped ceria and 

lower for the Sm-doped ceria. For the three systems the MD N line seems to be the closest of the 

other models at least in the x range [0-0.2]. 

We have then decided to compare the results of our simulations with experimental data available 

in the literature. This comparison is presented in Fig. 2 where all the diffraction patterns are 

acquired at room temperature. We then observe that the great majority of the experimental lattice 

parameters is comprised between the limits formed by the Random and the Neighbour Molecular 

Dynamics lines. Those experimental data spread over a large range and cannot be described by a 

single model as the Kim, the Hong-Virkars or the Nakamura one. The presented results can then 

be interpreted as resulting of a mix of R and N configurations in the experimental samples but it 

cannot be excluded that others factors also affect the value of the lattice parameter as 

misalignment of XRD set up, presence of impurities, non-stoichiometry or crystallite size.   



  

 

Fig. 2. Comparison of the MD lattice parameter results with literature data at 298 K. a) Gd-doped 
CeO2 [5,16,17,21,22,58,75-89]; b) Gd/Sm co-doped CeO2 [57-59,90-93]; c) Sm-doped CeO2 
[5,16,19,58,78,79, 88, 94-101] 
 
Furthermore, the defect association/dissociation reactions may lead to the evolution of the lattice 

parameter with time and the equilibrium state could be attained only within several months [102]. 

All the changes in the lattice parameter of pure CeO2 induced by the introduction of defects 

(doping cation, oxygen vacancy) and referred as chemical expansion could be the source of 

strain/stress and could lead to important damages in operating conditions [103,104]. In order to 

evaluate this defect induced lattice parameter change the chemical expansion coefficient αc is 

introduced and defined as [103]: 



∝� F = (∝W+∝�)F = L − LaLa = ε 

Where a0 is the lattice parameter of the undoped CeO2, a the lattice parameter of the doped ceria 

(Ce1-xMxO2-x/2), ε the chemical expansion, αM the part of the chemical expansion due to the cation 

radius change and αv the part due to the introduction of oxygen vacancies inside the fluorite 

structure. αc is then obtained by a simple linear fit of the evolution of ε with the composition. 

Those fits are performed for the MD simulations up to x=0.2 due to the high departure from 

linearity present beyond this value mainly for the R configuration. Based on the Hong-Virkar 

work [73] the empirical oxygen vacancy radius rv can be deduced in a second step as described 

by Marrocchelli et al. [103]. In Table I are presented the results of the chemical expansion 

analysis along with the values of the oxygen vacancy radius deduced from the Marrocchelli et al. 

and the Nakamura methods [74]. The chemical expansion coefficient is lower for the N than for 

the R configuration meaning a less mechanical perturbation when foreign ions are introduced in 

the fluorite structure close to each other and in the NN position relative to the oxygen vacancies. 

The value of experimental αc could then be an indication for the distribution of the dopant inside 

the fluorite structure with the higher the coefficient the more random the distribution. The 

chemical expansion coefficient also depends on the doping ion radius with the Sm3+ cation 

(1.079Å) leading to higher αc than the Gd3+ cation (1.053Å). The determination of this coefficient 

from the experimental data used in Fig. 2 yields values in the range [0.01-0.02] for the Gd-doped 

materials and in the range [0.02-0.028] for the Sm-doped materials with no correlation with the 

synthesize method (solid state, precipitate, gel combustion…). 

 
 
 
 
 



Table I  
Chemical expansion αc and oxygen vacancy radius rv for the different structures. 

structure αc 
rv (Å) from 
Marrocchelli et 

al. model [103] 

rv (Å) from 
Nakamura 
model [74] 

GdR 0.01691 1.2069 1.5229 
GdN 0.00796 1.1228 1.5221 
SmR 0.02508 1.1797 1.5257 
SmN 0.01601 1.0945 1.5227 
SGR 0.02018 1.1857 1.5243 
SGN 0.01182 1.1071 1.5226 
 

For a same doping system rv calculated using the Marrocchelli et al. method is different for the 

random and the non-random arrangement. However, if we average rv over the six present 

structures the result (1.149Å) is close to the one experimentally found by Hong and Virkars [73] 

(1.164Å) and Marrocchelli et al. (1.169Å) [103] for the host CeO2. letting suppose a mean mixed 

arrangement among the samples used by those authors for the fitting procedure. We can then 

suppose that the samples used by those authors for the fitting procedure present in average a 

defect distribution between a N and a R distribution. Another approach for the determination of rv 

is proposed by Chatzichristodoulou et al. [104] by linking the Kim and the Hong-Virkar models 

(equation (1) and (2)). In this approach and conversely to the Marrocchelli et al. and Hong-Virkar 

models rv is a function of the doping cation radius. Adopting this third model very close values 

around rv=1.10Å are found for the three doping systems due to the near value of their cation 

radius. Nakamura model [74] also allows to calculate an oxygen vacancy radius that depends not 

only on the dopant radius but also on the arrangement and on the doping level. In this case (Table 

I) the vacancy radius values obtained for the different structures studied here are more 

homogeneous. The main discordance between all those models being that the oxygen vacancy 

radius is higher than the oxygen one for Nakamura while it is always lower for the others authors. 



The Table I also indicates that the Gd/Sm co-doped structure seems to behave as a simple 

average of its two components.  

A way to avoid the contribution of the oxygen vacancies on the lattice parameter change is to plot 

the mean atomic volume (cell volume/number of atoms) as a function of the composition as 

proposed by Artini et al. [94,105]. Those plots for the three systems then show a linear trend over 

the composition range [0-0.3] indicating the formation of a solid solution with a reliability factor 

always slightly higher for the N configuration and an increasing slope in the sequence GdN, 

SGN, SmN, GdR, SGR, SmR doped ceria (Fig. S1 of the Supplementary Material). 

 

3.2. Bond length  

The introduction of trivalent rare earth cations in place of the Ce4+ cations in the fluorite CeO2 

structure also greatly modifies all the bond lengths between ions due to the size of the rare earth 

cation itself and to the extraction of oxygen ions. Distortions appear around the foreign cations 

and the oxygen vacancies and thus break the existing symmetry. Those distortions not only 

intuitively increase with the doping ratio but are also related to the way the point defects are 

geometrically distributed. MD simulation is then adapted to reveal the effect of the distortions for 

the R and N distributions on the Radial Distribution Functions. We present in Fig. 3a the 

evolution of the M-M (M=Ce, RE) bond length with the doping level for the Gd-doped ceria. 

 



 

 

Fig. 3. a) Evolution of the M-M bond lengths with the composition for the Gd-doped CeO2 
system at 298K. Ratio of the M-Mb RDF peak area over the total peak area (M-M+M-Mb) as a 
function of the composition. b) R configuration; c) N configuration.

 

At room temperature the M-M RDF first peak can be decomposed into two components for all the 

systems (Fig. S2). We call this second component M-Mb. Those two components testify to the presence 

of local lattice distortions and/or REOx clusters due to the introduction of doping cations and oxygen 

vacancies. In this study we consider the REOx clusters as clusters comprising dopant cations, oxygen 

anions and oxygen vacancies (not necessarily perfectly ordered) having a structure approaching the C-

type RE2O3 one, those clusters are then similar to the distorted C-type regions as defined by Coduri et al. 



[95].  Such split has been experimentally observed for the M-M bond length.  Artini et al. [94] using a 

hybrid F-C structure for their X-Ray diffraction Rietveld refinements observe a split of the M-M 

distance beyond x=0.2 for Gd-doped ceria and beyond x=0.3 for the Sm-doped ceria. Scavini et al. [77] 

for the Ce1-xGdxO2-x/2 structure and Coduri et al. [95] for the Ce1-xSmxO2-x/2 structure detect the presence 

of two M-M lengths since x=0.125 using à biphasic model for the fit of the Pair Distribution Function 

(PDF) at short distances (1.5Å<r<6Å). Recently Kraynis et al. [51] using an RMC-EXAFS simulation 

also proposed the bimodality of the Sm-Ce lengths since x=0.05.  

In the C-type Gd2O3 structure two main Gd-Gd distances exists, one around 3.6 Å and the other around 

4.07 Å [12,68,77] giving rise to two well separated RDF peaks. The two lengths of the M-M bonds in 

Fig. 3a are divided in 3 groups corresponding to the Ce-Ce bond (in black) Ce-Gd bond (in blue) and the 

Gd-Gd bond (in red). The evolution of those lengths with the composition has to be correlated with the 

evolution of the percentage of the M-Mb bond displayed in Fig. 3b and Fig. 3c for the R and N 

configurations. This percentage is calculated through the ratio of the M-Mb RDF peak area over the total 

area (M-M +M-Mb). Ce4+ ions form the major part of the metal ions inside the lattice, the Ce-Ce bond 

network could then be viewed as the backbone of the structure. For the R configuration this bond is 

affected since the introduction of doping ions (x=0.05) as it is evidenced by the appearance of the Ce-

Ceb component (Fig. 3a and Fig. 3b) and as it has been unveiled earlier from hybrid Monte Carlo 

simulations [12]. Contrariwise for the N configuration this component is not present at low doping ratio, 

indeed the distortions only localized around the Gd-Gd pairs affect a minor part of the backbone. We 

note in Fig. 3a that for each type of M-M bonds the position of the two components does not evolve in a 

large extent with the composition. The two components of the Gd-Gd bond are the closest to the ones of 

the C-type Gd2O3 and the Ce-Ce bond components the most distant with the lowest component quasi the 

same as in undoped CeO2. Furthermore, no large gap can be noted concerning the M-M (or M-Mb) 



positions between the N and R configurations meaning that when the split occurs two populations are 

created and positioned at fixed sites. The percentage of the Ce-Ceb (Fig. 3b and Fig. 3c) component 

increases monotonously with the doping level for the two tested configurations. For the Ce-Gdb bond 

the percentage increases with the doping level for the R configuration while it remains constant up to 

x=0.15 for the N case meaning that till this level the same proportion of the Ce cations nearby the 

clusters formed by the Gd-Gd pairs is affected.  

The second component of the Gd-Gd RDF first peak evolves inversely up to x=0.2 in the case of the N 

and R configurations. For the N configuration the Gd-Gdb component his high at low doping ratio 

(x=0.05) and diminishes with the composition up to x=0.2 while for the R configuration it increases 

from x=0.05 up to x=0.2. In the case of the N arrangement (bc�	
 �
••bc�	
 ) defects are distributed at 

random without large interaction between them and for the R arrangement the few Gd-Gd pairs 

randomly generated in the structure are not mainly in the vicinity of an oxygen vacancy giving rise to 

different components weight in the Gd-Gd first shell peak. We have to note that in C-type RE2O3 

(RE=Gd, Sm) the percentage of each bond is close to 50%. It is interesting to note here that Scavini et 

al. [77] for the Gd-doped ceria and Coduri et al. [95] for the Sm-doped ceria calculate an increase of the 

M-Mb component with x but without the ability to differentiate the two cations (Ce4+ and RE3+) 

rendering the comparison with the present simulations not straightforward. Nevertheless, if we consider 

that a major part of the M-M bonds corresponds to the Ce-Ce bonds (for 0<x≤0.3) and to a less extent to 

Ce-Gd bonds, the M-Mb component increases up to [0.1-0.2] both in the present simulations (fig.3) for 

the two configurations and in the pdf analysis [77,95]. The same trends in our simulations are observed 

for the Sm-doped system (Fig. S3). The analysis of the co-doped ceria M-Mb bonds leads to more 

complex results due to the presence for the two configurations of six different bonds each with two 



components. However, results of such analysis are presented in Fig. S4 and high similitude is noticed 

with the superposition of the Sm-doped and-Gd doped ceria results with an addition of a Sm-Gd bond.     

In Fig. 4 is displayed the evolution of the M-O and O-O bond lengths (dM-O and dO-O) with x for the Gd-

doped ceria. Inversely to what it is intuitively expected the Ce-O and Gd-O bond lengths decrease with 

increasing the doping rate. This evolution has already been noted experimentally [14-

16,19,20,51,75,77,95,106,107] and using simulations [12,38,39] for the Gd-doped and Sm-doped ceria. 

 

Fig. 4. Evolution of the M-O and O-O bond lengths with x for the Ce1-xGdxO2-x/2 structure. 

 

The contraction of the M-O bond length is related to the rise of oxygen vacancies suggesting a 

displacement of the oxygen ions surrounding the vacancy towards this empty site thus decreasing the 

average cation-oxygen distance [14,20,38] mainly when two foreign cations (Gd or Sm) are in NN 

position relative to the vacancy (N configuration). This contraction is then different for the Ce-O and 

Gd-O bond length as it is also different in the case of the R and N configurations. In the same way as 

what was described previously for the Ce-Ce bonds, the major part of the Ce-O bonds in the N 

configuration is not influenced by the presence of the localized REOx clusters explaining why the 

contraction is less effective than in the case of the R configuration. The random distributed arrangement 



leads to a Gd-O length higher than the Ce-O one till x=0.2 (till x>0.3 for the Sm-doped ceria see Fig. 

S5a) while for the neighbour arrangement the Gd-O length is always lower. However, the R and N dGd-O 

curves seem to join for x> 0.3 where the structures tend to become similar at least in a point of view of 

the REOx cluster number. The evolution of the M-O bond length for the co-doped system (Fig. S5) 

shows no noticeable difference comparing to a simple superposition of the evolution of the two singly 

doped lattices.  Experimental data extracted from EXAFS acquisitions always results in dGd-O and dSm-O > 

dCe-O [14,15,19,75,51,106,107]. The discrepancy between our results and the EXAFS data could arise 

from several origins:  the accuracy of the experimental data analysis (parameter correlations, model 

dependency of the fitting process), the samples studied experimentally are all in favour of a R 

configuration and/or the empirical potential parameters used in this study are not perfectly adapted for 

the description of the evolution of the M-O bond lengths [25]. 

 

Fig. 5. Evolution with x of the peak shape parameters width (FWHM) and asymmetry (b) of the log-
normal RDF first peak for the R and N configurations. a) Ce-O bond length, b) Gd-O bond length. 
 
 

In this study the RDF first peak is always described by a log-normal distribution (see relation (2)) in 

order to take the peak asymmetry (b) into account [68], it is thus interesting to study the evolution of this 

parameter both with the peak width (FWHM) as a function of the composition as it is shown in Fig. 5 



for the Gd-O and Ce-O first shell. Those two parameters reflect the rise of disorder around the metal 

cations. For the Ce-O bound the FWHM does not evolve in a large extent with the composition for the 

two configurations certainly indicating that the major part of those bounds is localized within this range 

(around the mean position). Contrariwise the peak asymmetry moderately increases letting suppose the 

creation of some new bond length populations at higher distances from the mean length. The N 

configuration is less impacted by this asymmetry because this perturbation is located near the 

(bc�	
 �
••bc�	
 ) defects where a minor part of the total Ce-O bonds is positioned while for the R 

configuration more Ce-O bonds are close to the Gd3+ cations and oxygen vacancies. It can then be 

considered that the disorder around the Ce4+ cations is present but moderate and in average higher for 

the R than for the N configuration. Both the FWHM and the asymmetry parameters of the Gd-O RDF 

first peak are larger than the Ce-O ones implying a higher distortion around the Gd3+ cations. The rise of 

those parameters is also greater for dGd-O than for dCe-O. Thus, the more the foreign cations are added (the 

more the �
•• are created) the more the distortion is present at the vicinity of Gd3+ cations. However, the 

Fig. 5b points out that for the N configuration the shape parameters (b, FWHM) are the lowest. Thus, the 

disorder is less important in this configuration surely due to the building of some clusters having a C-

type phase structure where the Gd-O distance is more constrained. In Fig. S6 the evolution of the shape 

of the asymmetric Gd-O RDF first peak for the R and N configurations can be visualized and compared. 

Very similar results are obtained for the Sm-doped system as it is also the case for the co-doped system 

(Fig. S7 and Fig. S8). 

The evolution with x of dO-O is shown in Fig. 4 and reveals a rise in all the composition range in 

correlation with the increase of the lattice parameter. This rise has been already evidenced by MD 

simulations [12,38,39,41] while to the best of our knowledge no experimental confirmation has been 

published nor by EXAFS or by pdf extracted from neutron scattering for the present systems. Only 



Coduri et al. [108] for the system Y-doped CeO2 and from neutron scattering acquisitions show that the 

O-O distance does not follow the trend of the lattice parameter (contraction with x). We can also note 

that Kraynis et al. [51] observe the evolution of the O-O distance with the doping rate for the Y doped 

and Sm-doped ceria films concluding to a decrease and an increase for the two systems respectively. 

The N configuration gives rise to O-O distance lower than the R configuration as it was also the case for 

the lattice parameter evolution. More interesting than this evolution is the pair correlation function (gO-O) 

change with x in the range [2Å-5Å] extending the analysis beyond the first shell environment. In Fig. 6 

is presented the O-O pair correlation function gO-O for CeO2, C-type Gd2O3 obtained from the 

Buckingham parameter set listed in table S1 and Ce0.7Gd0.3O1.85 (R configuration) up to 5.2 Å. The 

CeO2 fluorite structure requires three peaks labelled 1,2 and 3 for the description of gO-O, for the Gd-

doped ceria a fourth peak is added (labelled 4) and for the C-type Gd2O3 structure a fifth peak becomes 

necessary. In each case the first peak is fitted with a log-normal function and the others with gauss 

functions [68]. The presence of the peak 4 for the doped ceria indicates a new site position for the 

oxygen anion and reflects, here again, the perturbation due to isolated Gd3+ and �
••  and also to the 

REOx clusters generated inside the fluorite structure. This new site position thus reveals the distortion of 

some MO8 cubes inside the lattice. This peak appears since the lowest doping ratio (x=0.05) for the two 

configurations and whatever the doping system (Gd, Sm, Gd/Sm). For each doped system we have next 

calculated the ratio A=100*A4/(A1+A2+A3+A4) with Ai being the area of the peak i. This ratio is then 

considered as an indicator of the disorder existing inside the structure. 



 

 

Fig. 6. O-O pair correlation function for a) CeO2, b) Ce0.7Gd0.3O1.85 (30GdR) and c) C-Gd2O3. 

 

In Table 2 are grouped the results of such calculations along with the FWHM of the peak 4. We observe 

the extreme similarity of the results for the three doped systems meaning that the modification of the 

structure occurs in a same way for those systems. The A ratio and the FWHM increase for all the doping 

systems and the two defect configurations confirming that the disorder settles down at the local scale in 

the fluorite structure. The R configuration leads to higher A ratio due to the fact that more O-O pairs are 

concerned by the disturbance coming from the random introduction of the vacancies and foreign cations. 

For the N configuration the O-O pairs that are mainly affected are those around the (���	
 �
••���	
 ) 



clusters and consequently the calculated A ratio is lower. The FWHM are also lower for the N 

configuration suggesting that the distance of the corresponding O-O pairs is more stable as it could be 

the case in the C-type phase structure. The preceding remarks are corroborated by the lower asymmetry 

parameter and FWHM of the first lognormal peak for the N arrangement.  

 
Table 2  
Area ratio A and FWHM (Å) for the peak 4 of the O-O pair correlation function. 

 Gd Sm Sm-Gd 
 Random Neighbor Random Neighbor Random Neighbor 

x A FWHM A FWHM A FWHM A FWHM A FWHM A FWHM 
0.05 1.6 0.32 0.97 0.23 1.5 0.33 0.9 0.24 1.6 0.34 0.95 0.23 
0.1 3.3 0.41 1.9 0.25 3.0 0.35 1.8 0.26 3.1 0.36 1.8 0.25 
0.15 4.3 0.37 3.1 0.31 4.1 0.35 2.9 0.31 4.3 0.37 2.9 0.31 
0.2 5.8 0.40 4.3 0.38 5.6 0.39 4.1 0.38 5.5 0.37 4.2 0.37 
0.25 7.5 0.43 5.7 0.41 7.2 0.42 4.9 0.38 7.5 0.42 5.3 0.39 
0.3 11.5 0.53 6.6 0.42 10.9 0.51 6.2 0.41 11.1 0.50 6.1 0.39 
 

 

3.3. Percolation concept  

As it has been expressed all along this study REOx clusters are generated inside the structure when 

foreign cations and oxygen vacancies are introduced. Those clusters differ in their number, size and 

shape which depend on the doping ratio and on the arrangement adopted for the introduction of the 

foreign cations and oxygen vacancies. As proposed by Purton et al. [12] and with the assistance of the 

Ovito [109] and Vesta [110] softwares we have created a bond between two foreign cations when there 

are in the NN position from each other (dRE-RE < 4.5Å) and called those entities "RE groups" which in a 

first approximation can be linked to the C-type RE2O3 clusters. Thus, the analysis of those groups 

relying on the sole starting arrangement is valid for the three doped systems.  Examples of such 

representations are given in Fig. 7 for the 5SmR, 5SmN, 30SmR and 30SmN structures where the Ce4+ 

and O2- ions have been omitted. 



 

 

 

Fig. 7. Snapshots of the RE groups (RE=Sm) for a) 5SmR, b) 5SmN, c) 30SmR (in green isolated Sm 
cations), and d) 30SmN.  
 

The first outcome of this depiction is the presence of isolated RE cations in the R configuration up to 

x=0.3. We also note that some small RE groups are already visible for x=0.05 in the R configuration 

while they are the sole present in the N configuration. The main difference is that in the N configuration, 

due to the low oxygen diffusivity at room temperature, vacancies are situated in the vicinity or inside the 

RE groups letting suppose a more C-type like structure. Those groups can then be viewed as a having 

fluorite structure with a partial ordering of oxygen vacancies or as dopant and oxygen vacancy rich 

aggregates with distorted C-type phase [95,111]. In order to quantify the number (size) distribution S of 

the RE groups we have calculated for each group length (number of connected RE cations) the 

percentage of RE cations involved in such group over the total RE cation number. The distributions thus 



calculated and presented in Fig. 8 are then the arithmetical means over the five structures generated for 

each system. At low doping concentration (Fig. 8a and Fig. 8b) the major part of the RE cations belongs 

to small groups with near 50% (x=0.05) and 25% (x=0.1) single cations for the R configuration and the 

largest group with S=12 (x=0.05) and S=40 (x=0.1) for the N configuration. As x increases (x=0.15-0.2) 

the size distribution gradually evolves. For x=0.15 the major part of RE cations still belong to low size 

groups (R) or are more or less homogeneously distributed (N) while for x=0.2 high size groups 

encompass the majority of the dopants whatever the arrangement. For the highest doping ratio two well 

separated distributions (bimodal) appear where a tiny part of the RE cations are always inside low size 

groups for x=0.25 and the quasi-totality inside large size groups for x=0.3. For all those distributions we 

observe that introducing the same number of dopants the largest group is constantly obtained when those 

dopants are distributed as RE-RE pairs. We also note that the R and N distributions become more and 

more similar with the raise of x.  

 

 

 



 

Fig. 8. Distribution of group size (S) for the two defect configurations a) x=0.05, b) x=0.1, c) x=0.15, d) 
x=0.2, e) x=0.25, f) x=0.3. 
 
 

The percolation theory has been employed in a large field of application, from geology to biological 

systems [112] to model and explain a wide variety of phenomena. In this theory the percolation 

threshold is the main parameter linked to an abrupt change of properties of the system.  

Concerning the doped ceria materials, the percolation threshold concept has been adopted by some 

authors to discuss the passage from the fluorite to the C-type RE2O3 structure in the ceria doped system. 

Artini et al. [94,105] for the Gd and Sm-doped ceria and based on high resolution X-Ray Diffraction 

(synchrotron radiation) results treated with a hybrid crystallographic structure proposed a x=0.5 

threshold. This value then corresponds to a passage from the F-based matrix with embedded C-based 

microdomains to a C-based matrix embedding F-based microdomains and is similar to the site 

percolation threshold of a 2D square lattice. Scavini et al. [111] and Coduri et al. [95] situate the 

percolation threshold of the dopant and oxygen vacancy rich aggregates with distorted C-type phase 

(called nano droplets) around x=0.31(site threshold for a 3D simple cubic lattice) for the Gd-doped and 

Sm-doped systems. Those studies conclusions are then mainly supported by X-ray Rietveld, Whole 

Powder Pattern Fitting and pdf (biphasic model) results. Meyer et al. [113] using MC simulation and 

based on the simple cubic oxygen (vacancy) sublattice proposed some percolation threshold ranges 

according to different vacancy-cation environments and interactions. In this last study, where doping 



cations are distributed at random, the percolation theory is designed as essential to explain the evolution 

of the ionic conductivity. We propose to study hereafter the percolation theory applied to the Ce 

sublattice with the influence of the defect distribution on the percolation threshold. 

The Ce sublattice in CeO2 is a FCC lattice which has been largely studied in the frame of the percolation 

theory. This theory [114] tells us for this lattice that the site percolation threshold is attained for a site 

critical probability Pcs=0.198 meaning that when the site occupation is distributed at random (R 

configuration) the percolation occurs around x=0.2. In the present study, we observe that over all the 

structures created a spanning group is never present for x=0.15 in the case of R configuration while for 

x=0.2 such a group with a is loosely branched structure is evidenced in ~ 53% of cases in accordance 

with the site theoretical threshold of a FCC lattice. For the N configuration a percolating group is present 

in ~ 27% of cases for x=0.15 and always present with a highly branched structure for x=0.2. Examples 

of percolating RE groups (R and N configurations) can be visualized in Fig. 9 for x=0.2. We can then 

conclude that the distribution of foreign cations for the N configuration leads to a site percolation 

threshold lower than x=0.2 in a range [0.1-0.2] where the ionic conductivity usually starts to decrease.  

 

 

Fig. 9. Example of the percolating RE group for the composition x=0.2. a) R configuration, b) N 
configuration  
 
 



The RE groups could only be viewed as C-type clusters if is they contain oxygen vacancies. Then the 

aforementioned observations have to be linked to the evolution of the metal cation coordination number 

(CN) for the first shell as depicted in Fig. 10 for the Gd-doped ceria. This figure, depending mainly on 

the distribution of defects, is similar for the Gd, Sm-doped and Gd/Sm co-doped systems. We note that 

only a slight difference exists between the R and N configurations for the CN(Ce-Ce) and CN(Ce-O) 

while the gap is larger for the CN(Ce-Gd) and CN(Gd-O) due to the initial distribution of defects and to 

the low temperature (298 K) avoiding a significant metal and oxygen diffusion even if some oxygen 

jumps are detected. For the Ce-O, Gd-O and Sm-O coordination numbers the available experimental 

data spread over a large range as it is summarized in Table 3 (and Fig.S9). The discrepancies appearing 

in this table arise from the technique employed (EXAFS, Raman), the data treatment, and the sample 

synthesis way. Among all those results only Giannici et al. [19] find a higher CN for the doping cation 

than for the host one, Deguchi et al. [15], Nitani et al. [106] and Yoshida et al. [60] conclude that 

oxygen vacancies are mainly situated in the first shell of the dopant. In Fig.10a the two dashed lines 

illustrate the theoretical evolution of CN for a random distribution of defects in accordance with R 

configuration results. The low gap between CN(Ce-O) and CN(Gd-O) for the R configuration is also in 

accordance with a theoretical random distribution visualized by the line CN=8-2x. However, we observe 

a departure from this theoretical line with CN(Ce-O) slightly over this line and CN(Gd-O) below this 

line. This non-perfect match confirms that even at room temperature (298K) vacancies could diffuse 

and/or relax with a preferred location close to the Gd cations (NN).  The non-perfect match between this 

line and the MD simulations is probably due to the non-sufficient number of the generated R structures. 

The N configuration is then characterised by a larger gap between the Ce-O and Gd-O coordination 

numbers than in the case of the R configuration. This gap Those trends are is also described evidenced 

by the Nakamura non-random model [74] and deduced from Metropolis Monte Carlo simulations [13] 



but with a value an intermediary lower gap between CN(Ce-O) and CN (Gd-O) than the ones found in 

the present study for the R and N configurations. 

 

Fig. 10. Evolution with x of the coordination number (CN) for the N and R configurations. a) M-M; b) 

M-O. 

It is noteworthy to point out that the main experimental data only concern the first shell of cations and/or 

do not allow to distinguish between CN(Ce-Ce) and CN(Gd-Gd) for the second shell only treating by 

this way the CN(Ce-Ce/Gd) [14,16,19,33,106,107,115,116] which renders the comparison with the 

present MD results not straightforward for the analysis of these cations second shell. However, Deguchi 

et al. [15] using "a multiple data set fit" separate the CN(Ce-Ce) and the CN (Gd-Gd) and conclude to 

the decrease of CN(Ce-Ce) with x while CN(Gd-Gd) remains constant and around 1 in the range [0.05-

0.3]. From Fig. 10 and concerning the cations second shell the same rising (Gd-Gd) and decreasing (Ce-

Ce) trends are evidenced for the two arrangements. The higher CN(Gd-Gd) denoted for the N 

configuration is the signature of more compact groups with a highly branched structure. Furthermore, as 

it is described by Kirkpartick [117] and McLachlan [118], at the percolation threshold the critical 

average number of bonds per site nc which corresponds to the coordination number (CN) is invariant and 

only depends on the dimension d of the lattice. Thus, for a 3D lattice (d=3), nc ~ d/(d-1) ~ 1.5 and this 



value, in the present study, is reached for CN (Gd-Gd) till x=0.05 for the N configuration and in the x 

range [0.1-0.15] for the R configuration. This second way to localize the percolation threshold then 

confirms that the percolation is attained first for the neighbour distribution. 

 
Table 3: Experimental data concerning CN(Ce-O) and CN(M-O) with M=Gd or Sm 

x CN(Ce-O)  
Gd-doped 

 CN(Ce-O)  
SG-doped 

CN(Ce-O)  
Sm-doped 

CN(Gd-O) CN(Sm-O) 

0.05 7.75 +/- 0.5 [15]  
7.4 [120]  

 7.9 +/- 0.1 [20]  
 

7.4 +/- 0.5 [15] 
7.1 [119] 

 

0.1 7.65 +/- 0.5[15]  
6.8 [119]  
7.6 +/- 1.5 [120]  

 7.85 +/- 0.1 [20]  
7.8(constrained) [19]  
7.83 [106]  

7.1 +/- 0.5 [15] 
6.9 [119] 
6.7 +/- 0.1 [115]  

6.7 +/- 0.1 [115] 
8 +/- 0.2 [19] 
 

0.15 7.84[16] 
 

7.2 [116]  7.75 +/- 0.1 [20]  
7.52 [16]  

  

0.2 7.25 +/- 0.5 [15]  
 

 7.77[106]  
7.5(constrained) [19]  
7.65 +/-0.1[20]  

6.65 +/- 0.5 [15] 
6.5 +/- 0.1 [115]  

7.17 [106] 
7.9 +/- 0.2 [19] 
7.2 [60] 
6.7+/-0.1 [115] 

0.25   7.4 +/- 0.1 [20]    
0.3 7.2+/-0.5 [15]   7.71 [106]  

7.25(constrained) [19]  
 

6.45 +/- 0.5 [15] 
6.2 +/- 0.1 [115] 

7.9 +/- 0.2 [19] 
7.07 [106] 
6.2 +/- 0.1 [115] 

 

Obviously resulting from the distribution adopted in the simulations we note that in the more compact 

groups taking place for the N configuration (aggregation of trimers) the foreign cations are less 

connected with the oxygen ions as evidenced by the lower CN(Gd-O). Consequently, those groups 

encompass more oxygen vacancies and then resemble more to the C-type Gd2O3 structure. Thus, 

following the preceding discussion the percolation threshold of the C-type based structure could arise 

below x=0.2. Even if they do not explicitly mention a percolation threshold for the x=0.2 value Presto et 

al. [121] recently consider this value as a key parameter in the evolution of the structure and 

conductivity in Sm-doped ceria. The percolation threshold concept cannot on itself explains the structure 

change and the evolution of the ionic conductivity of the doped ceria but the whole percolation theory 



seems to be a powerful mean to participate to the debate if other ideas could also be taken in 

consideration as the effective medium theory, the fractal dimension, the tortuosity and the random walk 

theory. The percolation theory is largely evocated for composite materials (conductor/insulator) [118] 

where an abrupt rise in dc conductivity is observed around a threshold value up to a maximum. For the 

doped fluorite materials, a bell shape curve is noted as it is also the case for dispersed ionic conductors 

in insulating matrix and for some glassy ionic conductors where the percolation concept has been 

successfully used to described the evolution of the ionic conductivity [122].  

We have evidenced in this study that the defect arrangement inside the fluorite lattice leads to large 

structural changes (lattice parameter, bond length, coordination number, RE site percolation threshold). 

It is then important to note that the calculation of the total energy E for all the composition and for the 

two configurations always leads to a higher stability for the N configuration as it can be seen in Fig. 11 

where the averaged difference (ER-EN)/Nat is plotted against x with Nat the total number of atoms. This 

result is in accordance with the higher disorder observed for the R configuration.  

   

Fig. 11. Evolution of (ER-EN)/Nat as a function of the composition for the three systems. 

With the parameter set chosen in this study the ER-EN maximum occurs for a composition where x is in 

the range [0.1-0.15] and the higher difference is always obtained for the Gd-doped ceria system. Beyond 



this range the difference decreases indicating that the two distributions become more and more 

energetically close. 

 

4. Conclusion 

In this work we apply the Molecular Dynamics simulation to study the structural evolution of Gd, Sm-

doped and Gd/Sm co-doped ceria with the doping ratio. Inside the starting fluorite structure, the Rare 

Earth (RE) doping cations and oxygen vacancies are distributed randomly (R) or as randomly distributed 

trimers (N). The defect arrangement clearly influences the structure of the doping system for a given 

doping ratio. All the trends denoted here are the same for the Gd-doped and Sm-doped ceria and the co-

doped system mainly behaves as an average or a superposition of the parent single doped systems. The 

lattice parameters extracted from the literature lie between the R and N lattice parameters calculated 

here whatever the doping lattice letting suppose a great diversity of the defect arrangements in the 

synthesised samples. The chemical expansion as the oxygen vacancy radius (rv) depend on the doping 

cation and the defect distribution with the average value of rv close to the one found in the literature [66, 

96] for the host CeO2. The calculation of the Radial Distribution Functions (RDF) allows to observe two 

components for the Ce-Ce, Ce-RE and RE-RE (RE= Gd, Sm, Gd/Sm) bond length as it is the case in the 

C-type RE2O3 structure with a weight of those two components linked to the defect distribution. For all 

the ionic pairs the RDF first peak is fitted by a log-normal distribution where asymmetry is accounted. 

The FWHM and asymmetry parameter for the M-O bond then reflect the disorder and the possible 

creation of a second bond length population. Those parameters decrease in the sequence RE-O 

(Random), RE-O (Neighbour), Ce-O (Random), Ce-O (Neighbour) indicating a higher disorder in the R 

configuration than in the N one. When the O-O pair correlation function is extended up to 5 Å a fourth 

peak appears in the case of the doped ceria which is thus a signature of the presence of the defects. The 



RE site percolation threshold for the R configuration is around x=0.2 in accordance with the theoretical 

value for a FCC lattice. For the N configuration we note that this threshold is lower than x=0.2, for the N 

distribution we also note that the M-M groups are with more compact groups and encompass and more 

oxygen vacancies than in the case of the R configuration. We can thus suppose a structure of those 

groups closer to the C-type RE2O3 one for the N configuration than for the R configuration. as expected 

by the design of our simulations.  
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