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Abstract 

The mobility of oxygen ions at surfaces and interfaces in solid oxide fuel materials is 

controversial. Experiments are complex and conflicting results for grain boundary and 

surface O2- diffusion have been obtained. Thus it is not clear on the conditions necessary to 

optimise the O2- diffusion during the manufacturing process. To aid the interpretation of 

experimental results combined Monte Carlo and molecular dynamics simulations were 

applied to model thin films of CeO2 on binary oxide substrates. The objectives of this work is 

to determine the rôle of both tensile lattice strain and segregation on the calculated 

diffusion coefficients. The distribution of Gd3+ and O2—ions has been interpreted as evidence 

for the formation of a space charge layer at both the interface and surface. The space 

charge layer impacts the calculated diffusion coefficients at the thin film surface. Moderate 

tensile strain in the CeO2 thin film has little influence on the segregation of Gd3+ ions. 
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1. Introduction 

An increasing desire for low CO2 emission technologies has motivated substantial research 

into novel materials for applications such as batteries, thermoelectrics and solid oxide fuel 

cells (SOFCS). The most desirable properties for materials to act as the electrolyte in SOFCS 

are high oxygen ion conductivity, low electronic conductivity and high thermal stability.1,2,3 

Yttrium doped zirconia (YSZ) is often employed within SOFCS due to its chemical stability at 

high temperatures. However, the ionic conductivity is relatively low and high temperatures 

(1000 - 1200 K) are required. These high temperatures result in a number of problems 

associated with the use of YSZ electrolyte devices (e.g. corrosion). To overcome these 

problems there has been considerable research to develop alternate ionic conducting 

materials that can operate at lower temperatures. Gadolinium doped ceria (GDC) and other 

rare earth doped electrolytes have high oxygen mobility and exhibit great potential. In these 

compounds, e.g. GDC, for every two Gd3+ dopants introduced, an oxygen vacancy is created 

(equation 1) and it is these vacancies that allow oxygen ions to migrate more easily through 

the material. 

Gd2O3
CeO2
→   2GdCe

′ + VO
∙∙ + 3OO

x   (1) 

The ionic conductivity is considerably more complex than equation 1 would suggest and the 

experimental conductivity of GDC is not a simple function of the dopant concentration, but 

passes through a maximum at approximately 20 to 30 % Gd. Above this the conductivity 

starts to decrease, which has been interpreted in terms of the formation of associated 

clusters of the dopant cations and the oxygen vacancies.1 

The experimental conductivity is further complicated by the presence of grain boundaries4 

and that it is dependent on the thermal history of the sample.5 To improve the 

thermodynamic stability of GDC and the lifetime of the end device researchers have 

explored the relationship between the ionic conductivity and microstructure. Optimisation 

of the conductivity has stimulated the investigation of complex interfaces and thin films. 

This body of work has been inspired by the reports of an increase of 8 orders of magnitude 

in the conductivity at YSZ|STO interfaces.6 However, more recent experiments, including 

those on GDC interfaces, have only demonstrated a 2-3 orders of magnitude increase.7,8,9,10 

The increase in conductivity has been attributed to a tensile strain at the interface that 



distorts the structure of the thin film and thus reduce the activation energy for O2- 

migration. In addition, a number of theoretical studies have been published using static 

simulations11,12 and molecular dynamics13,14,15 to determine the relationship between strain 

and ionic conductivity at the atomic scale. 

More recently experiments have been designed to use lattice strain as a route to modify the 

degradation effects in functional oxides for high-temperature electrochemical devices. 

Surface science experiments have been employed to examine the influence of surface strain 

on the degree of segregation of dopant cations by deposition of thin films on to a range of 

substrates.16,17 These experiments are extremely complex and it is often difficult to 

ascertain whether thermodynamic equilibrium has been achieved. For example, both 

positive and negative values have been obtained for the enthalpy of segregation in yttrium 

stabilised zirconia and gadolinium doped ceria.16,18,19  

This paper concentrates on the rôle of strain on segregation and O2- diffusion in thin films 

using a combination of hybrid Monte Carlo and molecular dynamics simulations. Unlike 

previous simulations13,14,15, the distribution of cations and anions is determined within the 

simulation and the simulation cell was designed to model experiments. For this purpose we 

have simulated gadolinium doped CeO2 on binary oxide substrates. This material was 

chosen as it is of technological interest in the field of SOFCs. The oxides employed in this 

study were MgO, FeO and MnO and the surface was the {001} which is the most stable 

surface.20 The lattice parameters of these oxides are 4.21, 4.33 and 4.43 Å respectively 

which allows the interfaces to be constructed so as to give a range of size mismatch 

between the substrate and the ceria thin film. The sole purpose of using the different oxides 

is to control the quantity of strain placed on the thin film. The degree of mismatch was 

determined from the calculated lattice parameters and ranged from less than 1% to 

approximately 5% (the magnitudes are given in table 1). The excess volume of mixing of 

CeO2 and Gd2O3 is small (approximately 0.02 Å for Gd0.3Ce0.7O1.85 using the potential model 

described below) and the Gd concentration has little impact on the lattice mismatch 

between the substrate and thin film. Unfortunately, limitations in computer power 

prevented construction of simulation cells with the same degree of lattice vector mismatch 

in all directions. Despite this the difference in degree of mismatch between directions is 

small. 



2. Computational Method 

2.1 Construction of the simulation cell. 

The thin film was constructed in a similar manner to previous atomistic simulations. 21,22 

There have been numerous computational (for example, references 23 and 24) studies on 

the structure and stability of the low-index surfaces of CeO2 and are discussed in in detail in 

reference 20. The general consensus is that stability of the surfaces decreases in the order 

{111} > {110} > {100}. The CeO2 {111} surface is a Tasker Type 2 surface25 in which each 

plane is charged but the repeat unit (in this case consisting of three planes, 1 cation plane 

and 2 anion planes) results in no net dipole moment perpendicular to the surface (figure 1). 

The nomenclature used in reference 26 is employed to describe the oxygen layers at the 

surface as surface, first subsurface and second subsurface. A similar terminology is used to 

describe the oxygen layers at the interface, i.e. interface, first sub-interface and second sub-

interface (see figure 1).  In addition, both experiment and theory have identified that the 

most stable surface is terminated by the oxygen plane. Thus the CeO2 slab was created with 

oxygen ions on both terminations. Moreover, this surface was used in previous calculations 

and we can make comparisons with these results.14 

The simulation cell was constructed in an identical procedure to those employed in the 

MIDAS and METADISE codes.27 The cell is repeated in two-dimensions (in most simulation 

period boundary conditions are applied in three dimensions and a vacuum region applied to 

prevent the interaction of ions) and the substrate is split into two regions; region 1 and 

region 2. The first region is the portion that is adjacent to the thin film and is allowed to 

move during molecular dynamics or energy minimisation. The second region that represents 

the bulk material serves to complete the summations in the potential energy and is held 

fixed in all simulations. The substrate is made up of 10 unit cells in depth (4 unit cells for 

region 1 and 6 for region 2)(for the purpose of this paper a unit cell of the binary oxides 

contains 8 atoms). The thin film of CeO2 was constructed by placing a slab, cut to expose the 

{111} surface, directly onto the surface of the binary oxide substrate. Subsequently, for each 

GdxCe1-xO2-x/2 composition (x = 0.1, 0.2 and 0.3) the appropriate number of Ce4+ ions were 

replaced with Gd3+ ions and O2- ions deleted. Each layer of the CeO2 thin film has 288 

potential sites.  



2.2 Monte Carlo 

The properties of cation defects in solid state ionic materials are often investigated using 

either supercell or point defect calculations.28  However, these methods are not readily 

extended to disordered systems containing a finite impurity or defect content, thereby 

restricting simulations to end-member compounds and excluding studies of many naturally 

occurring minerals and ceramics of industrial importance. In addition, standard Monte Carlo 

and molecular dynamics simulations are unable to overcome kinetic energy barriers to 

sufficiently sample all necessary configurations. Thus in previous papers we have described 

MC methods that exchange cation positions in order to sample multiple configurations and 

calculate the thermodynamic and solubility limits of ionic materials.29,30,31  The exchange of 

positions is accepted or rejected by comparing the energy of the final and starting 

configurations and using the standard Metropolis algorithm.32 The Metropolis approach 

requires that a trial move from the original state (o) to a new state (n) is accepted with the 

probability: 

𝑃(𝑜→𝑛) = exp{−𝛽[𝑈𝑛 − 𝑈𝑜]}   (2) 

where Un and Uo are the energies of the new and original states and β is 1/kT. However, 

even with MC swaps the sampling of configurations will be very inefficient when the 

difference in energy is very large and it is necessary to allow the ions to adjust their 

positions in order to minimise the energy difference. Each configuration was relaxed using 

the damped-MD fast inertial relaxation engine, FIRE, algorithm33,34,35 so that the energies 

were converged to within 1.0x10-5 eV. An advantage of the FIRE approach is that it is easily 

parallelisable. In these simulations we swapped the positions of the Gd3+ and Ce4+ ions. The 

O2- ion positions were allowed to relax, however, to ensure that the O2- ions adapted to the 

cation environment an additional molecular dynamics step was introduced. Thus after every 

10,000 Monte Carlo cycles a short, 10,000 step, molecular dynamics, MD, simulation was 

undertaken. The O2- ions were not observed to exchange position with the substrate 

although this behaviour was not prevented. The internal energy and structural data were 

monitored over a period of 150,000 cycles, prior to which an equilibration period of 150,000 

cycles was undertaken. 

2.2 Molecular Dynamics and calculation of diffusivity. 



The diffusivity of the O2 ions within the thin films were calculated using molecular dynamics 

simulations.36 The MD simulations were undertaken at the appropriate temperature using 

the NVE ensemble using a 1 fs time step. Three configurations taken from the MC 

calculations were used as starting points for three separate MD simulations and the average 

of these used to determine the property of interest. Each MD calculation consisted of a 100 

picosecond equilibration phase followed by a further 900 picosecond phase, during which 

the atomic positions were collected. The mean squared displacements, MSD, are obtained 

from the atomic trajectories. 

〈𝑟𝑖
2(𝑡)〉 =

1

𝑁
∑ [𝑟𝑖(𝑡) − 𝑟𝑖(0)]

2𝑁
𝑖=1   (3) 

The oxygen diffusion coefficient, D, was calculated from the mean squared displacements 

using equation. 

〈𝑟𝑖
2(𝑡)〉 = 2𝑑𝐷𝑡(𝑡 → ∞)  (4) 

where d is the dimensionality of the MSD calculation. From the Arrhenius behaviour of the 

jump-frequency one can extract a vacancy migration energy or an average activation energy 

for O2- migration, 

𝐷 = 𝐷0exp(
−𝐸𝑎

𝑘𝑇
)  (5) 

where Ea is the activation energy for diffusion. 

2.4 Potential model 

A rigid ion model was used for both the Monte Carlo and molecular dynamics simulations 

and Buckingham potentials (equation 6) were employed to model the atomic interactions.  

𝑉𝑖𝑗 = 𝐴𝑒𝑥𝑝 (−
𝑟𝑖𝑗

𝜌
) −

𝐶

𝑟𝑖𝑗
6 +

𝑧𝑖𝑧𝑗𝑒
2

𝑟𝑖𝑗
  (6) 

A, ρ and C are constants, rij is the distance between ions of type i and j, and zi and zj are the 

charges of species i and j respectively. The potential parameter set is from reference 37 (see 

table 1 in the supplementary information) and each ion was assigned an integer charge, i.e. 

+2 for Mg/Fe/Mn, +3 for Gd, +4 for Ce and -2 for O. The parameters for the O2- within the 

thin film and substrate are identical. The evaluation of the Coulomb interaction requires 

special consideration as the simulation requires repetitively relaxing approximately 15000 



ions in a total cell size of approximately 30000 particles. Recently several alternatives have 

been proposed that allow the electrostatic contribution to the total energy to be calculated 

simply as a pairwise interaction.38,39 Fennell and Gezelter have proposed the use of a 

damped and shifted potential, UFG, 

𝑈𝐹𝐺 = 𝑞𝑖𝑞𝑗 [
𝑒𝑟𝑓𝑐(∝𝑟)

𝑟
−
𝑒𝑟𝑓𝑐(∝𝑅𝑐)

𝑅𝑐
+ (

𝑒𝑟𝑓𝑐(∝𝑅𝑐)

𝑅𝑐
2 +

2∝

𝜋
1
2

𝑒𝑥𝑝(−𝛼2𝑅𝑐
2)

𝑅𝑐
) (𝑟 − 𝑅𝑐)] , 𝑟 ≤ 𝑅𝑐  (7) 

where α is a damping parameter. The damping function serves to accelerate the 

convergence of the Coulomb energy to the correct energy as the pairwise interaction cutoff 

Rc distance is increased.40,41 The advent of these methods significantly speeds up the 

calculation of the Coulomb interactions as it permits the computation of the electrostatic 

terms in the same section of the program as the non-bonded pair interactions. A potential 

cutoff of 20 Å was used for both the Coulombic and non-Coulombic interactions. 

3. Results. 

3.1 Thin Film Structure 

Snapshot taken from the Monte Carlo simulation are presented in figures 2 and 3. The thin 

films on both the MgO (figure 2) and FeO (figure 1 in the supplementary information) 

substrates form a semi-coherent interface at all compositions and temperatures. In 

contrast, the thin films grown on the MnO substrate (figure 3) contain dislocations that 

results from the degree of strain placed on the thin film. The integrity of the thin films are 

also reflected in the Gd3+ distribution within the thin film. The Gd3+ ions are not randomly 

distributed, but form linear chains. The number of Gd3+ ions as a function of the distance 

from the interface is displayed in figure 4. For the MgO and FeO substrates it is possible to 

identify the ions belonging to distinct layers and to express the Gd3+ fraction for any layer 

(e.g. the surface and interface) as: 

𝑐𝐺𝑑 =
𝑁𝐺𝑑

(𝑁𝐺𝑑+𝑁𝐶𝑒)
  (8) 

where NGd and NCe are the number of Gd3+ and Ce4+ ions within a specific layer. The 

calculated values of cGd indicate that there is significant segregation of the dopant cations to 

both the interface and the surface (Table 2). Surprisingly the degree of segregation is 

greatest at the interface. An estimate of the segregation energy (𝐸𝑠𝑒𝑔 = 𝐸𝑠𝑢𝑟𝑓𝑎𝑐𝑒 − 𝐸𝑏𝑢𝑙𝑘) 



can be determined by manually swapping the position of a Gd3+ ion at the surface or 

interface with that of a Ce4+ ion at the centre of the thin film. For the MgO and FeO 

substrates the Gd3+ segregation energy is approximately -0.8 and -0.6 for the interface and 

surface respectively (a negative value of Eseg indicates a more favourable location for the 

Gd3+ ions). The segregation energy for the MnO substrate is approximately +0.2 eV. The 

fraction of Gd3+ ions at the surface and interface is only slightly greater for the MgO 

substrate when compared to that of the FeO substrate. In addition, the amount of 

segregation is independent of temperature as the segregation energies are large.42 In 

contrast, the Gd3+ ions within the MnO supported film do not exhibit significant segregation 

and the distinct layers of ions cannot be determined (figure 4). This indicates that a tensile 

surface strain of a few percent has little influence on the segregation of dopant cations in 

CeO2 and only becomes significant when the structure of the thin film starts to deteriorate 

and alternate sites become energetically favourable (e.g. close to dislocations). 

The number of O2- ions within each layer can easily be determined from their positions 

relative to the interface. The total number of oxygen ions within the thin film is constant 

and oxygen vacancy concentration within a layer is obtained by subtracting the number of 

oxygen ions from the number of available oxygen sites. The CeO2 thin films supported on 

MgO and FeO substrates have similar characteristics within their oxygen (vacancy) depth 

profiles (figure 5). In all calculations both the surface and interface oxygen layers are 

composed of O2- ions and contain very few vacant oxygen positions (this is still observed in 

simulations where the Gd3+ ions are distributed randomly throughout the thin film). The 

next layer two oxygen layers away from the both the surface and interface are have an 

increased vacancy concentration. A number of computational studies have indicated that 

the subsurface layer is the most energetically favourable position for the oxygen 

vacancies.26,35,42 This is not observed for simulations in which the Gd3+ ions are randomly 

distributed and the number of O2- ions and vacancies in the sub-interface and sub-surface 

layers is similar to the remainder of the thin film. The central portion of the thin film has 

vacancies at a much lower level. The profile of oxygen vacancies is consistent with the space 

charge models.43,44,45 Interestingly, the number of O2- vacancies is less at the interface than 

the surface despite the level of Gd3+ ion segregation at the interface being greater than that 



at the surface. The segregation energies for oxygen ion vacancies at the subinterface and 

subsurface layers is approximately -0.2 and -0.4 eV respectively. 

3.2 Diffusion 

The mean squared displacement for oxygen ions for all the models was observed to increase 

linearly with time and the slope of 〈𝑟𝑖
2(𝑡)〉 is found to be constant (this gives the diffusion 

coefficient (D), see supplementary information). The oxide ion diffusion coefficients for the 

entire thin film are presented in table 3 for all three substrates and decreases with 

increasing Gd3+ concentration. This behaviour is in contrast to that observed for bulk CeO2 

where the conductivity increases to a maximum at approximately x = 0.2 to x = 0.3. The 

difference is even more pronounced if the Gd3+ fraction at the centre of the thin film is 

employed for comparison (see table 2). In addition, the value of D obtained using 

configurations produced by the Monte Carlo calculations is similar to those determined in 

which Gd3+ are randomly distributed. This is in contrast to calculations performed on the 

bulk material where ordering of the Gd3+ ions into nanodomains during the Monte Carlo 

simulations results in a reduction of the oxygen ion conductivity.35,46 The greatest value of 

diffusion coefficients is for the FeO substrate (it is approximately 1.5 times greater than for 

the other substrates) and for the MnO substrate there is a similar value to that of MgO 

despite the increased spacing and the formation of dislocations in the thin film structure.  

The calculated activation energies for the three substrates are given in table 4 (Arrhenius 

plots used to obtain these results are given in the supplementary information) and the 

calculated values are in good agreement with those obtained from experiments (these 

range from 0.6 to 1.2 eV)47,48,49 although direct comparison with experiment is difficult as 

the thickness and area of the films in this study are significantly reduced. The activation 

energies tend to increase with the Gd3+ content of the thin film and is consistent with total 

O2- diffusion coefficients.  

In figure 6 the diffusion coefficients for O2- diffusion parallel to the surface, D2d, are 

presented as a function of distance above the interface (using equation 4 the dimensionality 

of the calculation, d, is set to 2). These were calculated for 4 Å units of the {111} thin film14 

except the surface and subsurface layers (data is presented for each individual layer). 

Results for 1500 K are presented in figure 6 with further results given in the supplementary 



information. The magnitude of the surface diffusion coefficients is consistent with the total 

diffusion coefficients. That is the magnitude decreases with the quantity of Gd3+ doping 

(except for the MnO substrate at 1500 k) and D2d is greatest for the FeO substrate. From 

equation 1 one would expect that the diffusion would reflect the number of oxygen 

vacancies and this is clearly not the case. 

All the results are characterised by lowest values of D2d close to the interface. Importantly, 

this includes configurations in which the Gd3+ and O2- ions are randomly distributed through 

the material. The value of the diffusion coefficients gradually increases away from the 

interface reaching a maximum at approximately 10 to 20 Å. It does not reflect the number 

of O2- or vacancies, for example there is a dip in the number of oxygen atoms (or increase in 

the number of vacancies) in the first sub-interface and second sub-interface layers 

approximately 4 Å from the interface. This change in oxygen ion (vacancy) concentration is 

not reflected in the calculated values of D2d. The maximum in the diffusion at approximately 

10 to 20 Å from the interface often corresponds to the lowest concentration of vacancies. 

The values for D2d are lower in the centre of the thin film for the randomly distributed Gd3+ 

configurations. 

The most notable difference between the randomly and Monte Carlo generated 

distributions of Gd3+ ions exists for O2- ion diffusion at and close to the surface. After the 

maximum at the centre of the thin film the diffusion coefficients for the random 

distributions remain approximately constant (see supplementary information) to within 

approximately 5 Å of the surface. Here the values of D2d increase to a maximum at the 

surface and this is assumed to result from a change in the elastic properties allowing the 

oxygen ions to move more freely. Similar behaviour has been observed for yttrium doped 

ceria surfaces.14 This is in contrast to the MC generated configurations where the value of 

the D2d decreases towards the surface. Only for the subsurface oxygen, where there is a 

greater number of vacancies, is a marked increase in the value of D2d. Then there is a further 

decrease at the surface. The spike in the value tends to decrease in the order x = 0.1 > x = 

0.2 > x = 0.3 and is the inverse of the number of vacancies (see figure 6). This suggests that 

the space charge layer created by Gd3+ and O2- ions reduces the oxygen ion conductivity at 

the surface.   



4. Discussion and Conclusion. 

The Hybrid Monte Carlo method has been employed to determine the distribution of ions 

within Gd doped ceria thin films. This technique has been combined with molecular 

dynamics simulations to evaluate the rôle of both lattice strain and segregation on oxygen 

ion diffusion to inform the design of solid oxide fuel cells. The calculated activation energies 

for oxygen ion diffusion are in excellent agreement with experiment.47,48,49 The greatest 

values for the O2- ion diffusion coefficients was determined for thin films with 10 % Gd3+ ion 

concentration rather than a maximum at 20 to 30 % for bulk materials. This observation is 

consistent with experimental results.50 Comparison of the diffusion coefficients with those 

calculated with a random distribution of dopant cations indicates that the influence of 

dopant-vacancy association is negligible and the thin films will not suffer from ageing in a 

similar manner to bulk materials.5,46 

The Monte Carlo simulations indicate that a tensile strain of 2 to 3 percent has little 

influence on the degree of segregation of dopant cations to both surfaces and interfaces. 

Only when the strain results in the formation of dislocations is there any significant change 

in segregation. Unfortunately, the fracturing of the thin film reduces the oxygen ion mobility 

and the diffusion coefficients for the entire thin film are influenced more strongly by the 

strain rather than segregation. Thus our calculation do not support the hypothesis that the 

amount of segregation can be controlled via the strain in the thin film.16,17 Approximately a 

1.5 increase in the O2- ion diffusion coefficient is observed for the thin films in this study and 

can be attributed to the reduction in activation energy from the strain in the lattice rather 

than significant change in the segregation behaviour of Gd3+ ions. 

This paper reports the distribution of Gd3+ ions, O2- ions and vacancies as a function of 

distance from the substrate/thin film interface for the thin films on MgO and FeO 

substrates. The distribution of these ions is consistent with the formation of a space charge 

layer at both the interface and surface. However, the interaction of the space charge layers 

with the change in elastic environment of atoms at the interface and surface and how this 

influences the O2- transport is complex. Let us first consider the nature and diffusion at the 

interface. The interface has the greatest segregation of Gd3+ ions yet has the lowest O2- ion 

diffusion. In addition, the values of D2d are very similar for the configurations in which the 



Gd3+ and Ce4+ ions are randomly distributed. This suggests that the structure of the interface 

and the mobility of the O2- ions is largely controlled by the elastic properties of the 

interface. This is despite an elevated number of O2- ion vacancies in the sub-interface layers 

that indicates as the formation of a weak space charge layer. The central portion of the thin 

film (approximately 15 Å above the interface) tends to have the greatest oxygen ion 

diffusion coefficients despite the lowest number of oxygen vacancies.  The greatest 

difference in D2d values is observed at the surface (within 5 Å of the surface plane). Where 

the Gd3+ ions are randomly distributed the O2- ion diffusion coefficients remain roughly 

constant and then increase at the surface. A similar profile was observed in yttrium doped 

ceria surfaces.14 In contrast, for Gd3+ ion configurations obtained from Monte Carlo 

calculations (i.e. a space charge layer has been created) the O2- diffusion coefficients 

decrease and a spike in the value of D2d is observed for the subsurface layer.  These 

calculations indicate that the space charge layer modifies the rate of oxygen diffusion at the 

surface and center of the thin films in this study. However, the elastic environment is the 

main factor that determines the rate of diffusion at the interface. There remains 

considerable scope for deriving alternate interfaces for segregation in solid solutions of 

oxides, including the segregation to the layers immediately under the surface layer. Our 

Monte Carlo method is general and we shall apply this in future work to more complex 

interfaces of technological importance. 
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Tables 

Substrate x direction y direction 

MgO +0.7 -0.03 

FeO +3.2 +2.5 

MnO +6.1 +5.0 
 

Table 1. The percentage difference in the lattice parameters of CeO2 relative to those of the 

substrate. The table is for O K, however, both temperature and Gd doping have little 

influence on the degree of mismatch (see text for further discussion). The area of the 

interface is approximately 3700 Å2. Note negative and positive values indicate compression 

and tension respectively. 

 

MgO substrate 

composition 1000 K 1500 K 2000 K 

Int. x = 0.1 0.37 0.36 0.35 

Int. x = 0.2 0.56 0.53 0.53 

Int. x = 0.3 0.58 0.58 0.59 

Cen. x = 0.1 0.04 0.03 0.03 

Cen. x = 0.1 0.13 0.12 0.11 

Cen. x = 0.1 0.24 0.25 0.23 

Srf. x = 0.1 0.27 0.29 0.28 

Srf. x = 0.2 0.39 0.40 0.42 

Srf. x = 0.3 0.47 0.44 0.46 

FeO substrate 

Int. x = 0.1 0.32 0.32 0.34 

Int. x = 0.2 0.51 0.50 0.49 

Int. x = 0.3 0.57 0.53 0.56 

Cen. x = 0.1 0.05 0.05 0.05 

Cen. x = 0.1 0.14 0.13 0.12 

Cen. x = 0.1 0.22 0.22 0.21 

Srf. x = 0.1 0.24 0.24 0.23 

Srf. x = 0.2 0.42 0.41 0.41 

Srf. x = 0.3 0.51 0.49 0.45 
 

Table 2. The fraction of Gd3+ ions in CeO2 thin films that have been placed on a MgO and 

FeO substrates. Int denotes the Gd3+ fraction at the thin film / substrate interface, Cen an 

average of the four central cation layers and Srf the Gd3+ fraction at the surface. Note data 

for the MnO substrate is not presented as it is impossible to allocate Ce4+ and Gd3+ to a 

specific layer. 

 

  



 1000 K 1500 K 2000 K 

MgO substrate 

MCR x = 0.1 1.38 17.97 72.15 

MCR x = 0.2 0.48 12.90 73.57 

MCR x = 0.3 0.25   6.61 52.64 

Ran x = 0.1 1.46 17.03 65.99 

Ran x = 0.2 0.74 11.94 67.74 

Ran x = 0.3 0.41   7.14 53.36 

FeO substrate 

MCR x = 0.1 2.46 31.58 112.67 

MCR x = 0.2 0.87 19.75 106.55 

MCR x = 0.3 0.34 10.40   79.32 

Ran x = 0.1 2.86 32.53 114.18 

Ran x = 0.2 1.72 20.97 106.53 

Ran x = 0.3 0.82 12.68   87.76 

MnO substrate 

MCR x = 0.1 1.09 15.17 66.63 

MCR x = 0.2 0.63 12.61 69.77 

MCR x = 0.3 0.27   7.30 57.35 

Ran x = 0.1 1.20 16.02 67.28 

Ran x = 0.2 1.08 13.10 75.81 

Ran x = 0.3 0.60   7.75 63.09 

 

Table 3. The diffusion constants, 10-8 cm2/s, of O2- ions in CeO2 that have been placed on 

MgO, FeO and MnO substrates. MCR denotes that the thin film structure has been 

generated using the Monte Carlo simulations and Ran for a random distribution of Gd3+ and 

Ce4+ ions. Note the diffusion of O2—ions in the substrate has been excluded. 

  



MgO substrate 

MCR x = 0.1 0.68 (0.01) 

MCR x = 0.2 0.87 (0.01) 

MCR x = 0.3 0.91 (0.05) 

FeO substrate 

MCR x = 0.1 0.66 (0.005) 

MCR x = 0.2 0.83 (0.01) 

MCR x = 0.3 0.93 (0.05) 

MnO substrate 

MCR x = 0.1 0.71 (0.02) 

MCR x = 0.2 0.80 (0.03) 

MCR x = 0.3 0.91 (0.05) 
 

Table 4. The calculated activation energies in eV for the O2- diffusion in CeO2 thin films on 

MgO, FeO and MnO substrates (the size of the error bar is given in the parentheses). MCR 

denotes that the thin film structure has been generated using the Monte Carlo simulations. 

Note the diffusion of O2—ions in the substrate has been excluded. 

 

  



 

Figures. 

 

Figure 1. Side view of the CeO2 {111} surface to illustrate the three planes in the repeat unit 

of the surface. The terminology used within the text to describe the oxygen layers at the 

surface and interface is also demonstrated. Colour scheme for the atoms: O2- red and Ce4+ 

light brown. NOTE this cell was not used in the calculations, but is provided to demonstrate 

the surface structure and terminology used to describe the oxygen layers. 

 

  



 

 

 

Figure 2. Side and top view of CeO2 supported on MgO substrate. The snapshot of the 

configuration is obtained from the Monte Carlo simulations at 1000 K where 10 percent of 

the Ce4+ ions have been replaced with Gd3+ ions. Only the region 1 ions are displayed for the 

MgO substrate. Colour scheme for the atoms: O red, Ce light brown, Gd light blue and Mg 

green. 



 

 

 

Figure 3. Side and top view of CeO2 supported on MnO substrate to demonstrate the 

formation of dislocations in the thin film. The snapshot of the configuration is obtained from 

the Monte Carlo simulations at 1500 K where 30 percent of the Ce4+ ions have been 

replaced with Gd3+. Colour scheme for the atoms: O red, Ce light brown, Gd light blue and 

Mn purple. Regions where dislocations have formed in the thin film are indicated by black 

ellipsoids. 
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Figure 4. The Gd3+ concentration as a function of depth for thin films grown on MgO, FeO 

and MnO substrates. The figure is for simulations undertaken at 1000 K and with 

concentrations Gd3+ ions of (a) x = 0.1, (b) x = 0.2 and (c) x = 0.3. The number of Gd3+ ions 

was sampled with the a spacing of the bins of 0.25 Å. 

 

  



 

 

 

Figure 5. The number of O2- ions per layer in CeO2 thin films on (a) MgO and (b) FeO 

substrates. The results are for simulations at 1500 K with concentrations of Gd3+ ions of x = 

0.1, x = 0.2 and x = 0.3. 
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Figure 6. The two dimensional O2- diffusion coefficient, D2d, plotted as a function of the 

distance above the interface. Results are presented for the (a) MgO, (b) FeO and (c) MnO 

substrates and simulations undertaken at 1500 K. Further results are in the supplementary 

information. 
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Figure 1. Top and bottom view of CeO2 supported on FeO substrate. The snapshot of the 

configuration is obtained from the Monte Carlo simulations at 1500 K where 30 percent of the Ce4+ 

ions have been replaced with Gd3+. In the bottom view the FeO substrate has been removed. Colour 

scheme for the atoms: O red, Ce light brown and Gd light blue. 

 

  



 

 

 

Figure 2. The diffusion coefficient for O2- diffusion parallel to the surface plane as function of 

distance from the interface for thin films grown on MgO and FeO substrates. The figure is for 

simulations undertaken at 1500 K where the Gd3+ ions are randomly distributed. 

  



 

 

0

1

2

3

4

5

6

7

0 5 10 15 20 25 30

D
2

d
, 1

0
-8

 c
m

2
/s

 

distance above interface, Å 
 

Diffusion at 1000 K in thin film on FeO Substrate 

x=0.1

x=0.2

x=0.3



 

 

Figure 3. The O2- diffusion coefficient parallel to the surface plane as a function of distance from the 

interface for thin films placed on MgO, FeO and MnO substrates. The simulations were undertaken 

at 1000 K and the thin film structures were taken from Monte Carlo calculations. 
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Figure 4. The O2- diffusion coefficient parallel to the surface plane as a function of distance from the 

interface for thin films placed on MgO, FeO and MnO substrates. The simulations were undertaken 

at 2000 K and the thin film structures were taken from Monte Carlo calculations. 
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