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First-principle investigation on perovskite La; ,Eu,Ga0O3"
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The pseudopotential method has been used to investigate the structural, electronic and magnetic properties of
La;_,Eu,GaO3 (x=0, 0.25, 0.5, 0.75, and 1) within the scheme of generalized gradient approximation. The spin-polarized
calculations demonstrate that the ground state is an antiferromagnetic insulator for x < 0.5, while it is ferromagnetic half-
metal at x > 0.5. The substitutions of magnetic Eu ions for non-magnetic La ions produce and strength spin polarization,
which forcefully urges the system from the insulator to the half metal. Meanwhile, Eu doping strengthens a stoner mech-
anism for ferromagnetism of La;_,Eu,GaO3 (x = 0.75 and 1), which may lead to a rapid increasing in the total magnetic
moment and therefore, antiferromagnetic—ferromagnetic transition happens.
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1. Introduction

Many researchers persistently focus substantial concern
on orthogallates due to their particular physical properties
and promising applications in devices. LaGaOs is one of
these compositions. It is the most suitable compound for in-
terconnecting material in solid oxide fuel cells (SOFC).[1-31
Aside from possible applications for electrolyte of solid fuel,
LaGaOj3 has many other potential applications, such as lumi-
nescence and thermal potential.[6-1%]

At room temperature, LaGaOj3 crystal has an ABO3 per-
ovskite structure with GdFeOs-type distortion and falls into
the orthorhombical space group Pbnm.!'') GaOg octahedra are
not aligned along the unit-cell axes. Lanthanide ions doping
on A-sites have significant effects on the structural and physi-
cal properties of LaGaOs. Liu ez al.!**! reported Ln>*-doped
(Ln = Eu, Dy, Tm, Tb, Sm, and Tb) LaGaO3 nanocrystalline
phosphors, investigating the crystallization process, photolu-
minescence, and cathodoluminescence properties. Parveen
et al. have studied the thermal properties of La;_,Ln,GaO3
(Ln = La, Ce, Nd, Pr).“oJ Sood et al. studied structural and
electronic behavior of Ba-doped LaGaOj3.!'?!

Most of these researches are focused experimentally
on the photoluminescence, cathodoluminescence and thermal
properties, etc., while there is almost no theoretical work on
electronic structure and magnetic property for Ln*-doped
LaGaOs3 (Ln = rare earth elements) although there are some
first-principle researches about effects of doping on phys-
ical properties of other systems within density-functional

theory.!3-17! Theory research has important instruction sig-
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nificance for experimental work.

Here, the investigation of structural, electronic, and mag-
netic properties for La;_,Eu,GaO3; (0 < x < 1) are carried out
using the generalized gradient approximation (GGA). The unit
cell stability, the electronic structure, and the magnetic struc-
ture are determined. The further experiments are needed to
confirm the present transition of La;_,Eu,GaOs3 from antifer-

romagnetic (AFM) insulator to ferromagnetic (FM) half metal.

2. Computational details

We performed the first-principle calculations of
La;_,Fu,GaO3; (x = 0, 0.25, 0.5, 0.75, and 1) using the
GGA method and the projector-augmented wave (PAW)!!8]
potentials, which are implemented in the Vienna ab ini-
tio Simulation Package (VASP)!'%?0] program. In order to
study the structural, electronic and magnetic properties of
La;_,Eu,Ga03, a supercell has been constructed consisting
of 40 atoms with size v/2a x v/2b x ¢, as shown in Fig. 1.
Every possible substituted site and magnetic configuration of
La;_,Fu,GaO3; was taken into account and the total energy
was assessed for each test structure. We optimized atomic
coordinates and axial ratios for each test structure during the
simulations. The Hellman—Feynman forces are converged to
less than 1 meV/A and the energy difference of two succes-
sive iterations is less than 1 x 107% eV/cell. The plane-wave
energy cutoff for the electrons is 500 eV and a 7x7x7 grid of
Monkhorst—Pack mesh is used for the k-point sampling. The
structure with the lowest total energy is regarded as the ground

state structure. We replaced La; and Lag atoms by Eu atoms
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for the x = 0.25 lattice (Fig. 1), La,, Las, Lag, and La; atoms
for x = 0.5, and La,, Las, Lay, Lag, Lay, and Lag atoms for
x = 0.75, respectively. The replaced structure has the lowest

total energy.

Fig. 1. (color online) A 40-atom supercell of perovskite structure
LaGaOs. The green, blue, and red spheres represent La, Ga, and O
atoms, respectively. Eight different sites of La atoms and two O atoms
are marked with arabic numerals.

Table 1. Calculated structural parameters and total magnetic

3. Results and discussion

3.1. Structure relaxation

The calculated structural parameters for different com-
positions are given in Table 1. We optimize the unit cell
symmetry, lattice constants, and atomic coordinates simulta-
neously. The crystal structure of La;_,Eu,GaOs falls into the
space group Pbnm (x =0 and 1) or P21/m (x = 0.25, 0.5, and
0.75). We determine the space groups using the FINDSYM
program.?!! It is well known that the volume may be overesti-
mated for 2%-3% with the GGA method.[??! The cell volume
for LaGaOs is 243.67343 A, and EuGaOs is 232.36297 A (see
Table 1). The calculated lattice parameters and space group
in the two parent compounds LaGaO3; and EuGaOj; are in rea-

sonable agreement with experimental results.[23-27]

moments for La;_,Eu,GaO3 (x =0, 0.25, 0.5, 0.75, 1).

Composition x 0 0.25 0.5 0.75 1

Space group Pbnm(62) P21/m(11) P21/m(11) P21/m(11) Pbnm(62)
alA 5.58051 5.57158 5.53877 5.50303 5.42866
blA 5.56049 5.54833 5.54825 5.53730 5.52864
c/A 7.85274 7.85538 7.82058 7.76244 7.74205
VIA3 243.67343 242.83308 240.33018 236.5365 232.36297
d (Eu;-0;)/A 0 2.38908 2.37274 2.35423 2.34054

d (Las—05)/A 3.19008 3.18776 3.17279 3.15293 0
ur/(pp/fu.) 0 0 0 4.48400 5.97775

The cell volume, bond distances d(gy, —0,) and d(L.;—0,)
decrease linearly with the increasing Eu composition x, as
shown in Fig. 2. It can be understood by Vegard law?®! since
the ionic radius of Eu3™ (0.95 A) is smaller than that of La3*

(1.06 A).
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Fig. 2. The composition x dependence of calculated unit cell volume V/
in La;_,Eu,GaOs.

3.2. Electronic structure

The GGA calculation results show that the electronic
ground states of this system are insulators when x < 0.5, and
are half-metals for x > 0.5. The calculated total density of
states (TDOS) of La;_,Eu,GaO3 and partial Eu, Ga, O, and

La atomic projected DOS (PDOS) for different contents are
shown in Fig. 3. Band decomposed charge density plots are
shown in Fig. 4. The DOS under our considerations is limited
to an energy window of —9 eV to 8 eV, and we focus mainly
on the La 4f, Eu 4f, and O 2p orbitals because the value and
conduction bands of La;_,Eu,GaO3 do not derive from Ga
states.

LaGaOs is known as an insulator, which corresponds with
our DOS calculation (see Fig. 3(a)). The O 2p bands are sit-
uvated at —7.5 eV and —0.3 eV, and La 4f bands cross from
3.89 eV to 4.80 eV. The valence band is dominated by O 2p
7 orbitals and the conduction band is composed mainly by
hybrid La 4f orbitals, as shown in Figs. 4(a) and 4(b). The en-
ergy gap is around 4.19 eV in agreement with the theoretical
result.[?]

For x = 0.25 in La;_,Eu,GaOs (see Fig. 3(b)), the pri-
mary peaks of spin-up and spin-down of O 2p orbitals are situ-
ated from —6.5 eV to 0.21 eV. Eu 4f bands are from —1.32 eV
to 0.30 eV and from 3.82 eV to 4.55 eV, separately. As shown
in Figs. 4(c) and 4(d), the valence bands consist of O 2p
7 orbitals and Eu 4f 6 orbitals, and the conduction band is
composed chiefly of Eu 4f & orbitals, generating an insulator
ground state with energy gaps of 3.52 eV.
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For x = 0.5 (see Fig. 3(c) and Figs. 4(e) and 4(f)), the va-
lence band is dominated by O 2p orbitals and Eu 4f orbitals.
The conduction band is dominated by Eu 4f orbitals. There
is an energy gap of 3.35 eV between the valence band top
and conduction band bottom resulting in an insulating ground
state. Figures 3(b) and 3(c) both have symmetrical DOS be-
tween spin-up and spin-down bands since the ground states of
these compounds are AFM (see Table 2).

With further increasing of Eu concentration, the DOS of
the compounds change inevitably. For x = 0.75 (see Fig. 3(d)
and Fig. 4(g)), the spin-up valence bands crossing the Fermi
level are dominated by the admixture of Eu 4f, and O 2p states,
while the spin-down valence bands are mainly composed of
O 2p states below the Fermi level Eg. Therefore, the gen-

Fermi level

eral characteristics of the DOS for the x = 0.75 sample show
a half-metal FM ground state character. Occupied Eu 4f states
are considerably narrow and sharp, indicating that they are lo-
calized states.

Finally, our calculation results demonstrate that EuGaOs,
i.e., the compound x = 1 (see Fig. 3(e), has a half-metal FM
ground state. The O 2p bands cross the Fermi surface from
—6.5 eV to 0.46 eV, while the main peaks of spin-up Eu 4f
bands are located from 1.71 eV below to 0.46 eV and spin-
down at 3.7 eV, respectively. The spin-up bands of EuGaO3
straddle the Fermi level, while the spin-down are totally below
Fermi level, resulting in a half-metallic FM ground state. As
shown in Fig. 4(h), the bands near Fermi level are dominated
by O 2p states and Eu 4f states.
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Fig. 3. The total DOS and projected DOS of La;_,Eu,GaO3 (x =0, 0.25, 0.5, 0.75, 1). Fermi levels are black vertical lines in the figure.

(g) x=0.75

Fig. 4. (color online) Band decomposed charge density of (a) value band at x = 0, (b) conduction band at x = 0, (c) value band at
x = 0.25, (d) conduction band at x = 0.25, (e) value band at x = 0.5, (f) conduction band at x = 0.5, (g) bands near Fermi level at
x = 0.75, and (h) bands near Fermi level at x = 1. We show the bands near Fermi level at x = 0.75 and x = 1 because these materials

are half-metal according to the present results.
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In summary, DOS and PDOS of LaGaO3 are symmetric
between spin-up and spin-down bands as shown in Fig. 3(a),
and therefore the magnetic moment is zero. There is an en-
ergy gap of 4.19 eV for LaGaO3, which generates an insulat-
ing ground state. In Figs. 3(b) and 3(c), non-magnetic La ions
are substituted by localized magnetic Eu ions. DOS shows the
symmetrical behavior between spin-up and spin-down bands,
hence the compound corresponds to the AFM state. Since the
energy gaps exist, La;_,Eu,GaO3 (x = 0.25 and 0.5) show
insulating characteristics. As x increases further, an internal
magnetic field appears and increases gradually since the first
and second nearest neighbors are occupied more by magnetic
Eu ions. The internal magnetic field produces the exchange
split, which results in spin polarization. Spin-up bands cross
the Fermi level while spin-down are below (see Figs. 3(d) and
3(e)). As a result, La;_,Eu,GaO3 (x > 0.5) shows a half-
metallic FM ground state. As x increases, the substitution of
non-magnetic La>* ions by magnetic Eu’" ions drives the sys-

tem from the insulating state to the half-metallic state.

3.3. Magnetic properties

The total magnetic moments and atom moment for
La;_,Eu,GaOs are listed in Table 1 and Table 2, respectively.
LaGaOj3 has no magnetic moment. The magnetic structure of

Lag 75Eug25Ga0s3 is an AFM state where the moment of Eu;
is —6.304 g at the site whereas Eu; is 6.304 g (see Table 2).

The magnetic structure of LapsEugsGaOs is also an
AFM state where each moment for Eu ions is aligned antipar-
allel with the nearest-neighbor one. For Lag 25Eu75Ga03 and
EuGaOs3, the FM configuration has the lowest energy and is
assumed to be the ground state. The FM state of EuGaOs is
0.26 eV lower than the G-AFM state. We tested three types of
AFM structures of EuGaOs3 and found that the G-type AFM is
0.12 eV and 0.30 eV lower than the A-type and C-type AFM,
separately.

In the La-rich regime, La;_yEu,GaO3 (0 < x < 0.5) is
AFM so that the total magnetic moments (i) equal to 0.
As the Eu content keeps increasing, we find a rapid increas-
ing in ut. Lag,5Eug75Ga03 and EuGaOs have an FM struc-
ture. As localized Eu 4f electrons increase, the hybridization
of Eu (4f)-O (2p) is strengthened, which strengthens the ex-
change splitting, and increases the spin magnetization of the
system. The increase in the exchange splitting shows Eu dop-
ing strengthens the effect of the Stoner mechanism for ferro-
magnetism in La;_,Eu,GaO3 (x > 0.5), which may lead to a
rapid increasing in yt. So La;_yEu,GaO3 (x > 0) compounds
change from an AFM state to an FM state with x increasing.

Table 2. The atoms in the parentheses show the sites where La atoms were replaced. The third and last columns show the magnetic

moment at various inequivalent sites.

Composition x Site Magnetic moment/puB Composition x site Magnetic moment/uB
0 La

0.25 La; 0.75 La; 0

Eu; (Lap) -6.304 Eu; (Lap) 6.284

Las Eu, (La3z) 6.281

Lay 0 Euj (Lag) 6.302
Las 0 Las 0

Eu, (Lag) 6.304 Euy (Lag) 6.248

Lay 0 Eus (Lay) 6.281

Lag 0 Eug (Lag) 6.302

0.5 La, 0 1 Eu; (Lap) 6.272

Eu1 (Laz) 6.289 Euz (Lal) 6.272

Eu, (Laz) 6.299 Eujz (La3) 6.298

Lay 0 Euy (Lag) 6.298

Las 0 Eus (Las) 6.272

Eus (Lag) —6.289 Eug (Lag) 6.272

Euy (Lay) -6.299 Euy (La7) 6.298

Lag 0 Eug (Lag) 6.298

4. Conclusions

In short, we studied the electronic structure and magnetic
properties of the La;_Eu,GaO3; with x of 0, 0.25, 0.5, 0.75,
and 1 within the GGA scheme. The crystal structures of the
compounds have perovskite structures. The volumes over the

range of compounds (0 < x < 1) decrease with increasing x.

The calculations results demonstrate that La;_,Eu,GaOs3 is an
insulator ground state for the x = 0, 0.25 and 0.5 compounds
and a half-metallic ground state for the x > 0.5 regimes. The
magnetic structure for 0 < x < 0.5 is AFM. The magnetic
structure for x > 0.5 is found to be ferromagnetic. The sub-

stitution of non-magnetic La ions by magnetic Eu ions drives
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the system from AFM insulator to the FM half metal.
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