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Ionic conductivity in Sm-doped ceria from first-principles non-equilibrium molecular
dynamics
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Linköping University, SE-581 83, Linköping, Sweden

2Materials Science and Engineering Department,
KTH-Royal Institute of Technology, Brinellvägen 13, 10044 Stockholm, Sweden

3Department of Physics and Astronomy, Uppsala University, Box 516, 751 20 Uppsala, Sweden

Sm-doped ceria is a prospective electrolyte material for intermediate-temperature solid-oxide fuel
cells (IT-SOFC). Equilibrium ab initio molecular dynamics (AIMD) studies of oxygen ion diffusion
in this material are currently impractical due to the rareness of diffusive events on the accessible
timescale. To overcome this issue we have performed ab initio non-equilibrium molecular dynamics
calculations of Sm-doped ceria using the color-diffusion algorithm. Applying an external force field
we have been able to increase the frequency of diffusive events over the simulation time, while keeping
the physical mechanism of diffusion intact. We have investigated the temperature dependence of the
maximum strength of the applied external field that could be used while maintaining the response
of the system in a linear regime. This allows one to obtain the diffusivity at zero field. The bulk
ionic conductivity has been calculated and found to match the experimental data well. We have also
compared the description of the diffusion process by our method to previous findings and show that
the migration mechanism and site preference of oxygen vacancies with respect to the Sm dopants is
well reproduced.

I. INTRODUCTION

Ceria, CeO2, has been a subject of comprehensive
study for the last few decades, largely due to a variety
of intriguing properties, allowing its use in areas such as
catalysis1 and fuel cell technology2. When doped with
rare earth (RE) cations of lower valence, oxygen vacan-
cies are introduced in the anion sublattice resulting in
high mobility of oxygen ions, leading to high ionic con-
ductivity. This makes RE-doped ceria a promising can-
didate as an electrolyte material in intermediate temper-
ature (500 - 700◦C) solid oxide fuel cells (SOFC)2. In
particular Sm-doped ceria (SDC) has been shown to ex-
hibit one of the highest conductivities of all ceria based
materials3,4.

A vast amount of both experimental3–6 and
computational7–21 studies have been performed at-
tempting to describe and find ways to enhance the ionic
conductivity of ceria based materials. Previous com-
putational studies include classical molecular dynamics
(MD)7,11–13 and kinetic Monte Carlo (KMC)8,10,16

simulations, as well as first-principles calculations based
on density functional theory (DFT)9,14,18,22.

Classical MD simulations rely on empirical potential
models for the interactions of the atoms in the studied
system. They have the advantage of explicitly treating
temperature effects at a moderate computational cost,
allowing for long simulation times for a large number
of atoms. This approach, however, suffers drawbacks in
transferability and the quality of the calculations is to-
tally dependent on how well the assumed potential model
describes the actual system. In particular, model po-
tentials commonly fail when used to describe properties
outside the realm for which they were parametrized; an
example for ceria is found in Ref. 17.

In the first-principles, or ab initio, approach one starts
directly from the laws of quantum mechanics, resulting
in a more accurate and universal description of the in-
teractions in the system. Unfortunately, the expensive
nature of ab initio MD (AIMD) simulations, where the
atomic interactions are calculated using, for example,
DFT, makes the simulation times required to properly
capture the diffusion process under equilibrium condi-
tions to long to be practical. This is due to the mismatch
of timescales between that of the atomic vibrations and
that of the much longer process of ionic diffusion.

DFT studies on doped ceria have therefore largely been
focused on calculating energy barriers for oxygen migra-
tion at T = 0 K. These can then be inserted into an
Arrhenius expression for ionic conductivity, or be taken
as an input into the kinetic Monte Carlo (KMC) scheme
where they are used to calculate transition rates between
configurations of the system separated by an oxide ion
migration event. Although this method allows one to
collect good statistics and model large systems it relies
on the assumption that the potential surface determined
for 0 K is not altered by high temperature.

In this work we address this issue using the non-
equilibrium MD (NEMD) approach, more specifically the
color-diffusion algorithm23, where the diffusion process
is accelerated by applying an external force field, which
makes it possible to properly capture it on timescales ac-
cessible to AIMD. The color-diffusion algorithm was orig-
inally used in combination with model potentials to study
liquids23, and was only recently merged with AIMD to
study diffusion of Li ions in solid LiBH4, by Aeberhard
et al.24, and later by us to study the ionic conductivity
in Gd-doped ceria25.

We have applied our version of the color-diffusion
algorithm25 to study the diffusion of oxygen ions in Sm-
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doped ceria from first principles. We have calculated the
temperature dependence of the ionic conductivity and
further investigated how well the diffusion process is re-
produced by our method by investigating the microscopic
details, such as migration path and vacancy site prefer-
ence, of the oxygen ion diffusion.

II. METHODOLOGY

A. The Color-Diffusion Algorithm

Our NEMD calculations are based on the color-
diffusion algorithm23 where one applies an external
”color” field, Fe to the system under study, and assigns
each atom, i = 1, ..., N , a color charge, ci. The extra
force felt by atom i due to the external field is ciFe.
The non-diffusive atoms are given color charge ci = 0
and are therefore not directly influenced by the exter-
nal field. The diffusive atoms are, for example24, given
color charge ci = 1 or ci = −1, so they feel a force in
the same or opposite direction as the external field, re-
spectively. The distribution of color charges among the
diffusive atoms, as well as the direction and strength of
Fe, are system specific.

The external field alters the standard AIMD equations
of motion (EOM) to look as follows

q̇i =
pi

mi
, (1a)

ṗi = FDFT
i + ciFe −

mi

M
Ftot, (1b)

where qi and pi are the position and momentum of atom
i, respectively, FDFT

i is the force obtained from DFT in
a standard AIMD simulation. Ftot =

∑
ciFe is the total

force on the system and the inclusion of the term mi

M Ftot,
where mi is the mass of atom i and M is the system’s
total mass, thus removes any net force on the system,
fixing the reference frame. Note that this term vanishes
in the case of color charge neutrality (

∑
ci = 0 ) and

is therefore only needed in the case of a non-zero total
color charge (

∑
ci 6= 0 ).

In Sm-doped CeO2 diffusion of the cations is very lim-
ited; we therefore give the Ce and Sm atoms color charge
zero. Oxygen diffusion in ceria and doped ceria is known
to occur by a vacancy hopping mechanism along all 〈100〉
directions of the anion sublattice. The direction of the
external field is therefore set in the [111] direction to
avoid promoting the diffusion more in any one of the
〈100〉 directions than the others. All oxygen atoms are
given ci = 1.25

Continuous application of the external field will, if the
temperature is not controlled, indefinitely heat up the
system. This can be avoided by applying a thermostat.
We employ a velocity scaling (VS) thermostat. Typically,
the VS thermostat scales the velocities of all the atoms
in the system to match a desired temperature at each
time step. In our methodology, to avoid possible direct

counteracting effects between the external field and the
thermostat, only the velocities of the Ce and Sm atoms
are scaled, and the temperature of the oxygen subsys-
tem is controlled indirectly by its heat exchange with the
Ce/Sm subsystem. Such VS results in an average tem-
perature which is somewhat (∼ 50 K) different from the
starting temperature. We attribute this difference to the
mechanism of the thermostat. Since the VS thermostat
is only applied to the Ce/Sm subsystem, the actual av-
erage temperature of the simulations (of all the atoms)
slightly differs from the initial temperature. Only scaling
the Ce/Sm velocities will also in general lead to a change
of the system’s total momentum26. To fix the total mo-
mentum at zero, the constraining force Fconstr. is applied
to the Ce and Sm atoms25.

It is possible to show27 that the VS thermostat
is an approximate version of the Gaussian isokinetic
thermostat23. We therefore use a term α̃pi, where α̃
is the thermostatting multiplier controlling the tempera-
ture in the Gaussian thermostat, in the EOM to symbol-
ically represent the application of the VS thermostat.

The final dynamics of our simulations with the VS
thermostat are thus represented by the following EOM:

q̇i =
pi

mi
, (2a)

ṗO
i = FDFT

i + Fe −
mi

M
Ftot, (2b)

ṗCe,Sm
i = FDFT

i − mi

M
Ftot + Fconstr. − α̃pCe,Sm

i , (2c)

During the NEMD simulation the quantity

J(t) =
1

V

N∑
i=1

civi(t), (3)

known as the color flux, is monitored. Here, vi(t) is
the velocity component of atom i in the direction of the
field and V is the volume of the simulation cell. Using
the Green-Kubo relation for diffusion and linear response
theory23 the diffusivity, D, can be written:

D =
kBT

ρc
lim
t→∞

lim
Fe→0

〈J(t)〉
|Fe|

, (4)

where kB is the Boltzmann constant, ρc is the density
of color-charged atoms, i.e. atoms with non-zero color
charge, and the angular brackets 〈...〉 represent time av-
eraging.

Our goal is thus to perform NEMD simulations for suf-
ficient time as to reach convergence of the average color
flux, i.e., 〈J(t)〉 = const, and then take its ”zero field”,
Fe → 0, limit.

The diffusivity can be related to the ionic conductivity
by the Nernst-Einstein relation:

σ =
(Ze)2ρc
kBT

D, (5)

where Ze is the charge of the charge carrier. In our case
Ze equals -2 elementary charges, i.e., the charge of an
oxide ion.
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FIG. 1. The 95 atom, 6.25 % Sm doped ceria, simulation cell
used in this work. Green, blue and red spheres represent Ce,
Sm and O atoms while the gray sphere is the vacancy.

If there are no diffusive jumps, i.e., all atoms simply os-
cillate thermally around their equilibrium positions, 〈J〉
must be 0. In order to obtain a non-zero value for 〈J〉,
diffusive ”jumps”, whereby oxygen atoms change their
equilibrium positions, need to occur.

III. COMPUTATIONAL DETAILS

All calculations were performed using the Vienna Ab
Initio Simulation Package (VASP)28–31, which had to be
modified to support the color-diffusion algorithm. We
used the generalized gradient approximation (GGA) in
the form according to Perdew-Burke-Ernzerhof32 (PBE)
to treat exchange and correlation effects. The plane-wave
cutoff energy was set to 400 eV, and the Brillouin zone
was sampled at the Γ point. The projector augmented
wave33 (PAW) method was used to treat valence elec-
trons. A special 3+ PAW potential was used for the Sm
atoms where 5 of their 6 4f electrons were kept frozen in
the core to avoid issues with the poor description of the
localized character of the 4f electrons in standard DFT.
A time step, ∆t = 2 fs, was used to integrate the EOM
using the Verlet algorithm. These parameters are suit-
able for the present system25.

The initial velocities of the atoms were drawn from a
Maxwell-Boltzmann distribution at the appropriate tem-
perature. After applying the external force, a 1 ps tran-
sient period was disregarded before gathering data. Cal-
culations with structures equilibrated without an exter-
nal field for up to 10 ps yielded no noticeable difference
in the values of conductivity compared to those started
from random velocities, and resulting data will thus be
given from both types of calculations. We found that ∼
40-70 ps of simulation time was enough to obtain proper
convergence of the conductivity, depending on the tem-
perature and the external field strength.

0 10 20 30 40
time [ps]

0

0.05

0.1

0.15

0.2

<
 [S
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m

-1
]

FIG. 2. Ionic conductivity, σ, as a function of simulation
time. σ appears converged after ∼ 40 ps of simulation time.

The simulated supercell is a 2×2×2 repetition of the
CeO2 fluorite cubic unit cell with 2 Ce atoms replaced
by Sm atoms, corresponding to a dopant concentration
of 6.25 %, and one O atom removed, leaving a vacancy in
its place. This adds up to 30 Ce, 2 Sm and 63 O atoms,
i.e. a total of 95 atoms in the simulation cell (see Fig. 1).
The lattice parameter was fixed at 5.42 Å, correspond-
ing to the experimental value at the appropriate dopant
concentration3.

We choose a dopant configuration with the two Sm
atoms as nearest neighbors (see Fig. 1). Since such a
configuration with the oxygen vacancy in the first coor-
dination shell to both of the Sm atoms will be the lowest
energy state of the system, a trapping effect on oxygen
vacancies is expected9,18. Accordingly, this configuration
is convenient to use to investigate how well the present
method reproduces the site preferences of oxygen vacan-
cies in relation to the Sm dopants (see Sec. IV D 2). For
comparison, we also perform two simulations with the
dopants maximally separated in the simulation cell.

IV. RESULTS AND DISCUSSION

A. Calculating the steady state color flux

To calculate the ionic conductivity (Eq. (5)), one has to
evaluate the steady state color flux (SSCF), i.e. the t→
∞ limit of 〈J(t)〉. This can be done by simply calculating
〈J(t)〉 at every time step and observing the convergence
of the ionic conductivity; an example of this is shown in
Fig. 2 where the conductivity at an initial temperature
of T = 1000 K, as calculated by Eqs. (4) and (5), is
shown as a function of simulation time. Convergence
can be observed after ∼ 40 ps of simulation time. The
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FIG. 3. Linear fit to identify the steady state color flux. The
blue curve is the bracketed term on the right hand side of
Eq. (6) and the red curve is its least squares linear fit. 〈J〉 is
found from the slope of this linear fit using Eq. (7).

SSCF can, however, also be calculated by noting that
J(t), using Eq. (3), can be expressed as

V |Fe|J(t) =
d

dt

[
|Fe|

N∑
i=1

(xi(t)− xi(0))

]
, (6)

where xi is the projection of the position vector of
atom i on the direction of Fe. Since we are expecting
〈J〉 = 〈J(t)〉 = const it makes sense to fit the bracketed
expression in Eq. (6) to a linear function C1t+C2, where
C1 and C2 are constants. One can then find 〈J〉 from

〈J〉 =
C1

V |Fe|
. (7)

Fig. 3 shows a plot of the bracketed expression on the
right hand side of Eq. (6) along with its least squares
linear fit. The slope of this linear fit is C1, from which
〈J〉 is calculated using Eq. (7).

The two procedures just described give very similar
values of the ionic conductivity. We choose to use the
linear fit procedure in the following as it seems to be less
sensitive to statistical fluctuations.

B. The linear regime

Eq. (4) implies that we must design our simulations
such that we are able to evaluate the zero field limit of
〈J(t)〉/|Fe|. If 〈J(t)〉 increases linearly with |Fe|, the
limit is trivial. The interval of external field strengths
where such a linear dependence is observed is termed the
linear regime.

Our previous study on Gd-doped ceria25 found a lin-
ear regime extending to |Fe| ≈ 0.5 eV/Å at T = 1000
K, and it is reasonable to assume a similar extent in the
present case. With this in mind, we performed calcula-
tions with |Fe| = 0.4, 0.5, and 0.6 eV/Å at T = 1000
K. The resulting 〈J〉 is shown in Fig. 4 (black line); here
we have also used the fact that |Fe| = 0 =⇒ 〈J〉 = 0.
Linear behaviour can be observed up to 0.5 eV/Å, while
clear non-linearity is found for higher fields. Note that we
have only performed calculations around the field values
where we expect the linear regime to end. This allowed
us to avoid time-consuming calculations at lower fields,
where diffusive events are still rare and very long simu-
lation times are needed for proper convergence.

The extent of the linear regime is related to the maxi-
mum field which does not change the physical mechanism
of diffusion.

With this in mind, one expects the extent of the linear
regime to be larger for systems where the atoms are per-
forming smaller thermal oscillations and vice versa, i.e.
we expect the linear regime to be temperature dependent.

To investigate this temperature dependence we per-
formed tests, in the fashion described above, for temper-
atures of 800 and 1200 K. These results are shown, along
with those at 1000 K, in Fig. 4. We note that the 0.5
eV/Å field used at 1000 K is clearly outside the linear
regime at 1200 K.

The 0.6 eV/Å field appears to be slightly out of the lin-
ear regime at 800 K. While it is quite likely that the edge
of the linear regime at 800 K lies closer to 0.6 eV/Å than
0.5 eV/Å, it is difficult to pinpoint it to higher accuracy
than ∼ 0.1 eV/Å. To be on the safe side, we therefore use
the field of 0.5 eV/Å, resulting in somewhat longer sim-
ulation times needed to gather proper statistics at 800 K
than at higher temperatures.

To summarize, the optimized field strengths which
could be safely used were 0.4, 0.5 and 0.5 eV/Å at tem-
peratures 1200, 1000 and 800 K, respectively. At 900 K
a field of 0.5 eV/Å was used, which from the above con-
siderations is known to be safely inside the linear regime.

C. Ionic Conductivity

We used Eq. (5) to calculate the ionic conductivity, σ,
at initial temperatures of 800, 900, 1000 and 1200 K. As
mentioned above, since the VS thermostat is only applied
to the Ce/Sm subsystem, the actual average temperature
of the simulations slightly differs from the initial temper-
ature.

Four simulations were performed at an initial temper-
ature of 1000 K, where the initial vacancy position was
chosen differently in each case. Values of σ and aver-
age temperature are given in Table I, where values from
experiments and KMC and classical MD simulations are
provided for comparison.

The moderate difference in conductivity values from
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FIG. 4. Identification of the linear regime for different tem-
peratures. Linear relations between the flux and the field
is observed up to field strengths of 0.5 eV/Å, 0.5 eV/Å, 0.4
eV/Å for temperatures 800, 1000 and 1200 K, respectively.

Ionic conductivity, σ, at T ∼ 1045-1075 K

Method T (K) % Sm σ (Scm−1) Source
NEMD 1049 6.25 7.4·10−2 This work

1062 7.9·10−2

1046 8.8·10−2

1053 6.9·10−2

KMC 1073 5 0.52·10−2 Dholabhai et al.8

1073 10 0.83·10−2

CMD 1073 5 2.5·10−2 Burbano et al.7

1073 10 2.8·10−2

Experiment 1073 5 5.0·10−2 Zha et al.3

1073 10 6.9·10−2

TABLE I. Ionic conductivities and mean temperatures for
simulations started at T 1000 K, obtained in this work. Re-
sults from classical MD7, KMC8 and experiment3 are also
given.

the four simulations is attributed to the different paths
on which the vacancy travels through the simulation cell.
The time the vacancy spends in a certain position is re-
lated to the proximity of the Sm atoms; this is discussed
in more detail in section IV D 2. A larger fraction of
all vacancy paths in the simulation cell is covered, at the
same computational expense, by initiating different simu-
lations with the vacancy in different positions, compared
to performing a single, very long, simulation. Averages
of the conductivities obtained from the different simula-
tions can then be taken.

At each of the three remaining temperatures three ad-
ditional simulations were performed.

Results from all aforementioned simulations are shown
in Fig. 5, where for each temperature we display the aver-
age conductivity value for different simulations started at

the same thermostat temperature. These conductivities
are placed at the average temperature for the different
simulations started at a specific thermostat temperature.
The supplied error bars are standard deviations.

It is clear that our results slightly overestimate the
ionic conductivity, as compared to experiment. This is to
be expected since we treat an ideal bulk while experimen-
tal values are given as total conductivities, which have
contributions from both grains and grain boundaries3,5.
Other features not taken into account include different
distributions of dopants, thermal expansion and effects
from the limited size of the simulation cell, among others.
We note, however, that the agreement with experiment
is still very good and, in particular, of a similar or better
degree than previous theoretical efforts.

For temperatures up to ∼ 1000 K σ roughly follows the
Arrhenius behavior (see Fig. 5) with an activation energy
of 0.41 eV. Experimental3 activation energies extracted
for the same temperature range are 0.65 eV and 0.79 eV
for 10 and 5 at. % dopant concentration, respectively.
This underestimation is consistent with the fact that we
have made no attempt to include effects from thermal
expansion. The thermal expansion of the lattice would
likely further increase the conductivity increment when
temperature is raised, resulting in a larger activation en-
ergy within the Arrhenius model.

At higher temperatures the conductivity deviates from
a straight line. Certainly, the anharmonic lattice vibra-
tions are among the underlying reasons for this devia-
tion but a deeper analysis is beyond the scope of this
work. We note that there is no reason in theory to expect
the conductivity to obey the Arrhenius equation at high
temperature and the experimental grain conductivity in
Sm-doped ceria4 clearly demonstrates the corresponding
deviation.

D. Microscopic details of the oxygen diffusion

1. Diffusion mechanism

While the agreement of the calculated ionic conduc-
tivity with experimental values gives a certain amount
of confidence in the present method, Eq. (5) does not
give any insight into the mechanism by which the diffu-
sion takes place during our simulations. It is, however,
as previously noted, well known that oxygen ions diffuse
via jumps into neighboring vacant lattice sites along the
〈100〉 directions. Since our simulations are performed
with a perturbing field along the [111] direction, there is
no guarantee that the diffusion process is still the correct
one, i.e., we need to make sure that the field does not bias
the diffusion process to happen in a different, unphysi-
cal, way. Fig. 6 shows projections of the oxygen atom
trajectories onto the (001) and (010) planes of the simu-
lation cell for a single simulation with initial temperature
T = 1000 K. The trajectories are generated from the po-
sitions of the oxygen atoms every 30 fs for a total time of
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FIG. 5. Ionic conductivities, σ, plotted versus inverse temperature. The solid black line corresponds to the results from this
work, error-bars are standard deviations. Theoretical results from classical MD7 and KMC8 simulations are given by the dashed
lines. Dotted lines present experimental results3,5.

FIG. 6. Projections of the trajectories of the oxygen atoms
onto the (001) and (010) planes, from which it can be seen
that diffusion occurs by migration along the 〈100〉 directions.

58 ps. The black blobs are centered around the equilib-
rium lattice positions and one can see that the movement
between these occurs only parallel to the coordinate axes,

which clearly indicates that the diffusion process occurs
via oxygen jumps along the 〈100〉 directions.

2. Influence of dopants on oxygen vacancy migration

Another feature of the diffusion process in doped ceria
is the influence of the dopant atoms. Previous T = 0 K
DFT calculations have shown that rare earth dopants,
such as Sm, strongly influence the oxygen diffusion. In
particular, it is found that oxygen vacancies prefer posi-
tions closer to Sm atoms9,18. We thus need to make sure
that the influence of the external field does not change
this site preference implied by the Sm dopants.

To investigate the effect of the Sm atoms on the dif-
fusion process, the position of the vacancy was identified
(as the ideal lattice position where an O atom is missing)
every 10 fs during the four combined runs (∼ 220 ps in to-
tal) at 1000 K, and its position in relation to the two Sm
atoms was recorded. Fig. 7 shows the vacancy-Sm partial
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FIG. 7. Partial radial distribution function, gV ac.−Sm(r), ob-
tained from atomic positions every 10 fs for ∼ 220 ps of sim-
ulation time at 1000 K. The solid blue curve is generated
from the actual Sm and vacancy positions while the dashed
red curve is obtained from random vacancy positions. A clear
site preference of the vacancy close to the dopants is observed.

radial distribution function (RDF), gV ac.−Sm(r), gener-
ated from the gathered data, for values of r up to half the
length of the simulation box edge. The blue solid curve
is generated from the actual vacancy positions while the
red dashed curve is generated from randomly placing the
vacancy on a position of the O sublattice; in this case
the Sm atoms have no influence on the vacancy posi-
tions. The difference between these two curves reveals
the influence of the Sm dopants on the site preference
of the vacancy. The average distances obtained from the
atoms sitting in their ideal lattice positions are indicated
as dotted black vertical lines where the two peaks corre-
spond to vacancies in the first and second coordination
shell of an Sm atom, respectively

The area under the peaks corresponding to the first
and second coordination shells is greater for the actual
vacancy positions observed in the simulation compared
with the random vacancy distribution. Therefore, the
vacancy prefers to sit in close proximity to the Sm atoms.
This is in agreement with the conclusions of the previ-
ously mentioned static DFT studies9,18.

We also observe a shift of the first peak of ∼ 0.16
Å which indicates that the Sm dopants have shifted
their equilibrium positions away from the vacancy, which
is also in agreement with previous zero Kelvin DFT
calculations9.

A subtle issue concerning the long time spent by the
vacancy in the first coordination shell of both Sm atoms
in the simulation cell, denoted as (1,1) positions, should
be noted. Since we only use color charges ci = 1 the
[111] external field direction only allows for three out of

FIG. 8. The two vacancy (gray circle) positions, a) and b), in
the simulation cell that are nearest neighbor to both Sm (blue
circle) dopants. Red and green circles are O and Ce atoms,
respectively, and the dotted black line marks the edge of the
simulation cell (see Fig. 1). The path P1 has a migration
barrier twice as high as P2, which makes the two positions
non-equivalent and the vacancy will thus spend more time in
position (a) than (b).

the normally six possible diffusion paths into a certain va-
cancy position. Fig. 8 shows a 2D view of the two existing
(1,1) positions in the simulation cell (Fig. 8 (a) and (b);
see also Fig. 1). These two positions are non-equivalent
since the paths labeled P1 and P2 differ in migration bar-
riers. Since P1 passes between two Sm dopants its mi-
gration barrier is twice as high P29. This will result in an
additional trapping effect for the vacancy in position (a)
as compared to (b) which is unphysical since it emerges
only from the distribution of the color charges and exter-
nal field. The influence of this artificial non-equivalence
of (1,1) positions will, however, only have a minor effect
on the RDF in Fig. 7 since combination of the two (1,1)
positions allows for all possible non-equivalent diffusion
paths into this particular type of vacancy position.

To make sure that this effect has no large influence on
the ionic conductivity, two additional simulations were
performed at 1000 K with the Sm dopants maximally
separated in the simulation cell. The resulting conduc-
tivities were 0.079 and 0.077 Scm−1, very similar to those
obtained with nearest neighbor dopants.

V. CONCLUSION

To conclude, a first-principles non-equilibrium molec-
ular dynamics study on the diffusion process and ionic
conductivity in bulk Sm-doped ceria has been performed
using the color-diffusion algorithm. We have shown that
the strongest external field that can be used while keeping
the system in the domain of linear response is tempera-
ture dependent. Results on the ionic conductivity in good
agreement with experimental data have been presented,
and we have also presented evidence that the microscopic
details of the diffusion process are well reproduced by the
method; a diffusion mechanism consisting of oxygen ion
jumps in the 〈100〉 directions has been demonstrated and
the influence of the Sm dopants on the site preference of
the vacancy has also been shown to match well the known
trends.
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