Ab initio investigation of migration mechanisms in La-apatites
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ABSTRACT: Lanthanum-apatite structures are promising materials for solid-state electrolytes, exceeding the oxygen ion
conductivity of yttria-stabilized zirconia at intermediate temperatures. In recent years, several experimental contributions
on La-apatites have been published, however, with divergent results. A comprehensive description of migration in de-
pendence on composition is required to further optimize these materials and to predict the properties of similar struc-
tures. In this work, the compositions La, ;,SicO.¢, La,,SisO,, and LagB,SicO, (B = Mg, Ca, Sr, Ba) are investigated by means
of density functional theory. Different migration paths are considered, and migration energies are obtained via climbing-
image nudged elastic band calculations for both the vacancy and interstitialcy mechanism. Migration inside the highly
conductive La-tunnel and in the ab plane between La-tunnels is taken into consideration. Among all investigated B doped
compositions, LagSr,SicO,s shows a minimum in migration energy along the c-axis for the vacancy and interstitialcy
mechanism in agreement with the experimental data. Furthermore, the results indicate that the type of migration mech-
anism depends on the synthesized composition, while the thermal excitation of defects plays a minor role. From our re-
sults, we infer that the activation energy of oxygen ion conductivity is mainly governed by the migration in the ab plane.
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nism stabilized zirconia (YSZ) exhibit high oxygen ion conduc-
tivity for high temperatures (approx. 1200 K), whereas for

Introduction intermediate temperatures (below g9oo K), lanthanum-

The possible application of solid oxide electrolytes
ranges from biphasic oxygen membranes to solid oxide
fuel cells and rechargeable oxide batteries.' The properties
of these materials need to be tailored to the specific re-

Figure 1 Lanthanum apatite structure orthogonal to the c-
axis. The La 4f sites in the centre of the unit cell form pillars
in c-axis direction, whereas the La 6h sites form a triangular
coordination of O4 oxygen ions.

apatite structures show higher oxygen ion conductivity.”
The increasing interest in solid oxide electrolytes for in-
termediate temperature applications, e.g. in energy con-
version, recommends more detailed investigation of these
structures. To predict and optimize the ionic conductivi-
ties in lanthanum apatites, it is essential to understand
the underlying migration mechanisms and their depend-
ency on structure, composition and defects. Density func-
tional theory (DFT) is one method of investigating these
characteristics on an ab initio level by calculating the
migration paths and respective migration energies.

Lanthanum apatites crystallize in a hexagonal structure
(P6,/m). The structure features two Wyckoff positions for
lanthanum: one that forms a triangular shape around the
c-axis (6h) and one that forms a pillar-like structure in c-
axis direction in the centre of the unit cell (4f), as shown
in Figure 1. Adjacent triangular structural elements of the
6h sites, threefold coordinating oxygen ions (O4), are
rotated by 60° along the c-axis, thus appearing as a hex-
agonal La-tunnel (see Figure 2). The La-tunnels are sepa-
rated by SiO, tetrahedrons in the ab plane. The flexibility
of these tetrahedrons enables the structure to adapt to
disorder and stress, and it plays a crucial role in the



Figure 2: The hexagonal lanthanum apatite structure along
the c-axis. The hexagonal La-tunnel highlighted red with the
mobile O4 oxygen ions inside.

transport of oxygen ions.’” Previous studies showed that
high oxygen ion conductivity is possible along the c-axis,
inside the hexagonal La-tunnel.®® The migration of oxy-
gen ions is accelerated in the tunnel for both the
transport of vacancies and interstitials, whereby intersti-
tial migration was found to be favoured over vacancy
migration.” Measurements on single crystals as well as
on polycrystalline samples showed that the conductivity
in the ab plane is orders of magnitude lower than in the
tunnels.”™ Starting from LagB,SisO,¢ (B = Mg, Ca, Sr, Ba)
and substituting B with La, the excess positive charge can
either be compensated by oxygen ion interstitials, by La
vacancies or by a combination of both which gives rise to
a multitude of different compositions. In contrast, an
excess of B ions could be compensated by oxygen ion
vacancies.

Due to scattering of experimental data on the oxygen
ion conductivity of La-apatites, several computational
studies have been performed to explain the migration
mechanism. Understanding the migration mechanisms
on an atomic scale can provide important insight for op-
timizing existing compositions and predicting novel high-
conductivity materials. Previous computational studies
suggest different migration mechanisms and pathways
using DFT and pair potential methods, almost exclusively
focusing on the composition La, ;;SicO.,6. In 2003, the first
computational studies were performed by Tolchard et al.®
Using empirical pair potentials, they proposed a “sinusoi-
dal” interstitial mechanism with a lower energy than the
vacancy mechanism.’ In 2009, Béchade et al. used another
set of pair potentials and found that various stable oxygen
ion interstitial sites (O5) exist along the c-axis between
the O4 sites in double-well potentials.” Their results indi-
cated that the Os interstitial moves in a “push-pull type”
manner including the O4 oxygen ions, hence an intersti-
tialcy mechanism. Using DFT, Matsunaga et al. showed

that the interstitialcy mechanism has a significantly lower
activation energy than the “sinusoidal” mechanism pro-
posed by Tolchard et al.” Recently, Imaizumi et al. report-
ed on La,Sic0,, using DFT and kinetic Monte Carlo simu-
lations.” They analysed the significance of interstitial
interactions and the “getting-out” mechanism of oxygen
ions leaving the La-tunnel. Both effects seem to play a
substantial role for migration in the c-axis direction as
well as in the ab plane. Despite the number of computa-
tional studies, there is still no detailed understanding of
the relationship between composition, migration mecha-
nisms and conductivity. To address the questions of
whether the transport mechanism is a function of the
oxygen ratio of the compound and how dopants affect the
migration  barriers, the compositions La,SicO,,,
La, 3;Sic0,6 and LagB,SisO,s were considered. Based on the
results of Matsunaga et al., migration barriers along the c-
axis were calculated for both the interstitialcy and vacan-
cy mechanisms using DFT and compared for all composi-
tions." Furthermore, defect formation energies were de-
termined and migration between the hexagonal La-
tunnels, in the ab plane, was examined in LagSr,SisO, for
comparison.

Computational details

The DFT calculations were performed with the Vienna
Ab initio Simulation Package (VASP) code using the pro-
jector augmented wave (PAW) method.” For the ex-
change-correlation (XC) functional, the generalized-
gradient approximation was adopted with the Perdew-
Burke-Ernzerhof functional optimized for solids
(PBEsol).*™ The cut-off energy for plane waves was set to
500 eV. Integration of the Brillouin zone was performed
with a 2x2x2 T'-centred k-point mesh for all considered
cells. The changes of total energy and band structure
energy were minimized to a threshold of 10™ eV. Forces in
the ionic relaxation were minimized to a threshold of
107 eV A",

To realize the composition La,3;SicO,¢ 1x1x3 supercells
were created by tripling the unit cell in the ¢ direction.
Possible La sites for substitution are the 4f site as well as
the 6h site; however, dopants occupy the 4f site almost
exclusively, as shown by experimental data.”*” Therefore,
the 4f site was chosen as the only site to accommodate
vacancies and dopant species. For La,sSi;sO,s the two La
vacancies were arranged furthest apart to minimize ener-
gy as suggested in the literature (cf. Figure 3)." In the case
of La,,SisO,, an analogous La,,Si,;sOs, supercell was created
to investigate different combinations of interstitial alloca-
tions. To ensure comparability, all considered, doped
compositions of LagB,SisO,s were calculated in a
La,,BsSi;sO,s supercell structure. The dopant ions were
allocated only on the two 4f sites in alternating layers in
the c-axis direction through the supercell (cf. Figure 4).
Alternative distributions of La vacancies in La,sSi;sO,5 and
Sr dopant in La,,SrsSi,sO,s were calculated to consider
different defect environments (cf. Figure S1 and Figure
S2). In the La,SigO,s supercell the La vacancies were
shifted one 4f site closer towards each other. In the alter-



native La,,SrSi,sO,5 supercell the distribution of Sr and La
on the 4f site alternates within the layer and along the c-
axis.

Charged supercells where realized in VASP by adjusting
the number of electrons and introducing a background
charge for compensation. Except for La,Si,sOg, all compo-
sitions where calculated as charged supercells due to the
introduction of oxygen vacancies or interstitials. The
effect of interaction between defects and background
charge is expected to be neglectable, especially for the
migration energies. The initial structures were taken from
the literature and subsequently optimized using the VASP
code. During the calculations, we allowed for relaxation of
the ion positions, cell shape and cell volume. The transi-
tion states and migration barriers were obtained at con-
stant volume by the climbing-image nudged elastic band
(CI NEB) method.”®>*

Results
Bulk properties

The supercells were relaxed with the conventional PBE
functional and the PBE functional optimized for solids
(PBEsol). A comparison of the calculated volumes versus
experimental data (Table S1) shows an anticipated trend
of increasing cell volume with increasing radius of the
dopant on the 4f site. The volumes of La,,;SiO,; and
La, Sis0,, are close to that of LagSr,SicO,s which implies
that La ion, La vacancy and Sr occupy similar space in the
unit cell. Furthermore, the results from the PBEsol func-
tional agree better with the experimental data, and thus
all subsequent calculations were performed with the
PBEsol functional. To estimate the finite size effect due to
periodic boundaries, additional calculations in a 2x2x3
supercell were conducted. Results showed that the energy
difference for stable interstitial positions in Lag;;SicO,6
was below o0.05 eV, thus all calculations were performed
in the 1x1x3 supercell.

Anti-Frenkel defects were calculated for all composi-
tions by moving one oxygen ion from an Og4 site to the
furthest Os site and subsequently relaxing the structure.
The resulting energies of formation are given in Table S1.

The formation energies for the doped variants increase
with the radius of the dopant species, which could be
caused by a decrease in available cell volume for the oxy-
gen interstitial. La,,;SiO,¢ has the lowest formation en-
ergy with 3.77 eV. It should be noted that the interaction
of oppositely charged defects within the supercell is ex-
pected to stabilize the defects, and therefore the values
reported here are lower bounds to the energy of for-
mation for diluted defects. On account of the high for-
mation energies, the number of defects due to anti-
Frenkel disorder is expected to be rather low, even at
elevated temperatures (cf. Table S1).

Vacancy mechanism

Migration
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Figure 3 Migration path (top) and energy profile of vacancy
migration in Lay,;;Si60,6 (bottom). Top: ax3 supercell or-
thogonal to the c-axis. The dotted spheres mark the La va-
cancies on 4f sites. The black squares show the O4 vacancies
(vac) moving in counter motion to the O4 oxygen ions. Bot-
tom: The solid red symbols show stable configurations of
energy minima. The hollow black symbols show interpolated
NEB images. The numeration of the stable configurations
corresponds with those in the migration path. The oxygen
vacancy passes the La vacancy between configuration 1and 2.
The line provides a guide to the eye.
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Figure 4 Migration path (top) and energy profile of the va-
cancy migration in LagB,SisO,¢ for B = Mg, Ca, Sr, Ba (bot-
tom). Top: 1xax3 supercell orthogonal to the c-axis. The yel-
low spheres mark the dopant on 4f sites. The black squares
show the O4 vacancies (vac) moving in counter motion to
the O4 oxygen ions. Bottom: The solid symbols show the
transition state energy of the composition found by CI NEB.
The hollow black symbols show the NEB images for
LagSr,SigO,6. The numeration of the stable configurations
corresponds with those in the migration path. The vacancy
passes the dopant between 1 and 2. The line provides a guide
to the eye.

To investigate vacancy migration, one oxygen ion was
removed from an O4 site and the structure was relaxed.
Subsequently, the vacancy was shifted along the c-axis to
determine all non-equivalent, stable configurations as
depicted at the top of Figure 3 and Figure 4. For
Lay;SicO,s three non-equivalent configurations were
determined and two for LagB,SisO,¢ due to the positions
of the La vacancies and B dopants. Thus, configuration 1 is
equal to configuration 4 in La,;;SisO,¢ and configuration 1
is equal to configuration 3 in LagB,SisO,¢. Based on these
structures, CI NEB calculations were conducted to obtain

the migration barriers between stable positions. The re-
sults are given in Table 1, Figure 3 and 4.7

The migration energies vary in the range of 1.22 eV to
2.00 eV with the Sr-containing structure having the
smallest barrier. In the most stable configuration of
La, 3;Sic0,¢ the oxygen vacancy occupies position 2, next
to the La vacancy. The oxygen vacancy is thus trapped by
the La vacancy, with a lowered migration barrier in the
vicinity while the migration barrier away from the La
vacancy is significantly increased. The asymmetry of the
energy profile is due to distortion of the supercell caused
by the La vacancies. In LagB,SisO,¢ the dopant increases
the migration barrier of the oxygen vacancy between
configuration 1 and 2. This effect decreases with increas-
ing dopant size with a minimum for Ba. However, the
migration barrier between configuration 2 and 3 increases
with the dopant radius such that LagMg,SisO,s shows the
lowest migration barrier. The change in height of the
migration barriers is caused by two effects: the interaction
between the oxygen vacancy and dopant, which primarily
affects the first migration barrier, and the decrease in cell
volume due to the dopant size, which in turn hampers the
migration of the oxygen ions moving in counter direction
to the vacancy. Due to the alternating layer structure of
the 4f sites in the ¢ direction, the distances between the
triangular La 6h formations alternate depending on the
dopant influencing both migration barriers (cf. Figure S3).
These effects are minimized for LagSr,SicO,6, consequent-
ly showing the lowest overall migration energy for the
vacancy mechanism.

As a lattice-distortion-free reference vacancy migration
in La,,Si,sO,, was investigated (cf. Figure S4). The super-
cell features no defects except for one oxygen vacancy in
the La-tunnel. The calculated barrier is 1.02 eV. The dif-
ference in the migration barrier for La,;;SisO,s and
LagB,Sic0,s can be attributed to the influence of the re-
spective defects (cf. Table 1).

Table 1 Calculated migration barriers AE,,, for the
interstitialcy and vacancy mechanism and experi-
mental migration energies (E,) from the literature.

AE,i; (eV) AE,i; (eV) Ex (eV)
Composition | Interstitialcy =~ Vacancy

(Calc.) (Calc.) (Exp.)
La, ;;Si60,6 0.30 1.72 0.74
LagMg,SigO,6 | 0.16 2.00 -
LagCa,SigO,6 | 0.12 1.61 1.62
LagSr,Sig0,6 0.09 1.22 114
LagBa,SigO,¢ | 0.8 1.41 1.21
La,,SigO,, 0.62 - 0.64

Interstitialcy mechanism

To investigate the interstitialcy mechanism one oxygen
interstitial was introduced onto an Os site of every com-
position’s supercell. The determined interstitial sites
agree with those generally proposed by Béchade et al. for



La, ,,Si60,6 (left side of Figure 5).° Between two O4 ions,
there are two layers of stable interstitial sites inside the
La-tunnel slightly tilted away from the c-axis. Each layer
consists of three energetically equivalent Os interstitial
positions that are rotated 120° apart, leading to a triangu-
lar layout around the c-axis. These triangular structures of
La and Os interstitial positions are stacked along the c-
axis and rotated by 60° to their immediate adjacent
neighbours. The migration proceeds as a combination of
interstitial and interstitialcy mechanisms, as proposed by
Matsunaga et al.” The migration between two Os intersti-
tial layers can be described by an interstitial jump, while
the migration from an Os interstitial layer to an O4 site
follows an interstitialcy mechanism, where the migrating
Os ion moves to an O4 site, pushing away the O4 ion to
an adjacent interstitial layer. The number of non-
equivalent layers depends on the distribution of the do-
pant ions or lanthanum vacancies. For the structures
described in Section 2, six different layers were found for
La,,,Sic0,¢, as depicted on the left of Figure 5 and Figure
6, while four different layers were found for the doped
apatites, as depicted on the left of Figure 7 plus Figure 8.

In order to quantify the effects of the different defects a
lattice-distortion-free interstitialcy migration in La,,Si-
80, was considered (cf. Figure Ss). The regarded super-
cell features no defects except for one oxygen interstitial.
The interstitial migration between two adjacent intersti-
tial sites shows a 0.05 eV migration barrier whereas the
interstitialcy migration via an O4 oxygen ion shows a
migration barrier of 0.07 eV.

La9_33Si6026

Figure 5 shows the interstitialcy migration path in
Lay,,Si60.6 as a superposition of all stable configurations
along the migration path (right-hand side). The colours
track the individual oxygen ions, while the numbers cor-
respond to the individual configurations. Starting at con-
figuration 1, the red oxygen ion occupying an interstitial
site migrates to the position in configuration 2 by pushing
the orange O4 oxygen ion to an interstitial position. As
described earlier, the interstitial layers are rotated against
each other; one position is rotated 180° relative to the
start position of the migrating ion and two are rotated by

° (cf. Figure S6). An oxygen ion that migrates from an
Os interstitial site to an Og4 site, pushing the regular oxy-
gen ion to an interstitial layer, has three possible sites it
can occupy. One site has the same orientation as the
starting position of the “pushing” O5 oxygen ion and is
only shifted along the c-axis. Two equivalent sites are
additionally rotated by 120° relative to the position of the
original Os5 oxygen ion. For the interstitialcy migration,
the 120° rotated sites are energetically favoured. In the
next step the Os ion can jump to one of three sites in the
adjacent interstitial layer. The calculations indicate that
the migration barrier is minimized if the oxygen ion mi-
grates to a 60° rotated site instead of a 180° rotated site.

Figure 6 shows the energy profile of the migration path

in Lagy3,Sic0,6 with numeration for all stable configura-
tions corresponding to Figure 5. In configuration 1, the
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Figure 5 Left: xax3 supercell of La, ;;SisO,¢ orthogonal to the
c-axis. The stable oxygen interstitial sites (Os), arranged in a
layer structure with three equivalent positions per layer, are
displayed in orange. This La vacancy distribution leads to six
different Os interstitial layers for La,,SicO,. Right: Migra-
tion path of 04/05 oxygen ions in La,4,SicO,6 along the c-
axis. Each colour tracks one oxygen ion. The numbers corre-
spond to the configurations in Figure 6; the roman numerals
correspond to the left.

interstitial occupies an Os interstitial site in proximity to
the La vacancy in layer 1. Layer II does not exist in
La, ;51606 due to the structural distortion induced by the
La vacancy. Therefore, the interstitial migrates directly to
a regular O4 oxygen site and the structure relaxes into
configuration 2. The increase in energy of approximately
0.22 eV between configuration 1 and 2 may be attributed
to a decrease in available space for layer 11l and IV com-
pared to layer I and I due to a decrease in distance be-
tween the adjacent La 6h triangular structures by 0.5 A
(13 %). The structural distortion generated by the La va-
cancies results in different O4-O4 distances, which have
their maximum in the vicinity of the La vacancy (cf. Fig-
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Figure 6 Energy profile of the interstitialcy migration in
La, ;,Si60,6 along the c-axis. The solid red symbols show
stable configurations. The hollow black symbols represent
NEB images. The Roman numeration of the stable configura-
tions corresponds to Figure 5. The line provides a guide to
the eye.



ure S3). Between configuration 2 and 3, the Os5 ion mi-
grates from an interstitial site in layer III to an interstitial
site in layer IV with a very low energy barrier of approx.
0.05 eV. From configuration 3 onwards, interstitialcy and
interstitial mechanisms alternate until the Os ion occu-
pies an interstitial site in layer VII and the structure re-
laxes into configuration 6, which is equivalent to configu-
ration 1. Configuration 6’ is minimally shifted compared
to 6 but also shows an energy minimum using CI NEB.
However, the energy landscape between 6 and 6 is very
shallow, which again can be attributed to the relative
increase in available space for the Os interstitial layers I
and II, as discussed above. The total height of the migra-
tion barrier between the most stable configuration 5 and
the maximum determined by CI NEB is 0.3 eV. It appears
to be mainly determined by the trapping of the interstitial
by the La vacancy and the unfavourable structural distor-
tion around the Os interstitial sites when leaving the
proximity of the La vacancy.” This is confirmed by com-
paring La,,;SiO,¢ to the reference cell without lattice
distortion (cf. Figure S5). While the migration barrier in
the reference cell does not exceed 0.07 €V, the interstitial
migration barriers as well as interstitialcy migration bar-
riers increase drastically in the presence of La vacancies
(cf. Table 1). To test the influence of the La vacancy dis-
tribution a second supercell was considered. In this alter-
native distribution the La vacancies are shifted closer
towards each other by one 4f site, as described above (cf.
Figure S1). In this structure the total height of the migra-
tion barrier decreases slightly to 0.27 eV (cf. Figure S1).
This could be due to a more favourable spatial division
between the layer structures even though the difference
in energy is small.

LagBZSisozs

The migration path for the earth-alkaline-doped apa-
tites is analogous to that in the La-deficient apatite. Due
to the arrangement of the dopant ions, only four non-
equivalent layers are present, as described above. On the
right of Figure 7, the migration path of LagSr,SigO,¢ is
shown exemplarily for all doped compounds. The intersti-
tial moves along the c-axis in an alternating intersti-
tial/interstitialcy mechanism from layer I to the equiva-
lent layer V (left site in Figure 7) comparable to
Lay;;Si¢0,6. Figure 8 shows the corresponding energy

profile of the migration. Like the vacancy mechanism, the
shape of the energy profiles for the other dopants differs
only quantitatively and they are therefore not shown here
(cf. Figure S7). Among the investigated compounds, the
Sr-doped structure shows the lowest migration barrier
with an energy of 0.09 eV, as given in Table 1. Apart from
the difference in radius, the available space for the Os
interstitial sites, the 04-O4 distances and the interaction
between migrating oxygen ion and dopant or vacancy also
appear to have an influence due to the larger migration
barrier in La, ;,SicO,¢ (cf. Figure S3). These characteristics
lead to different trapping qualities of the defects. In Fig-
ure 8, a different behaviour can be observed for the doped
apatites than for La, ;,SiO,¢ (Figure 6). In the vicinity of
the dopant (configuration 1 and 2; layer 1 and I1; Figure 8),
the migration barrier is low, but increases drastically
when the oxygen ion leaves the proximity of the dopant
(configuration 2—3). In addition, the migration barrier
for the migration away from layer III and 1V is increased
compared to layer I and II and consequently the oxygen
ion is trapped by the La ions. This supposition is support-
ed by comparing LagB,SisO.¢ to the reference cell without
lattice distortion (cf. Figure Ss). The difference in migra-
tion barrier of LagB,SigO,¢ and the reference cell (0.07 eV)
can be attributed to the respective dopant (cf. Table 1). To
test the influence of the dopant distribution a second
supercell was considered for LagSr,SigO.s. As described
earlier the distribution of Sr and La on the 4f sites alter-
nates within the layer and along the c-axis showing a
more homogeneous distribution (cf. Figure S2). The total
height of the migration barrier decreases to o0.07 eV (cf.
Figure S2). By creating an invariant environment during
migration, the individual migration barriers give infor-
mation about the energy difference between interstitial
and interstitialcy migration mechanism which is o0.03 eV.
As in La,,;SicO,¢ the energy difference between the two
defect distributions is small.
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Figure 7 Left: xix3 supercells of LagB,Sic0,¢ orthogonal to
the c-axis. The stable oxygen interstitial sites (Os), arranged
in a layer structure with three equivalent positions per layer,
are displayed in orange. The allocation of the dopants leads
to four different interstitial layers. Right: Migration path of
04/05 oxygen ions in LagSr,SigO,6 along the c-axis. Each
colour tracks one oxygen ion. The numbers correspond to
the conformations in Figure 8; the roman numerals corre-
spond to the left.
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Figure 8 Energy profile of the interstitialcy migration in
LagSr,SigO,¢ along the c-axis. The solid red symbols show
stable configurations. The hollow black symbols represent
NEB images. The numeration of the stable configurations
corresponds with Figure 7. The line provides a guide to the
eye.

Matsunaga et al. and Imaizumi et al. showed that the
consideration of migration in the ab plane is also neces-
sary for La,y;;SicO,6 and La,eSisO,,.""" Their calculated
migration energies in the ab direction for these composi-
tions are 0.38 eV (La,;;Si60,6) and 0.61eV (La,SisO,,),
which are significantly higher than in the ¢ direction and
thus increase the overall activation energy. For compari-
son, we calculated the migration path between two oxy-
gen channels in LagSr,SigO,6. Three oxygen ions are in-
volved in the migration and are tracked using different

Figure ¢ Interstitialcy migration of oxygen ions in the ab
plane from one La-tunnel to an adjacent La-tunnel viewed
along the c-axis (top) and from the ab plane (bottom). Each
colour tracks one oxygen ion. The orange interstitial ion
migrates out of the La-tunnel and forms a SiO; polyhedron.
The polyhedron relaxes and forms a pyramid. The oxygen ion
on the angle closest to the proximate tetrahedron (yellow)
migrates there, forming a pyramidal SiO,. Based on the ar-
rangement of the polyhedron, the oxygen ion closest to the
adjacent La-tunnel (pink) migrates into the tunnel.

colours in Figure 9; Figure 10 shows the corresponding
energy profile for two different paths. The orange intersti-
tial starts from an Os interstitial site of layer I (configura-
tion 1) and migrates out of the tunnel towards an adjacent
SiO, tetrahedron. The tetrahedron reorients and forms a
pyramidal SiO; polyhedron with the interstitial (configu-
ration 2). In a second step, the oxygen ion closest to the
adjacent tetrahedron (yellow) moves to form a new SiOy
polyhedron (configuration 3) while the original polyhe-
dron relaxes to its original tetrahedral shape. Subsequent-
ly, the oxygen ion closest to the next La-tunnel (pink)
moves away from the polyhedron and migrates to an Os
interstitial site of layer II inside the La-tunnel (configura-
tion 4). Between configuration 2 and 3, the oxygen ion
migrates past two 4f sites that are either occupied by La
(La-edge) or Sr (Sr-edge) which alter the energy profile of
the whole migration. For LagSr,SigO,¢ the energy barrier
for ab migration is 0.52 eV along the La-edge (black
curve) and o0.49 eV along the Sr-edge (blue curve), as
depicted in Figure 10. The data suggests that doping the
migration edge with Sr has little effect on the energy
profile of the ab migration. The energy barriers for the
oxygen ion to leave and enter the La-tunnel are similar, as
expected (configuration 1—2 and 3—4). The polyhedron
conformation in configuration 2 and 3, appear to be
energetically equivalent due to an identical cation
vicinity. However, different orientations of SiO, polyhedra
towards the cation vicinity exist; therefore, the particular
distances between the oxygen ions of the polyhedron and
the adjacent La/Sr ions determine the configuration
energies (configurations 2 and 3) and the transition
energy (cf. Figure S8). Nevertheless, the migration energy
is in agreement with the calculations by Imaizumi et al.
and suggests the importance of the ab migration for the
oxygen ion conductivity.”
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Figure 10 Energy profile of the interstitialcy migration in
LagSr,SigO,6 in the ab plane. The solid symbols show stable
configurations. The hollow symbols show interpolated NEB
images. The oxygen ion migrates past two 4f sites both occu-
pied by either La (La-edge) or Sr (Sr-edge). The line provides
a guide to the eye.



La,Sic0,,

In La,,Sic0,, the 4f sites are occupied entirely by La ions
and the excess positive charge is compensated by one
oxygen ion interstitial per formula unit. In a 1x1x3 super-
cell, three oxygen ion interstitials are present in the struc-
ture and expected to be located inside the La-tunnel. The
migration in La,;,Sis0,s and LagB,Sic0,s already demon-
strated the little space in the La-tunnel as well as how the
repulsion of the oxygen ions leads to an interstitialcy
migration mechanism. For La,SicO,, the oxygen ion in-
terstitials are no longer diluted, and the repulsive interac-
tions increase. Imaizumi et al. report the same effect us-
ing the PBE XC functional, which leads to larger cell vol-
umes compared to PBEsol (Table S1). To lower the repul-
sive interaction, oxygen ions tend to migrate out of the
La-tunnel to an adjacent SiO, tetrahedron, forming a SiO;
polyhedron. Therefore, we created supercells with differ-
ent allocations of oxygen interstitials inside the La-tunnel
and outside at SiO; polyhedra. The stability of the super-
cell increased with decreasing interstitial concentration
inside the La-tunnel. Thus, further calculations were con-
ducted on a supercell with one migrating interstitial lo-
cated inside the tunnel and two interstitials located in
SiO; polyhedra outside the tunnel. This way, the popula-
tion of the remaining interstitials inside the La-tunnel
was depleted and the repulsion decreased. The calcula-
tions showed that the bottleneck for oxygen ion migra-
tion is the migration of Os interstitials past the SiO, pol-
yhedra in an otherwise analogous migration pattern to
the compositions outlined above. Figure 11 shows this
determining step of the migration for one arrangement of
the interstitials with the SiO polyhedra rotated 180°
around the c-axis. Each colour tracks one oxygen ion from
configuration 5 to 6. The oxygen interstitials immobilized
at the SiO, are depicted in pink. Due to little available
space and a high local concentration of interstitials inside
the tunnel and at the adjacent SiO, polyhedra, a strong
interaction forces three oxygen ions to adapt to the inter-

. jﬁ
L

Figure 11 Migration path of O4/0s5 oxygen ions in La,SicO,,

along the c-axis between configuration 5 and 6 past the SiO,

polyhedra. Each colour tracks one oxygen ion. The pink

oxygen ions show the static interstitials at the SiO, polyhe-
dra.

stitial motion, while, in the absence of SiO; polyhedra,
only two oxygen ions are involved in the migration mech-
anism at most. Figure 12 shows the corresponding energy
profile of the migration. The described bottleneck is the
migration between configuration 5 and 6. The total height
of the energy profile from configuration 1 to the maxi-
mum found by CI NEB is 0.62 eV, which is the highest
total energy barrier for interstitial migration in the ¢ di-
rection for all considered compositions. The highest indi-
vidual energy barrier is 0.31eV and is attributed to the
transition of configuration 5 to 6 described above. The
migration barriers are similar to that of Lay,;SisO,¢ but
with an additional O5-Os5 interaction.

Discussion

The obtained migration energies of 1.22 €V to 2.00eV
(Table 1) for the vacancy mechanism in LagB,SisO,¢ agree
with experimental data for B = Ca, Sr, Ba (114 eV to
1.62 eV), while ionic conductivities for LagMg,Sis0,¢ have
not been reported so far.” The close agreement proves
that the vacancy mechanism is the determining migration
mechanism for these compositions. The presence of oxy-
gen vacancies could be due to a deviation in the synthesis
composition; for example, a small excess of B cations can
be balanced by oxygen vacancies. In contrast, the intrinsic
formation of vacancies is unlikely due to the high energy
for anti-Frenkel disorder (Table S1). In addition, in the
case of intrinsic disorder, the energy of formation would
contribute to the measured activation energy (E, = 0.5+
AE, + Enig) leading to very high values of E,.

The vacancy mechanism cannot explain the experi-
mental results for La,,,SisO,s with activation energies
between 0.4 eV and 1eV. Therefore, the migration has to
be described by the interstitialcy mechanism.® Analogous
to the doped structures, a high anti-Frenkel energy ex-
cludes intrinsic formation as a major cause of defects and
deviation in the synthesis composition is more likely,
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Figure 12 Energy profile of the interstitialcy migration in
La,Sis0,, along the c-axis. The solid symbols show stable
configurations of energy minima. The hollow symbols show
interpolated NEB images; hollow red symbols show interme-
diate minima found by CI NEB. The numeration of the stable
configurations corresponds with those in Figure 1. The line
provides a guide to the eye.



introducing oxygen interstitials with higher La content.
For La,;;SicO,¢ the calculated migration barrier for the
interstitialcy mechanism (0.30 eV) underestimates the
majority of experimental data by half the value, while for
the doped compounds, the barriers are even lower
(0.09 eV - 0.8 eV). However, the calculated barriers agree
with the results of previous theoretical studies.”" Tt
should be noted that the calculated energy barriers do not
resemble the actual activation energies of these materials
since only migration in the c-axis direction is considered,
whereas in experimental measurements of polycrystalline
samples where all directions contribute to the overall
resistance and activation energy. Fukuda et al. reported
activation energies on highly c-axis-oriented polycrystal-
line La, 3;Sic0,6 and La, 5,SisO,6.5 of 0.35 eV for migration
in the c direction, which agree with the present results."*"
Furthermore, they reported an activation energy of
o.71eV for ab migration in the same materials which
agrees with Nakayama et al’s measurements on single
crystalline La,;;SiO,6. These measurements showed an
activation energy of 0.68 eV in the ab plane and 0.65eV
along the c-axis.* Our calculations for LagSr,SicO,¢ show
that the energy barrier for ab migration (0.52 eV) is ap-
prox. 5 times higher than the energy barrier for ¢ migra-
tion (0.09 eV), but fits the range of the experimental data.

Even in single crystals, the migration might not occur
solely in ¢ direction, but effects like immobilized Os oxy-
gen ions at SiO, polyhedra, repulsion among interstitials
and impurities might block the channels, enforcing mi-
gration in the ab plane. These effects could explain the
similar activation energies for ¢ and ab migration meas-
ured by Nakayama et al. Imaizumi et al. came to the
same conclusion for La,SisO,, and attributed the high
activation energy (0.58 eV) to the potential barrier for the
migration in and out of the La-tunnel.” In the present
study, we calculated a migration energy of 0.62 eV for the
interstitialcy mechanism in La,,SisO,, which fits the ex-
perimental data of 0.47 eV to 0.72 eV.3*¥° In the calcu-
lated supercell two of three interstitials were placed on
sites outside of the La-tunnel, which further suggests that
the presence of SiO, polyhedra and their effect on migra-
tion along the c-axis in lanthanum apatite structures are
not negligible.”

The oxygen ion conductivity is strongly dependent on
the migration mechanism, which is defined by the devia-
tion of the ideal oxygen content. Since the intrinsic for-
mation of defects is unlikely, it is expected that the effec-
tive La stoichiometry of compositions in experimental
publications may be different than stated.

Thus, both the vacancy and interstitialcy mechanisms
are possible in La,;;SisO,¢ and LagB,SisO,¢ depending on
the non-stoichiometry of the oxygen content. For
La,Sig0,, only an interstitialcy mechanism is feasible.
Nonetheless, only some possible cation/cation vacancy
distributions have been considered to date and further
compositions must be regarded in future to consolidate
the obtained results.

Conclusion

We calculated the migration energies in lanthanum ap-
atite structures with the composition La,;;SisO.,
La,Sis0,, and LagB,Sic0,¢ (B = Mg, Ca, Sr, Ba). In these
structures, the oxygen ion can be transported by either
the vacancy or interstitialcy mechanism. For both mecha-
nisms, the Sr-doped composition LagSr,SicO,s shows a
minimum in migration energy along c direction. While
the computational results for the doped composition
show good agreement with the literature with respect to
the vacancy mechanism, this does not explain the high
oxygen ion conductivities and low activation energies for
higher La content. Furthermore, high anti-Frenkel for-
mation energies exclude intrinsic disorder. Thus, the
defect concentration is entirely dependent on the non-
stoichiometry of the oxygen content due to synthesis
conditions. We propose that the high oxygen ion conduc-
tivity and low activation energy in lanthanum apatites are
attributed to an interstitialcy mechanism due to compen-
sation of excessive La content by oxygen interstitials. In
turn, we attribute a low oxygen ion conductivity and high
activation energy to a vacancy mechanism as a conse-
quence of an increased B content and compensating oxy-
gen vacancies. Lay;;SisO,¢ and La,,SisO,, appear to follow
only interstitialcy mechanisms. However, the calculated
results underestimate most of the experimental data; only
La,,Sic0,, matches comprehensively. Based on this, it is
clear that effects like interstitialcy migration in the ab
plane and immobilization of interstitials in SiO polyhe-
dra must be considered. Therefore, it is important to
improve the migration mechanisms and combine the
mechanisms for ¢ and ab migration to acquire a compre-
hensive model. In addition, experimental data with con-
firmed compositions are essential to compare the theoret-
ical data effectively.
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