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Oxygen vacancy formation and migration
in Sr- and Mg-doped LaGaQgj:
a density functional theory study*
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Oxygen vacancy formation and migration in Lag.gSro.1 Gag.sMgo.2O3_s5 (LSGM) with various crystal symmetries
(cubic, rhombohedral, orthorhombic, and monoclinic) are studied by employing first-principles calculations based on
density functional theory (DFT). It is shown that the cubic LSGM has the smallest band gap, oxygen vacancy formation
energy, and migration barrier, while the other three structures give rise to much larger values for these quantities,
implying the best oxygen ion conductivity of the cubic LSGM among the four crystal structures. In our calculations,
one oxygen vacancy migration pathway is considered in the cubic and rhombohedral structures due to all the oxygen
sites being equivalent in them, while two vacancy migration pathways with different migration barriers are found in
the orthorhombic and monoclinic symmetries owing to the existence of nonequivalent O1 and Oz oxygen sites. The
migration energies along the migration pathway linking the two Og2 sites are obviously lower than those along the
pathway linking the O; and O2 sites. Considering the phase transitions at high temperatures, the results obtained
in this paper can not only explain the experimentally observed different behaviours of the oxygen ionic conductivity
of LSGM with different symmetries, but also predict the rational crystal structures of LSGM for solid oxide fuel cell
applications.
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1. Introduction

Fast oxygen ion conductors are important ma-
terials because of their prospective applications in
oxygen pumps, oxygen sensors, and solid oxide fuel
cells (SOFCs). It has been widely noted that many
perovskite-type oxides exhibit high diffusivity of oxy-
gen ions.' 73] Recently, Sr- and Mg-doped LaGaOs
has attracted extensive attention owing to its higher
oxygen ionic conductivity than the standard oxygen
ionic conductor yttria-stabilized zirconia, and its sta-
bility in a wide range of oxygen partial pressures.[*~6
It is expected to be one of the best candidates as
a solid electrolyte in SOFCs.
Sr and Mg dopants with lower density to form the
system Lag.9Srg.1Gag.sMgp.203_s (denoted as LSGM)
gives rise to the highly mobile oxygen vacancies that

The incorporation of

are responsible for the observed ionic conductivity.
Following the initial discovery by Ishihara et all*®)
numerous experiments have been carried out on the

LaGaOgs-based materials to investigate the oxygen
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ion conductivity,”8! structural properties,®=12 elec-

trolyte performance within the SOFCs,['314) and the
effect of transition-metal doping.!*>-16]

An electrolyte material for the SOFC application
requires an electronic conductivity as low as possible
and an oxygen ionic conductivity as high as possi-
ble. The ionic conductivity is controlled by the for-
mation and migration energies of oxygen vacancies,
which are closely related to its crystal structures.
However, the crystal structure of LSGM has been

[17,18] [9,10] and

17]

reported to be cubic, orthorhombic,
monoclinic['*'2] at room temperature (RT). Feng!
and Trofimenko!'® declared a cubic structure with
space group Pm3m (No. 221) for LSGM at room tem-
perature; Lerch et al.' carried out powder neutron
diffraction measurements and concluded that the crys-
tal structure of LSGM was orthorhombic with space
group Imma (No. 74) at room temperature and cubic
with space group Pm3m (No. 221) at 1073 K, respec-
tively. More complicated structural changes in LSGM

have been detected by Slater,!") who claimed that
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Lag.gSrg.1Gag.sMgp.203_s has a monoclinic structure
with space group 72/a (No. 15) at room temperature,
and two-phase transitions appear between 723 K and
1273 K: monoclinic (pseudo-OR)-monoclinic (pseudo-
Rh)-rhombohedral (R3c). These very contradictory
reports on the crystal structure of LSGM might result
from the fact that LSGM adopts a perovskite-type
structure with extremely weak deformations from the
cubic aristotype, and that it is very difficult to dis-
tinguish among different kinds of slightly distorted
structures by the used methods, or that cubic, mon-
oclinic and orthorhombic are all possibly the room-
temperature crystal structures for LSGM, depending
on its synthesizing method and the conditions used by
the different groups. However, these problems have
not yet been solved for this solid solution and no deci-
sive conclusion can be drawn. The uncertainty makes
it difficult to elucidate the intrinsic relationship be-
tween the ionic conductivity and the crystal struc-
tures.

In a previous paper, we reported the synthesis and
electrical properties of Lag.9Srg.1Gag.gMgp.2O3_5 by
low- and high-temperature solid state reactions (SSR1
and SSR2) and laser rapid solidification (LRS).[¥ Tt
was shown that they exhibited very different ionic con-
ductivity with temperature. The LSGM prepared by
laser rapid solidification exhibited a drastic enhance-
ment in ionic conductivity at high temperatures with
respect to that prepared by a high-temperature solid
state reaction (SSR2), though both are pure and have
similar relative densities. Raman spectroscopic stud-
ies of these samples suggested strongly that they crys-

(191 Why the sample pre-

tallized in different structures.
pared by laser rapid solidification presents unique elec-
trical properties remains an interesting problem to be
explored.

First-principles calculations are an important tool
for the detailed understanding of the transport mech-
anisms of the electrons and oxygen vacancies.!20~34
Many computational simulations have been conducted
to investigate the defect formation energies® and
oxygen vacancy migration energy?!=23 of LaGaOs-
based oxygen ion conductors. These previous works
were successful in reproducing some of the trends
found by the experiments. In this paper, we sys-
tematically study the electronic structures, oxygen va-
cancy, formation, and migration in cubic, rhombohe-
dral, orthorhombic, and monoclinic LSGM by first-
principles calculations. Our aim is to elucidate the
mechanisms of ionic conductivity in different crystal
structures of the LSGM, and explain the experimen-

tally observed drastic enhancement in ionic conductiv-

ity at high LSGM temperatures prepared by LRS with
respect to that prepared by high-temperature solid
state reaction. Besides, this study may also predict
rational crystal structures which are important for
experimentalists in synthesizing a high performance
LSGM electrolyte for SOFC applications.

2. Calculation methods

We employed the DMol® code,[3%36] which is
based on density functional theory (DFT). Accord-
ing to the reported results of other similar per-

ovskite materials,[20-30]

the exchange and correlation
(XC) energy of the electrons are described by the
generalized gradient approximation (GGA) with the
Perdew-Wang (PW91) functional.’”) DFT semicore
pseudopots (DSPPs) were included via a local pseu-
dopotential for all electron calculations, where the ef-
fect of core electrons is substituted by a simple po-
tential including some degree of relativistic effects.
The virtual crystal approximation (VCA) was em-
ployed with small amounts of Sr- and Mg-doping in
LaGaOs (LSGM). The VCA, at least in principle,
can be used to investigate and predict the effect of
doping, which has already been proven to be accu-
rate for solid solutions of perovskites.[*8! The VCA
calculations are based on a weighting of the contri-
bution of the pseudopotentials according to the site
occupancies.®8 Fractional atomic coordinates and in-
teratomic distances for the different crystal structures
of LSGM were used.!'®'? Four symmetries, i.e. cu-
bic (C-LSGM), rhombohedral (R-LSGM), orthorhom-
bic (O-LSGM), and monoclinic (M-LSGM) structures,
were considered in the study. The k-point meshes
of Brillouin zone sampling in primitive cells, based
on the Monkhorst—Pack scheme, were 6x6x6 for C-
LSGM (10 irreducible points), 4x4x4 for R-LSGM
(32 irreducible points), 4x5x4 for O-LSGM (40 ir-
reducible points), and 4x4x4 for M-LSGM (32 irre-
ducible points) in order to obtain absolute energy con-
vergence (< 0.5 meV-atom™!). Lattice constants and
internal positions in the primitive cell of each crystal
structure were fully optimized under the condition of
residual force < 0.1 eV-A~! (1 A=0.1 nm).

The supercells, each of which contain an oxy-
gen vacancy, were constructed using the fully opti-
mized primitive cell of C-LSGM, R-LSGM, O-LSGM,
and M-LSGM, respectively. They are 2x2x4 for C-
LSGM, and 2x2x2 for R-LSGM, O-LSGM, and M-
LSGM. Each supercell with an oxygen vacancy has 79
atoms. The k-meshes of 3x3x1 for C-LSGM, 2x3x2
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for O-LSGM, and 2x2x2 for R-LSGM and M-LSGM
were chosen for attaining absolute energy convergence
(< 0.5 meV-atom™!). Structural relaxation was lim-
ited within a spherical region with a radius of 3.2 A
from a defect site. For the calculation of the total
energy of oxygen molecules in the gas phase, an Oq
molecule was put into a vacuum cell whose dimen-
sions were identical to those of the supercell of O-
LSGM. The k-mesh was taken to be 2x2x2 (four ir-
reducible points). Spin-polarization was taken into
account for the calculation of Os. The complete lin-
ear synchronous transit/quadratic synchronous tran-
sit (complete LST/QST) tools in the DMOL? code are

d,135:36:39] which also shows the transition state in

use
a simple manner and obtains the barriers for oxygen

vacancy migration (E,,) immediately.

3. The structural and electronic

properties of perfect LSGM

3.1. The structures of LSGM with vari-
ous symmetries

Figures 1(a)-1(d) show the schematic structures
of the LSGMs with cubic (pm3m), rhombohedral
(R3c¢), orthorhombic (Imma), and monoclinic (12/a)
symmetries using ball-and-stick primitive cell models,
respectively. Pm3m is an ideal cubic perovskite struc-
ture, while R3¢, Imma, and I2/a contain a network
of corner-sharing GaOg octahedra and belong to the

family of rotationally distorted perovskites.

Fig. 1. Ball-and-stick primitive cell models of LSGMs with different crystal symmetries (the grey, white, and black
spheres represent La/Sr, Ga/Mg, and O ions, respectively): (a) C-LSGM (Pm3m); (b) R-LSGM (R3c); (c) O-LSGM

(Imma); (d) M-LSGM (I2/a).

Before carrying out vacancy calculations, the crystal structures of LSGMs with various symmetries were

simulated using energy minimization procedures. The calculated lattice parameters are listed in Table 1, and

the experimental values are also presented for comparison. Our calculated results are in good agreement with

the experimental data, providing support for the reliability and validity of the subsequent defect simulations.

Table 1. The calculated and experimental structural parameters and calculated band gaps of cubic, rhom-

bohedral, orthorhombic, and monoclinic LSGM.

Lattice parameter

LSGM system

Band gap/eV

calc. expt.
a = 3.9000 A a=3.9760 A
C-LSGM 3.21
a=p=v=90° a=p=~=90°
a=5.5903 A a=>55592 A
c=13.6776 A c=13.4354 A
R-LSGM o= B —o0° o= B —o0° 3.70
v =120° v = 120°
a = 5.5085 A a=>55179 A
b=7.7973 A b= 7.8200 A
O-LSGM 3.62
c="5.5756 A c=55394 A
a=p=v=90° a=p8=vy=90°
a=7.8135 A a=7.8160 A
b=55742 A b=5.5393 A
M-LSGM c=5.5108 A c=55147 A 3.51
a=~vy=90° a=~vy=90°
B8 =90.121° B = 90.060°
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3.2. Electronic properties

The calculated total density of states (TDOSs) of
the LSGMs with various symmetries is shown in Fig. 2.
They share common features: two valence bands lo-
cated between —18 eV and —13 eV, and —8 eV and
0 eV, respectively, and the band gaps are larger than
3.0 eV. The calculated band gaps are presented in Ta-

ble 1. The C-LSGM has the smallest band gap of

2 C-LSGM
T . 6f
75
B
s 4
v O
1!
Q@ ~~
°
=

0 . . f .

—20 —10 0 10 20
Energy/eV
O-LSGM
g 12t
g
8 ~
e
o
S
moa 8T
s O
L Q0
At
ER
°
=
0 y . . A .
—20 —10 0 10
Energy/eV

3.21 eV, while the band gaps for the R-LSGM, O-
LSGM, and M-LSGM are 3.70, 3.62, and 3.51 eV,
respectively. These band gap values should be con-
sidered as the lowest limit since it is well known that
GGA generally underestimate the band gaps of in-
sulators. The large band gaps calculated for various
structures imply that LSGMs are poor electronic con-
ductors.
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Fig. 2. Calculated total DOS for C-LSGM, R-LSGM, O-LSGM, and M-LSGM.

4. Oxygen vacancy formation and

migration

The main transport mechanism in Sr- and Mg-
doped LaGaOs (LSGM) is the migration of oxygen
vacancies which are formed in the following defect re-
actions

281012292 908,/ T a1 V7 + 200%

2MgOE2292 oMo' Ga + V, + 200% (1)

where V, represents oxygen vacancy and OQo* is the
oxygen in the crystal lattice. The activation energy
normally includes the formation energy and the mi-
gration energy of the oxygen vacancies.

The formation energy of an oxygen vacancy was
evaluated using the following equation

1
Ef(vo) = EVO + iEOQ - Eperfect7 (2)

where Ey; is the calculated total energy per supercell
containing an oxygen vacancy, %EO2 is the calculated
energy for an oxygen atom in the molecule and Eperfoct
corresponds to the calculated total energy of the same
supercell for the perfect crystal.

The formation energies of an oxygen vacancy with
respect to the calculated energy for an oxygen atom
in the molecule (%Eoz) for the cubic, rhombohedral,
orthorhombic, and monoclinic LSGMs were computed
and are shown in Fig. 3. Only one vacancy site was
studied for the cubic and rhombohedral structures due
to all the equivalent oxygen sites in them, while two
oxygen vacancy formation energies were calculated for
the orthorhombic and monoclinic structures owing to
two nonequivalent oxygen sites (named O; and Oa,
respectively). The oxygen vacancy formation energy
for the Os site is higher than that for the O; site,
but the difference is rather small (0.06 eV-0.07 V).
Figure 3 shows that the vacancy formation energy of
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the cubic LSGM is 3.96 eV, much lower than those of
the rhombohedral, orthorhombic, and monoclinic LS-
GMs, all of which are about 5.50 eV. This means that
the oxygen ions in the C-LSGM may be more easily
activated for transportation.

.\./0\./.

4.5

a0f

Vacancy formation energies E¢/eV

C-—0O R-0O0 O-0; O-03 M-0O; M—-0s
Oxygen vacancies in LSGMs

Fig. 3. The calculated vacancy formation energies (Ef)
of LSGMs with respect to the calculated energy (1/2)Eo,
for an oxygen atom in the molecule. C—-O and R—-O corre-
spond to the oxygen vacancy in cubic and rhombohedral
LSGMs, respectively. O-0O1, O-O2, M-01, and M-O2
correspond to oxygen vacancies at the O1 and O3 site in
orthorhombic and monoclinic LSGMs, respectively.

Next, we consider the migration of the oxygen
vacancies. For the cubic and rhombohedral LSGMs,
only one vacancy migration pathway was considered,
while for the orthorhombic and monoclinic LSGMs,
two vacancy migration pathways, O;—0O2 and O2—Oa,
were calculated. Due to their larger distance (beyond
3.9 A), the migration between the two O; sites is ex-
tremely unlikely to occur?®! and hence was not con-
sidered.

The transition states (T'Ss) were searched by us-
ing the complete LST/QST method. First, the lin-
ear synchronous transit (LST) maximization was per-
formed, followed by an energy minimization in di-
rections conjugating to the reaction pathway. The
approximated TSs were used to perform quadratic
synchronous transit (QST) maximization. From that
point, another conjugate gradient minimization was
performed. The cycle was repeated until a stationary
point was located. In this way the T'S can be searched,
from which the energy barrier of migration can also be
obtained immediately.

For oxygen migration between two equivalent O
sites in the C-LSGM and R-LSGM and between two
neighbouring O sites, or between the O; and Os sites
in O-LSGM and M-LSGM, it was found that the low-
est energy pathway was all curved as shown in Fig. 4,
away from the octahedral edge, as has been found pre-
viously for oxygen migration in cubic LaGaOgs and

other perovskite oxides.?'~23:26:40] Neutron scattering
and diffraction studies!*41:42] have provided evidence

for our theoretical results.

Fig. 4. Schematic representation of the calculated path-
way (curved line) of oxygen ion migration between occu-
pied and vacant Oz sites in O-LSGM. The position of the
saddle point is shown with a * note. The white spheres
represent Ga/Mg ions, and the black spheres represent O
ions.

The calculated oxygen vacancy migration energy
E,, along the migration pathway for each structure is
shown in Fig. 5. It shows clearly that the migration
energy in the C-LSGM is much lower than those of
the other three structures. The migration energies
increase in the order of ES <« ER < EQ < EM
(EQ and EM were averaged migration energies
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Migration pathways in LSGMs

Fig. 5. The calculated vacancy migration energies (Em)
C-0-0
and R-O-0O correspond to the migration pathways of oxy-

of LSGMs along different migration pathways.

gen vacancy between two neighbouring oxygen sites in cu-
bic and rhombohedral LSGMs, respectively. O-0;-Oa,
0-02-03, M-01-03, and M—0O35-0O2 correspond to the
migration pathways of oxygen vacancy between neighbour-
ing O1 and Og sites or two Og sites in orthorhombic and
monoclinic LSGMs, respectively.

along O1—-09 and O3-053). There is a clear trend to-
wards higher migration energies as the lattice becomes
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more distorted (lower symmetry), which is in agree-
ment with other reported perovskite materials.22:27]
Besides, in the O-LSGM and M-LSGM, the migration
energies along the pathway linking two O sites are
obviously lower than those along the pathway linking
the O; and O sites. This indicates that the oxy-
gen vacancies can be more easily activated to migrate
along the O2—05 than along the O;-O5 pathways, and
at lower temperatures the former migration pathways
are probably in operation alone.

In order to understand the difference between the
oxygen vacancy migration energies of the four crystal
structures of LSGM, we further counted the number
of neighbouring atoms within a spherical region with a
radius of 3.2 A from the migrating oxygen ions and the
corresponding average bond lengths at the calculated
transition states for LSGMs with various symmetries.
The numbers of neighboring atoms are similar for the
four structures. Figure 6 shows the relations of the
vacancy migration energies and average bond lengths
between the migrating oxygen ion and its neighbour-
ing atoms for LSGMs with various symmetries (for
O-LSGM and M-LSGM, migration pathways of O;—
O3 and O3—03 are considered separately). It is found
that the migration energy increases when the aver-
age bond length of the migrating ion from its neigh-
The smaller bond length
may give rise to the stronger Columbic interactions

bouring atoms decreases.

between the migration oxygen ion and the neighbour-
ing atoms, leading to a larger migration barrier or
migration energy of the oxygen vacancy.
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Migration pathways in LSGMs

Fig. 6. Average bond lengths between migrating oxygen
ions and neighbouring atoms, and the calculated vacancy
migration energies (En ) of LSGMs along different migra-
tion pathways (O—O for C-LSGM and R-LSGM, and O1—
O2 and O2—02 for O-LSGM and M-LSGM). La—O, Ga—O,
and O—-O are the bonds of La/Sr-O, Ga/Mg—0, and O-O,
respectively.

The much lower formation and migration ener-
gies of oxygen vacancies in C-LSGM than in the other

three structures imply the best oxygen ion conduc-
tivity of C-LSGM among the four crystal structures.
The oxygen ion conductivity increases in the order of
om < 0o < or K og, i.e., there is a clear trend
towards higher electrical conductivity as the lattice
becomes closer to the ideal cubic symmetry.

5. Interpretation of experimental

conductivity

In a recent experiment,’® we found that the
LSGM prepared by laser rapid solidification (LRS)
exhibited a drastic enhancement in ionic conductivity
at high temperatures with respect to that prepared
by the high-temperature solid state reaction (SSR2),
though both are pure and have similar relative den-
The crystal structures of the SSR2 and the
LRS were later identified to be monoclinic with space

sities.

group I2/a, and orthorhombic symmetry with space
group Imma, respectively, by combining the phonon
mode calculations and the Raman spectroscopy.!'?!
According to the studies by Lerch et al and Slater,
the orthorhombic LSGM with space group Imma at
room temperature changes to the cubic symmetry
with space group Pm3m above 1073 K,[*% while the
monoclinic LSGM with space group/2/a at room tem-
perature transforms to rhombohedral symmetry with
space group R3c¢ between 723 K and 1273 K.['2] Ac-
cording to the calculated migration energies shown in
Fig. 6, the rapid increase in the electrical conductiv-
ity of the orthorhombic LSGM at higher temperatures
can now be explained by the conspicuous decrease of
the migration energy after a phase transition to the
cubic LSGM, while the very slow increase in the elec-
trical conductivity of the monoclinic LSGM at higher
temperatures can be interpreted by the similar migra-
tion energy between the rhombohedral LSGM and its
low temperature monoclinic counterpart.

Taking the phase transitions at high temperatures
into account, we can infer from the calculated oxy-
gen vacancy formation and migration energies of LS-
GMs with different symmetries that the cubic and or-
thorhombic LSGMs are better oxygen ionic conduc-
tors than the monoclinic and rhombohedral ones for
solid oxide fuel cell applications.

6. Conclusion

First-principles calculations have been employed
to investigate oxygen vacancy formation and migra-
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tion in cubic, rhombohedral, orthorhombic, and mon-
oclinic Lag ¢Srg.1 Gag.sMgy.20O3_5 to reveal the under-
lying mechanism for the abnormal electrical properties
of the material at high temperatures. The following
points have emerged from our results.

(i) The calculations reveal that C-LSGM has a
smaller band gap and much lower vacancy formation
and migration energies than R-LSGM, O-LSGM, and
M-LSGM, whose band gaps and vacancy formation
and migration energies are much larger and of similar
values.

(ii) The calculated averaged migration energies in-
crease in the order of ES < ER < EQ < EM. There
is a clear trend towards higher migration energies as
the perovskite lattice becomes more distorted. In the
O-LSGM and M-LSGM, the migration energies along
the pathway linking the two O sites are obviously
lower than those along the pathway linking the O;
and Os sites. This indicates that the oxygen vacan-
cies may be more easily activated to migrate along
the O5-02 than along the O;-O5 pathways in O- or
M-LSGM.

(iii) The much lower formation and migration en-
ergies of oxygen vacancies in C-LSGM than in the
other three structures imply the best oxygen ion con-
ductivity of C-LSGM among the four crystal struc-
tures. The oxygen ion conductivity increases as the
lattice becomes closer to the ideal cubic symmetry.

(iv) The experimentally observed rapid increase
in the electrical conductivity of the orthorhombic
LSGM at higher temperatures can be explained by
the conspicuous decrease of the migration barriers af-
ter a phase transition to the cubic phase. Due to the
similar migration energies of the monoclinic and rhom-
bohedral LSGMs, it is not possible for the monoclinic
LSGM to exhibit a dramatic increase in electrical con-
ductivity at higher temperatures.
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