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Abstract

We performed atomistic simulations of yttria-stabilized zirconia (YSZ) and gadolinia-doped ceria (GDC) to study the segregation of
point defects near (100) surfaces. A hybrid Monte Carlo–molecular dynamics algorithm was developed to sample the equilibrium dis-
tributions of dopant cations and oxygen vacancies. The simulations predict an increase of dopant concentration near the surface, which is
consistent with experimental observations. Oxygen vacancies are also found to segregate in the first anion layer beneath the surface and
to be depleted in the subsequent anion layers. While the ionic size mismatch between dopant and host cations has been considered as a
driving force for dopant segregation to the surface, our simulations show that the correlation between individual point defects plays a
dominant role in determining their equilibrium distributions. This correlation effect leads to more pronounced dopant segregation in
GDC than in YSZ, even though the size mismatch between dopant and host cations is much greater in YSZ than in GDC.
� 2009 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Yttria-stabilized zirconia (YSZ) and gadolinia-doped
ceria (GDC) are widely used electrolyte materials for solid
oxide fuel cells (SOFCs) due to their high ionic conductiv-
ities. In a number of experimental studies, dopant cations
(i.e. Y3+ in YSZ and Gd3+ in GDC) have been observed
to segregate to the surfaces [1–11] and grain boundaries.
Dopant segregation at the surface is important in fuel cell
applications because it can affect the near-surface chemical
reactions and ionic transport of the electrolytes. A clear
understanding of surface segregation will also shed light
on the mechanism of grain boundary segregation, about
which many fundamental questions still remain unan-
swered. Surface segregation of dopant cations becomes
especially important in thin film structures that are fabri-
cated by pulsed laser deposition (PLD) [12], chemical
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vapor deposition (CVD) [13] or atomic layer deposition
(ALD) [14] techniques and have a high density of grain
boundaries as well as a large surface-to-volume ratio.

Dopant segregation in solid oxides has been studied
both experimentally and theoretically. Existing experimen-
tal techniques are mostly limited in their spatial resolutions
(on the order of a few nanometers), which makes it very
challenging to uncover the detailed distributions of point
defects on the atomic scale. Moreover, it is currently not
possible to directly measure the spatial distribution of oxy-
gen vacancies, which are the main charge carriers in the
fuel cell operation.

Defect distributions near the surfaces and grain bound-
aries of YSZ have also been studied by space-charge theory
[15–20], which predicts dopant segregation and oxygen
vacancy depletion in the vicinity of the interfaces. Since it
is a continuum theory, the applicability of the space-charge
theory becomes questionable when the density profile it
predicts varies rapidly over the length scale of a few lattice
spacings. Furthermore, the mean-field approximation
made in these studies does not account for the correlation
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http://dx.doi.org/10.1016/j.actamat.2009.12.005
mailto:hblee@stanford.edu
mailto:fprinz@stanford. edu
mailto:fprinz@stanford. edu
mailto:caiwei@stanford.edu


2198 H.B. Lee et al. / Acta Materialia 58 (2010) 2197–2206
between individual point defects, even though the most
general form of space-charge theory can incorporate it
[21–24].

In this study, we carry out atomistic simulations of
defect segregation in YSZ and GDC, in which the correla-
tion between individual defects can be taken into account
explicitly. Molecular dynamics (MD) simulations based
on empirical interatomic pair-potentials have provided
valuable insights into the diffusion of oxygen ions and
defect ordering in YSZ and GDC [25–42]. Unfortunately,
cations hardly diffuse in the time scale of typical MD sim-
ulations, and therefore direct MD simulations are unable
to capture interfacial segregation of dopant cations. To
resolve this issue, we developed a hybrid Monte Carlo–
molecular dynamics (MC–MD) algorithm that can over-
come the limited time scale of conventional MD simula-
tions and simulate defect segregation. This is the first
atomistic model able to predict the equilibrium distribu-
tions of dopant cations and oxygen vacancies near the sur-
faces of YSZ and GDC. Our simulation results show a
substantial increase of dopant concentration near the sur-
faces, which is consistent with experimental observations.
The simulation also predicts different equilibrium dopant
distributions in YSZ and GDC, which can be explained
from the differences in the correlation between dopant cat-
ions and oxygen vacancies [25,29,35,36,38,40,41,43–50].
While this dopant–vacancy interaction was not considered
in the application of space-charge theory to YSZ [15–20],
we find it to be the dominant factor in determining the
equilibrium distributions of defects near the surface.

This paper is organized as follows. In Section 2, we
describe the atomistic models, initialization of the simula-
tion cells and the hybrid MC–MD algorithm. The simula-
tion results are presented in Section 3. In Section 4, we
discuss the driving forces of defect segregation based on
these results. A brief summary is given in Section 5.

2. Methods

YSZ and GDC crystals are assumed to be fully ionic and
the interactions between ions are modeled by the combina-
tion of the short-range Born–Mayer–Buckingham (BMB)
(a) After doping

Fig. 1. Simulation snapshots of a 10 mol.% YSZ thin film. (a) Before relaxa
T = 2000 K and p = 0 MPa.
potential and the long-range Coulomb potential
[39,51,52]. The functional form of the interatomic poten-
tials and the parameters for both materials are given in
the Appendix. An implicit assumption is made that these
interatomic potentials are valid for the surface, although
they are empirically fitted to the properties of the bulk
crystals.

2.1. Initializing structures

YSZ and GDC have CaF2 (cubic) crystal structures and
each unit cell contains four cations (Zr4+ or Y3+ in YSZ,
Ce4+ or Gd3+ in GDC) that form a face-centered cubic
(fcc) cation sublattice. The eight tetrahedral interstitial sites
of each fcc unit cell are occupied by oxygen ions or vacan-
cies, which form a simple cubic (SC) anion sublattice. The
initial structures for the atomistic simulations are prepared
in the following four steps.

First, cubic ZrO2 and CeO2 perfect crystals approxi-
mately 6 nm � 3 nm � 3 nm in size are created with x, y

and z axes corresponding to the [10 0], [010] and [001]
crystal orientations, respectively. The simulation cells are
then extended by 50% in the x-direction. This creates
100 surfaces on both sides of the crystal. Periodic bound-
ary conditions are applied in all three directions, resulting
in a periodic array of free-standing thin films with a 3 nm
separation between neighboring films.

Second, dopant cations are introduced by altering the
species of randomly chosen host cations (e.g. from Zr4+

to Y3+ in YSZ) and oxygen vacancies are created by
removing arbitrarily selected oxygen ions. To maintain
the charge balance of the system, one oxygen vacancy is
created for every two dopant cations. The doping concen-
tration of yttria or gadolinia is set to 10 mol.% for both
materials. The structure of YSZ thin film after this step is
shown in Fig. 1a, where the left surface is terminated by
cations and the right surface by anions. The asymmetric
distribution of electric charge results in an energetically
unfavorable structure, which will disappear shortly after
in the subsequent equilibration steps.

Third, the structures are relaxed by the conjugate gradi-
ent (CG) relaxation to a local energy minimum.
(b) After MD simulation

surface layer  or  first cation layer

second cation layer
first anion layer

tion and (b) after CG relaxation and 100 ps of MD (NPT) simulation at
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Finally, the simulation cells are equilibrated by MD sim-
ulations in an NPT ensemble using the velocity Verlet inte-
grator with a time step of 0.5 fs. The Nose–Hoover
thermostat [53–55] and the Parrinello–Rahman method
[56] are employed to control the temperature at 2000 K
and the stress at zero. The structure of the YSZ thin film
after this step is shown in Fig. 1b, where it maintains clear
crystallinity even in the close vicinity of the surfaces. Dur-
ing the MD simulations, we observe substantial diffusion of
oxygen ions and, as a consequence, both left and right sides
of the crystals are covered by half monolayers of oxygen
ions, which we define as surface layers. The oxygen-termi-
nated (001) surface of YSZ qualitatively agrees with med-
ium-energy ion scattering (MEIS) experiments and ab
initio calculations [57–59]. However, no cation moves away
from its randomly chosen initial site during the equilibra-
tion even at high temperatures. The lack of cation diffusion
can be attributed to its high activation energy barrier, the
absence of cation vacancies and the limited time scale of
the MD simulations. This implies that a different algorithm
is required to sample the equilibrium distribution of dopant
cations.
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ig. 2. Empirical functions f(R) and g(R) for displacing the neighboring
ions of the switched cation pair.
2.2. Hybrid MC–MD algorithm

To further equilibrate the atomistic structures, we
develop a MC algorithm that alters the cation distribu-
tions. The MC trial move is designed to switch the posi-
tions of a randomly chosen pair of dopant (Y3+ in YSZ
and Gd3+ in GDC) and host (Zr4+ in YSZ and Ce4+ in
GDC) cations and help sample the equilibrium distribution
of the dopants. MD still remains as a part of the algorithm
to allow collective moves of all ions. It enables the equili-
bration of the overall structure as well as the redistribution
of the oxygen vacancies. The MD part is periodically exe-
cuted during the simulation and this combination of MC
and MD results in a hybrid MC–MD algorithm. In the fol-
lowing, we explain the MC switch moves in detail, using
YSZ as an example.

Every MC step starts with a trial switch move, in which
a pair of randomly chosen Y3+ and Zr4+ ions are swapped.
The trial move is accepted with a probability Pacc that
depends on the potential energy change it introduces,
according to the Metropolis algorithm [60],

P acc ¼ min 1; exp � DE
kBT

� �� �
ð1Þ

where DE is the potential energy difference before and after
an MC trial move, kB is Boltzmann’s constant and T is
temperature. Unfortunately, the acceptance probabilities
of these simple switch moves are very low. Since Y3+ and
Zr4+ ions have different ionic radii, the oxygen ions around
them are distributed at different distances in equilibrium.
Switching the Y3+ and Zr 4+ ions will invariably place these
cations in energetically unfavorable positions, and result in
a substantial increase in energy.
To enhance acceptance probabilities, we designed a new
trial move that also displaces the neighboring ions of the
switched cations. The details of this new trial move are as
follows.

Let A be the cation that is switched from Y3+ to Zr4+ and
let B be the other one that is switched from Zr4+ to Y3+. The
new positions of the other ions in the vicinity of A and B are
completely specified by two empirical functions, f(R) and
g(R), which are inverse functions of each other and are
shown in Fig. 2. Notice that f(R) 6 R, g(R) P R, and
f(R) = g(R) = R for R P Rc, where Rc = 6 Å is a cut-off
radius. The latter condition implies that any ions that are
separated by more than Rc away from the switching cations
will not be displaced. The displacements of the ions within
the cut-off radius are calculated in two steps.

The first step involves all ions (excluding A and B)
whose distances from the cation A are less than Rc. For
each ion i, let rAi be its displacement vector from cation
A and let RAi = |rAi|. Ion i is displaced in the rAi direction
so that its new distance from cation A becomes rAi = f(RAi).
The second step involves all ions (excluding A and B)
whose distances from the cation B are less than the cut-
off radius. These ions are displaced by the same procedure
as in the first step, except that function g(R) is used to cal-
culate the new positions.

Since we always proceed from the neighbors of cation A

to those of cation B, it is obvious that two consecutive
switch moves involving the same cation pair will restore
the positions of all ions, i.e. not only A and B, but also their
neighbors. This means that the new MC algorithm satisfies
detailed balance, which is essential to sample the proper
statistical ensemble.

By trial and error, we found that the following func-
tional form of f(R) gives a reasonable acceptance ratio
for this new algorithm:

f ðRÞ ¼
R� a

Rþ a
Rc

R < Rc

R R P Rc

�
ð2Þ

where a = 0.46 Å2 for both YSZ and GDC. The new algo-
rithm results in a factor of 5–7 increase in the acceptance
ratio of the trial moves.
F
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In the hybrid MC–MD algorithm, an MD simulation is
executed every 20 successful MC trial moves. Most of the
MD simulations are performed for 20 fs in the NVT ensem-
ble, using the velocity Verlet integrator and Nose–Hoover
thermostat [53–55] with a time step of 0.5 fs. One out of
every five MD simulations is performed for 100 ps in the
NPT ensemble using the Parrinello–Rahman barostat
[56]. Overall, the hybrid MC–MD simulation samples the
NPT ensemble.

3. Results

Eight YSZ and eight GDC crystals with different initial
defect distributions are prepared by the procedure
described in Section 2.1. The initial positions of the dopant
cations and oxygen vacancies are chosen randomly. Unless
otherwise mentioned, the results we present are averaged
over the eight systems. Each hybrid MC–MD simulation
contains 1 � 107 MC trial steps, which lead to about
3 � 104–6 � 104 successful “trial switch moves” at
T = 2000 K and negligible stress. The simulation results
are presented in the following sections.

3.1. Progression toward equilibrium

One way to monitor the progress toward equilibrium is
to plot the total energy as a function of the number of suc-
cessful MC trial moves. Despite considerable fluctuations,
a qualitative trend of energy reduction can be observed in
Fig. 3 during the first 15,000 successful MC trial moves.
Therefore, the equilibrium distributions of ionic species
are obtained by averaging over 100 snapshots taken
between 15,000 and 30,000 successful MC steps.

3.2. Dopant segregation in YSZ and GDC

Fig. 4a shows the positions of Y3+ ions projected onto
the x–y plane during the hybrid MC–MD equilibration
(superimposing 100 snapshots). Despite their low concen-
tration, Y3+ ions seem to have visited almost all cation sites
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Fig. 3. The variation of the cohesive energy (total energy per ion) of the
YSZ crystal as a function of the number of successful MC switch moves at
T = 2000 K and p = 0 MPa.
except for a few in the first cation layers. This suggests that
the distribution of Y3+ dopants is well equilibrated by the
hybrid MC–MD simulations. Fig. 4c and e show the con-
centration distributions of Y3+ and Zr4+ ions (in solid
lines) along the x-axis, averaged over the snapshots. The
concentration profiles at the beginning of the hybrid
MC–MD simulations are also presented (in dashed lines)
for comparison. In addition, Fig. 4g shows the ratio of
the Y3+ to Zr4+ concentrations as a function of x. On
the other hand, Fig. 4b, d, f and h are the corresponding
plots for Gd3+ and Ce4+ ions in GDC.

Fig. 4c clearly shows that Y3+ ions segregate to the sur-
faces in the final structures, in contrast to the noisy profile
of the initial structures (dashed line). Interestingly, the equi-
librium distribution of the Y3+ ions shows the highest con-
centration peaks in the third cation layers from the surface.
In fact, the dopant concentrations in the first cation layers
are lower than the average dopant concentration in a bulk
crystal. In Fig. 4g, the ratio of Y3+ to Zr4+ concentrations
shows the highest value of 0.35 near the surfaces and stays
around 0.24 in the bulk region. The former divided by the
mean bulk value of this ratio (0.22 for 10 mol.% YSZ and
GDC) gives a surface dopant enrichment factor of 1.6.
These values are close to those reported from X-ray photo-
electron spectroscopy (XPS), Auger electron spectroscopy
(AES) and low-energy ion scattering (LEIS) measurements
[1–10], which are summarized in Table 1. We also note that
except for the LEIS measurements, the spatial resolutions of
these experiments are limited to 20–40 Å and cannot resolve
the detailed distribution of dopants in the first few atomic
layers. Hence a direct comparison with our simulation data
is still problematic. The latest observation from the LEIS
experiments shows that the dopant segregation occurs on
the length scale of a few atomic layers [8], which agrees well
with our simulation results.

Fig. 4d shows the concentration profile of Gd3+ ions in
GDC, which also exhibits near-surface dopant segregation.
Unlike the distribution of Y3+ ions in YSZ, however, the
highest concentration of Gd3+ ions appears in the first cat-
ion layers. Interestingly, there are also signs of dopant
depletion beginning at the fourth cation layers. In
Fig. 4h, the ratio of Gd3+ to Ce4+ concentrations shows
the highest value of 0.68 in the first cation layers and about
0.18 in the center. The enrichment factor of Gd3+ in the
first cation layers with respect to the mean bulk value is
estimated to be about 3.1. These predictions are in good
agreement with LEIS experiments, where the surface
Gd3+ to Ce4+ ratio and the enrichment factor are about
1.00 and 4.2, respectively [11]. The LEIS measurements
also show that the dopant segregation occurs intensively
within five atomic layers from the surface, which agrees
well with our simulation results.

3.3. Oxygen vacancy distributions in YSZ and GDC

The hybrid MC–MD simulations also allow us to exam-
ine the equilibrium distributions of oxygen vacancies,
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Fig. 4. Dopant cation positions projected onto the x–y plane for (a) YSZ and (b) GDC. Dopant cation fraction distribution along x-axis for (c) YSZ and
(d) GDC. Host cation fraction distribution for (e) YSZ and (f) GDC. The ratio of dopant and host cation fractions for (g) YSZ and (h) GDC. Vacancy
anion fraction in (i) YSZ and (j) GDC (T = 2000 K and p = 0 MPa).
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Table 1
X-ray photoelectron spectroscopy (XPS), Auger electron spectroscopy (AES) and low-energy ion scattering (LEIS) measurements on surface segregation
of dopants in YSZ.

References Method(s) Y2O3 content (mol.%) Temperature (K) Surface Y/Zr ratio Enrichment factor

Theunissen et al. [1,7] AES 7.0 1273 0.52 2.95
9.3 1273 0.45 1.98

Hughes and Sexton [2] XPS 10.0 1573 0.34 1.45
10.0 1623 0.34 1.45
10.0 1673 0.34 1.45
10.0 1723 0.32 1.38
10.0 1773 0.37 1.56
10.0 1873 0.36 1.53
10.0 1973 0.36 1.53

Hughes [4] XPS 9.5 1373 0.30 1.37
9.5 1373 0.32 1.45
9.5 1573 0.30 1.37
9.5 1573 0.35 1.57

de Ridder et al. [8] LEIS 10.0 1423 0.44 3.00

Bernasik et al. [9] XPS 8.0 1273 0.18 1.24
8.0 1473 0.22 1.62
8.0 1673 0.30 1.35

2202 H.B. Lee et al. / Acta Materialia 58 (2010) 2197–2206
which are shown in Fig. 4i and j for YSZ and GDC, respec-
tively. Since the cation sublattice remains mostly crystalline
and relatively stable during the MC–MD simulations, it
can be used as a reference structure to determine the local
oxygen vacancy concentration. The number of oxygen
vacancies in any anion layer can be calculated by subtract-
ing the number of oxygen ions between the two neighbor-
ing cation layers from the total number of anion sites based
on the cubic (CaF2) structure of the perfect crystal. The
leftmost and rightmost points in Fig. 4i and j correspond
to the anion layers between the first and second cation lay-
ers from the surface. For convenience, we define them as
the first anion layers in the following discussion. The actual
surface layers (outmost), as briefly mentioned in the initial-
ization step, consist of a number of oxygen ions and are not
included in Fig. 4i and j.

The equilibrium oxygen vacancy distributions (solid
lines) show the highest concentrations in the first anion lay-
ers of both YSZ and GDC. The high concentration of oxy-
gen vacancies on the (001) surface of YSZ qualitatively
agrees with the MEIS measurements [57]. In contrast, the
oxygen vacancy concentration in the next two anion layers
(second and third) of YSZ drops below the mean bulk
value, resulting in a near-surface depletion. In GDC, it is
still slightly above the mean bulk value in the second and
third anion layers, but again falls below the mean bulk
value after the fourth layers (and almost over the entire sys-
tem). Since space-charge theory [15–20] predicts the deple-
tion of oxygen vacancies in the space-charge layers, it is
tempting to interpret the simulation results as a confirma-
tion of space-charge theory. However, the atomistic simu-
lations also reveal many details that contradict the
predictions based on space-charge theory. For example,
space-charge theory predicts a negative correlation between
the distributions of dopant cations and oxygen vacancies,
in which the dopant segregation and oxygen vacancy deple-
tion occur in the same region. While one may think that
this is observed in our simulations of YSZ in Fig. 4g and
i, it is not compatible with our simulation results of
GDC in Fig. 4h and j, where dopant and oxygen vacancy
concentration distributions are positively correlated with
each other.

4. Discussions

In this section, we examine simulation results in further
detail and investigate the effects of defect association on the
equilibrium distributions of the point defects. First, we
notice from Fig. 4i and j that there are high concentrations
of oxygen vacancies in the first anion layers even in the ini-
tial structures with randomly distributed dopants (after the
initial MD relaxation). Therefore, the high near-surface
content of the oxygen vacancies is not a consequence of
dopant segregation; rather, the reverse is likely to be true.
When the dopant cations are allowed to move in the hybrid
MC–MD simulations, they are likely to segregate toward
the surface due to the dopant cation–oxygen vacancy asso-
ciation. Since Y3+ ions are less likely to have oxygen vacan-
cies as their first nearest-neighbors than Gd3+ ions
[25,29,35,36,38,40,41,43–50], the equilibrium distributions
of Y3+ and Gd3+ ions differ significantly near the surfaces,
as shown in Fig. 4c and d.

4.1. Vacancy distribution before and after dopant

segregation

In Fig. 4i and j, the high concentration of oxygen vacan-
cies in the first anion layers can be attributed to the low for-
mation energy within close proximity of surfaces, which is
in good agreement with MEIS measurements and ab initio
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calculations [57–59]. On the other hand, depletion in the
inner layers is due to the Coulomb repulsion between oxy-
gen vacancies. If we assume space-charge theory accounts
for this behavior, then the vacancy depletion layers can
be interpreted as space-charge layers with a thickness of
about 10–15 Å in both YSZ and GDC.

Interestingly, after the dopant cations are allowed to
move to different sites, the oxygen vacancies are redistrib-
uted in distinctly different ways in YSZ and GDC. In YSZ,
the aggregation of oxygen vacancies in the first anion layer
and depletion in adjacent layers are reduced, whereas in
GDC both aggregation and depletion become more pro-
nounced. In other words, the near-surface segregation of
Y3+ ions in YSZ counteracts the driving force for segrega-
tion of oxygen vacancies, while the opposite is true in
GDC. The redistribution of cations also causes greater
changes in the oxygen vacancy distribution in GDC than
that in YSZ. After the segregation in a few layers close to
the surface, both Gd3+ and VO2� are depleted over a wide
range further away from the surface. However, the depletion
of Gd3+ and VO2� in this range cannot be interpreted as a
space-charge effect, because these two species are being
depleted at the same time, exhibiting a positive correlation.

4.2. Dopant–vacancy association

Space-charge theory predicts a negative correlation
between the near-surface equilibrium distributions of dop-
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Fig. 5. Correlations between the equilibrium dopant cation and oxygen vaca
concentration variations of dopant cations and oxygen vacancies caused by surf
mol. % for both materials the simulations are carried out at T = 2000 K and
ant cations and oxygen vacancies. On the other hand, since
dopant cations and oxygen vacancies have opposite effective
charges, the Coulomb attraction is likely to cause a positive
correlation between them. To test these hypotheses, we plot
oxygen vacancy concentrations against dopant concentra-
tions in both YSZ and GDC, which are shown in Fig. 5a
and b, respectively. Since cation and anion layers alternate
in the crystal, the x-coordinate of each data point is the aver-
aged value of the dopant concentrations of the two cation
layers neighboring the anion layer (this layer corresponds
to the y-coordinate). While no distinct trend can be observed
in YSZ, a positive correlation is clearly seen in GDC, con-
tradicting the prediction of the space-charge theory.

In Fig. 5c and d, we examine the correlation between the
concentration variations (before and after dopant segrega-
tion) of the dopant cations and oxygen vacancies in YSZ
and GDC. In Fig. 5c, a weak positive correlation can be
observed in the bulk region of YSZ, but it becomes indis-
tinct near the surface. In comparison, Fig. 5d shows a pro-
nounced positive correlation in both bulk and near-surface
regions of GDC (first, second and third layers).
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initial defect distributions are created for each material and
the results are averaged out. MD simulations are carried
out for 200 ps with a time step of 0.5 fs at T = 2000 K
and p = 0 MPa in an NPT ensemble to equilibrate the
structures. After the MD simulations, the average numbers
of first and second nearest-neighbor oxygen (NNO) ions
around Y3+, Zr4+, Gd3+ and Ce4+ ions are calculated
and these are presented in Table 2.

At equilibrium, Y3+ ions have more first-NNOs and
fewer second-NNOs than Zr4+ ions. This suggests that oxy-
gen vacancies prefer to be the second nearest-neighbors of
Y3+ ions but not their first nearest-neighbors. On the other
hand, Gd3+ ions have fewer first-NNOs and fewer second-
NNOs than Ce4+ ions, implying that both first and second
nearest-neighbor positions around Gd3+ cations are ener-
getically favorable for the oxygen vacancies. These findings
are consistent with the correlation plots in Fig. 5 as well as
previous studies [25,29,35,36,38,40,41,43–50]. However, the
tendency of oxygen vacancies to associate with cations does
not lead to well-defined defect complexes, probably
because of the high temperatures in the simulations.

4.3. Driving force for defect segregation

Even though several mechanisms have been proposed in
a number of studies to explain the driving forces of dopant
segregation at the surfaces of YSZ and GDC, fundamental
questions still remain unanswered as to which one of those
factors is the most dominant. An example of the driving
forces is the elastic strain caused by the size mismatch
between dopant and host cations. Since a Y3+ or Gd3+

ion has a larger ionic radius than a Zr4+ or Ce4+ ion, the
elastic strain energy of the system due to this size mismatch
can be reduced if Y3+ or Gd3+ ions segregate to the sur-
faces, where more free volume is available. However, if this
was the dominant factor, then it would be unclear why the
dopant segregation is more pronounced in GDC than YSZ
Table 2
Mean first- and second-nearest-neighbor oxygen (NNO) coordination
numbers for YSZ and GDC.

Species First-NNO coordination Second-NNO coordination

Zr4+ 7.37 31.09
Y3+ 7.83 30.09
Ce4+ 7.72 29.95
Gd3+ 7.60 29.50

Table 3
BMB potential parameters for YSZ and GDC.

Interaction Aij (eV Å6) Bij (eV)

Y3+–O2� 0.0 1345.1
Zr4+–O2� 0.0 985.869
O2-–O2� 27.890 22764.300
Gd3+–O2� 20.34 1885.75
Ce4+–O2� 20.40 1809.68
O2�–O2� 32.0 9547.96
when the ionic size mismatch between Y3+ and Zr4+ is
87.5% greater than that between Gd3+ and Ce4+.

On the other hand, space-charge theory predicts that the
interfacial segregation can occur even without any ionic
size mismatch or elastic effects. Instead, the difference
between the formation energies of cation and anion vacan-
cies gives rise to different interfacial concentrations of these
defects and therefore an electric potential field, which
affects the equilibrium distributions of charged species near
the interfaces. Since dopant cations and oxygen vacancies
have opposite effective charges in YSZ and GDC, they
respond to the mean-field Coulomb potential in opposite
ways. As a result, dopant segregation will occur in the
vicinity of the surfaces and will accompany near-surface
depletion of the oxygen vacancies. The negative correlation
between dopants and oxygen vacancies, however, is con-
trary to our simulation results of GDC, which clearly
shows a positive correlation.

Our atomistic simulations suggest a different mechanism
for dopant segregation than those mentioned above.
According to Fig. 4i and j, oxygen vacancies segregate to
the first anion layers in the initial structures even without
dopant segregation. As the hybrid MC–MD simulation
enables the redistribution of the cations, dopants will rear-
range themselves in response to the long-range and short-
range interactions with oxygen vacancies. As seen in Sec-
tion 4.2, the correlation between dopant cations and oxygen
vacancies is different between YSZ and GDC, and explains
the difference in the dopant segregation profile. In YSZ, Y3+

ions prefer the oxygen vacancies as the second nearest-
neighbors but not as the first nearest-neighbors. Since the
oxygen vacancies are aggregated in the first anion layers
but depleted in the second and third anion layers, Y3+ ions
are likely to avoid the first cation layers and prefer the third
layer. This effect is stronger than the elastic strain effect
caused by the mismatch of ionic radii, because the first
two cation layers show depletion of dopants, despite the
elastic driving force for the dopant segregation. In GDC,
on the other hand, Gd3+ ions prefer the oxygen vacancies
as both first and second nearest-neighbors. As a result,
the concentration of Gd3+ ions in the first three cation lay-
ers is above the mean bulk value. While the long-range Cou-
lomb interaction (which is accounted for in space-charge
theory) must have played a role here, the positive correla-
tion between Gd3+ and VO2� concentrations is opposite to
the predictions of space-charge theory.
Cij (Å) References

0.3491 Lewis and Catlow [51]
0.376 Dwivedi and Cormack [52]
0.149 Dwivedi and Cormack [52]
0.3399 Minervini et al. [39]
0.3547 Minervini et al. [39]
0.2192 Minervini et al. [39]
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The above mechanism explains why Y3+ segregation in
YSZ is less pronounced than Gd3+ segregation in GDC.
In spite of the elastic driving force, the high concentration
of oxygen vacancies in the first anion layers prevents the
local enrichment of the Y3+ dopants in the close vicinity
of the surfaces. In other words, the greater elastic driving
force in YSZ (than in GDC) is partially countered by the
dopant–oxygen vacancy interaction. On the other hand,
dopant–oxygen vacancy association in GDC works
together with the elastic driving force and promotes surface
segregation of both dopants and oxygen vacancies.

5. Summary

We developed a hybrid MC–MD algorithm to study the
equilibrium distributions of defects in YSZ and GDC thin
films. Both dopant cations and oxygen vacancies are
observed to segregate near the surface. The concentration
of Y3+ ions is highest at the third cation layer from the sur-
face in YSZ, whereas the concentration of Gd3+ ions is
highest at the first cation layer in GDC. The differences
in the equilibrium distributions of the point defects
between YSZ and GDC are likely to affect the ionic trans-
port and chemical reactions in different ways near the sur-
face. Our simulation results suggest that the interaction
between point defects, which is neglected in the existing
applications of space-charge theory to YSZ, plays a major
role in the interfacial dopant segregation of the ionic oxi-
des. This effect is stronger than the elastic strain caused
by the ionic size mismatch between dopant and host cat-
ions and makes the dopant segregation more pronounced
in GDC despite the greater ionic size mismatch in YSZ.
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Appendix. Interatomic potentials

The potential energy as a function of the ionic positions,
ri (i = 1, . . . ,N) can be written as:

V ðfrigÞ ¼ V BMBðfrigÞ þ V CoulombðfrigÞ

¼
XN�1

i¼1

XN

j¼iþ1

� Aij

jrijj6
þ Bij expð�CijjrijjÞ

" #

þ
XN�1

i¼1

XN

j¼iþ1

qiqj

jrijj
ð3Þ

where qi is the effective charge of ion i and equals +4e, +3e

and �2e for Zr4+/Ce4+, Y3+/Gd3+ and O2� ions, respec-
tively. rij = |rj � ri| is the distance between ion i and j.
The short-range potential parameters Aij, Bij and Cij are ta-
ken from the literature [51,52,39] and depend on the species
of ions i and j (see Table 3). The long-range Coulomb po-
tential is computed by either classical Ewald [61] or particle
mesh Ewald [62,63] methods in different parts of the simu-
lation. All calculations are performed by MD++ [64].
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