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a b s t r a c t

We have systematically assessed the influence of oxygen vacancy defects on the structural, electronic and
magnetic properties of La2/3Sr1/3MnO3 via first-principles calculations using the bare GGA as well as the
GGA þ U formalism. The on-site Coulombic repulsion parameter U for Mn 3d orbital in the latter has
been determined by the linear response theory. It is revealed that the introduction of the vacancy defects
causes prominent structural changes in the microenvironment of a defect including the distortions of
MnO6 octahedra. In contrast to the general notion, the GGA þ U formalism is found to yield significantly
more prominent structural changes than the bare GGA method. The octahedral distortion leads to a
strengthening or weakening of the hybridization between Mn 3d and O 2p orbitals depending upon an
increase or decrease, respectively, in the MneO distances as compared to the pristine system. The
magnetic moments of the Mn atoms located in three typical sites of the vacancy-containing supercell are
all larger than those in the pristine system. This enhancement for the Mn atoms located in the first- and
third-nearest neighboring MnO6 octahedra of the vacancy defect originates from the electron transfer
from 4s/3p to 3d orbitals. On the other hand, for the Mn atom located in the first-nearest neighboring site
of the vacancy it is attributed to the increased total number of electrons in 3d orbitals due to the absence
of one MneO bond. Furthermore, we have characterized the O-vacancy defect as a hole-type defect that
forms a negative charge center, attracting electrons.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The perovskite manganese oxides La1�xAxMnO3 (A ¼ Ca, Ba, Sr)
have attracted extensive research attention thanks to their special
electronic and magnetic properties as well as their potential ap-
plications [1e3]. Among this group of the materials, La1�xSrxMnO3
(LSMO) exhibits exotic properties such as colossal magnetoresis-
tance (CMR) and metal-insulator transition [4], which originate
from a delicate coupling between charge, spin, orbital and lattice
degrees of freedom. Heterostructures based on LSMO also possess
exciting physical properties such as a large magnetoresistivity in
LSMO sandwiched by carbon nanotubes [5], magnetoelectric effects
in LSMO/piezoelectric and LSMO/ferroelectric interfaces [6], and
proximity effects in ferromagnetic/superconducting
heterostructures [7]. The optimally doped La0.66A0.33MnO3 exhibits
half-metallic behavior and ferromagnetism, rendering it one of the
most technologically attractive classes of materials in the context of
spin injection, given the high Curie temperature and large spin
polarization at the Fermi level reaching nearly 100% below the
Curie ordering temperature. For example, La0.66A0.33MnO3 based
LSMO/SrTiO3/LSMO magnetic tunneling junctions were found to
exhibit a tunnel magnetoresistance ratio larger than 1800% [8].

Oxygen vacancy defects are believed to play an important role in
giving rise to the unique properties of perovskite manganese ox-
ides. In an important work, a two-dimensional electron gas has
been found at the interface between SrTiO3 and LaAlO3 and the
origin of the charge in heterostructures comprised of these two
materials is attributed to the oxygen vacancies [9,10]. It is also
found recently that oxygen vacancy defects can be rather easily
formed on the (001) surface of NdAlO3, resulting in surface
reconstruction and the formation of a zigzag -AleOeAl- chain,
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which quenches the built-in potential and significantly enhances
the carrier density [11]. Picozzi et al. reported that the oxygen va-
cancies cause prominent changes in the electronic and magnetic
structures of La0.66Sr0.33MnO3 [12]. While it was found that the
valence band features shift toward higher binding energies and the
degree of covalency of Mn bonding increases, it should be noted
that their results focusing on the unrelaxed structure do not take
into account the tilting of MnO6 octahedra. From the crystallo-
graphic perspective, the MnO6 octahedra are important features of
the perovskite manganese oxides, and the existence of an oxygen
vacancy in an octahedron may lead to a change in its structure via
correlated deformation and rotation of neighboring octahedra.
Such vacancy induced structural changes in MnO6 octahedra may
play an important role in influencing the electronic and magnetic
properties, yet, have not been studied previously to the best of our
knowledge. As a result, there exists a pressing need to address the
issue of the influence of oxygen vacancies on the properties of
LSMO.

In this study, we have carried out the density functional theory
(DFT) -based first-principles calculations by using the generalized
gradient approximation (GGA) formalism as well as its modified
form GGA þ U to investigate the oxygen vacancy induced changes
in the structural, electronic and magnetic properties of La2/3Sr1/
3MnO3. In addition, the formation energy of an oxygen vacancy
with different charge states is calculated, leading to assessment of
their stability as well. The rest of the paper is organized as follows.
Section 2 presents computational and theoretical details. In Section
3, results obtained on structural, electronic and magnetic proper-
ties of oxygen vacancy-containing LSMO systems as well as a
comparison with the pristine system are presented and discussed
in detail. Conclusions are drawn in the final Section 4.
2. Computational and theoretical details

To investigate the properties of LSMO, we employ a perovskite
unit cell La2/3Sr1/3MnO3 with lattice parameters a¼ b¼ c¼ 3.876 Å
[13,14]. In order to avoid interactions between the defects, we
choose a sufficiently large 3 � 3 � 4 supercell, which contains 180
atoms. The choice of 4 unit cells along the c axis is dictated by the
requirement of setting the antiferromagnetic ordering. An oxygen
vacancy is introduced by removing the O atom located at the center
of the supercell. In our simulations, therefore, the concentration of
oxygen vacancies is about 0.9%. We consider three supercells with
Fig. 1. Three configurations of 3 � 3 � 4 supercell forLa0.66Sr0.33MnO3 containing one
oxygen vacancy at the center denoted by a hollow circle. The number of Sr atoms
(green spheres) as first-nearest neighbors of the vacancy in the ab-plane is (a) zero (b)
two and (c) three. The blue, pink and red spheres correspond to La, Mn and O atoms,
respectively. Mn Atoms labeled as 1 (Mn1) and 2 (Mn2) reside in the first-nearest
neighboring and the third-nearest neighboring MnO6 octahedron of the vacancy,
respectively, while 3 (Mn3) is a first-nearest neighbor of the vacancy. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
different Sr substitutional sites as shown in Fig. 1. The number of Sr
atoms located at the first nearest neighbor sites of the vacancy
defect in the ab-plane is zero in Fig. 1(a), two in Fig. 1(b) and four in
Fig. 1(c). The most energetically favorable configuration is then
determined via the calculation of the total energy, and used for all
the subsequent calculations. In addition, we calculate the total
energy of LSMO in three different magnetic ordering states, i.e. A-
type antiferromagnetic, G-type antiferromagnetic and ferromag-
netic ordering, to determine the most stable configuration. The
initial structure is then subjected to geometry optimization during
which the lattice parameters and symmetry of supercell are con-
strained, and atomic positions are relaxed until the forces are
quenched to the desired convergence criterion.

It is well known that first-principles calculations based on DFT
for the strongly correlated systems such as LSMO, need to adopt
formalisms going beyond the bare local density approximation
(LDA) or GGA formalisms. Such formalisms include GGA (LDA) þ U
(U is the on-site Coulombic repulsion potential), GW and hybrid
functionals, which yield band gaps in a better agreement with the
experimental values [15,16]]. The GGA þ U approach is useful in
treating systems containing transition metals in a much more
computationally efficient manner than the GW and hybrid func-
tionals approaches. Our first-principles calculations are carried out
by using both the standard GGA and the GGAþU energy functional,
in the latter of which, the value of U for Mn d electrons is calculated
with the linear response theory. All the calculations in this work are
carried out with the Vienna ab initio simulation package (VASP)
[17,18]. The coreeelectron interactions are modeled by the
projector-augmented wave potentials [19] and the Per-
deweBurkeeErnzerhof-correlation functional is adopted [20,21].
We have adopted the valence electrons configuration as
5s25p65d16s2 for La, 3s23p64s2 for Sr,3d64s1 for Mn and 2s22p4 for O
atoms, respectively. In performing energy minimization and sub-
sequent electronic properties calculations, the plane-wave cutoff
energy was chosen as 400 eV, and the Brillouin zone was sampled
by using 5 � 5 � 3 Gamma centered Monkhorst-Pack k-points grid.
The convergence criterion for energy and force was set to 10�5 eV
per unit cell and 0.01 eV/Å, respectively.

Within the GGA þ U formalism, the value of the on-site
Coulombic repulsion parameter U depends upon which com-
pound the transition metal is a constituent of. For example,
U ¼ 3 eV was employed in modeling the magnetic properties of
La0.625Sr0.375MnO3 under high pressure [22], whereas for LaMnO3
the value of U was chosen to be 4 eV [23]. Previous studies based on
first-principles calculations using GGA (LDA) þ U approach for
perovskites containing Mn provide no consensus on the appro-
priate value of U. The Hubbard parameter U can, in fact, be calcu-
lated by the linear response theory (LRT) proposed by Cococcioni
and Gironcoli et al. [24], who have demonstrated the accuracy of
this method by computing structural and electronic properties of
various systems including transition metals, rare-earth correlated
metals and transition metal monoxides. We have thus calculated
the effective on-site Coulomb repulsion parameter Ueff for La2/3Sr1/
3MnO3 by using the LRT that is internally consistent with the
chosen definition for the occupation matrix of the relevant local-
ized orbitals [24,25]. According to the LRT, the effective interaction
parameter Ueff associated to site I can be written as

Ueff ¼
�
c�1
0 � c�1

�
II
; (1)

where c�1 and c�1
0 are the interacting and noninteracting

KohneSham density response functions of the system, respectively.
They can be calculated by vnI=vaI and vnI=vaKSI , respectively, where
nI is the atomic orbital occupation for the atom I, and aI (aKSI ) denote
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the interacting (noninteracting) KohneSham localized perturba-
tion potential. Using this method, we have calculated the response
function of Mn and the resulting plot of d orbital occupation versus
a is shown in Fig. 2. By changing the rigid potential shifts a, we
obtain the bare and self-consistent occupation regression response
functions. The interacting c�1 and the Kohn textminus Sham c�1

0
inverse matrices are the slopes of bare and self-consistent regres-
sion response functions, respectively. The resulting value of the
Hubbard parameter U for Mn atom calculated from eq. (1) is 5.9 eV.
The reliability of this calculated value of U can be further exem-
plified by noting that it is close to the value employed in our pre-
vious first-principles calculations (U ¼ 6.0 eV) which yielded
electronic structure results consistent with the X-ray absorption
spectroscopic data [26].

The relative stability of defective LSMO with various charge
states is determined by the formation energy. The formation energy
of an oxygen vacancy in LSMO can be calculated from the total
energy of the supercell using the Zhang-Northrup formalism [27].
According to this standard formalism, the formation energy of an
oxygen vacancy with a charge state q (Ef(OV,q)) is dependent on
atomic and electronic chemical potentials, and is given by

Ef ðOV;qÞ ¼ ET ðOV;qÞ � EidealT þ EðOÞ þ mO þ qme (2)

where ET(OV,q) (EidealT ) is the total energy of the supercells with
(without) oxygen vacancy and E(O) denotes the energy of an oxy-
gen atom taken to be equal to half of that of an oxygen molecule
EðO2Þ[28]. The chemical potential of an oxygen atom is denoted by
mO and we set mO ¼ 0 in this work, which corresponds to the typical
experimental condition of extreme O-rich limit. me is the chemical
potential of electron, i.e. the Fermi level. Two energy corrections are
generally needed to take into account the interactions between the
charged defect and the compensating background as well as its
periodic images. One is the correction of valence band maximum
considering that its value is different for supercell with andwithout
a defect, owing to the defect-induced distortion of the band
structure near the band edges [29e31]. In this paper, we apply this
correction to Fermi level me, the value of which is referenced to the
valence band maximum. We first assume the potentials in the
pristine system to be similar to those in the defective system at a far
enough distance from a defect. We determined the average po-
tential of the most distant plane from the defect in the defect-
containing supercell (Pdefectav ) and the average potential of the
Fig. 2. Linear response of d orbital occupations to the change of potential shift a. The
red and blue lines represent the Kohn-Sham and the noninteracting inverse density
response functions, respectively. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
corresponding plane in the pristine system (Pperfectav ). The difference
in the two averaged potentials can then be used to correct me as
follows

m
0
e ¼ me þ Pdefectav � Pidealav (3)

The second necessary correction term is known as the Makov-
Payne (M�P) correction, q2a=2εL, where ε is the static dielectric
constant, L is the linear dimension of the supercell, and a is the
Madelung constant [32]. This term describes the electrostatic en-
ergy of the point charge array in a uniform background in the
presence of a screening medium described by the static dielectric
constant [33]. For simplicity, we employ the value of Madelung
constant as 2.8373, which corresponds to a simple cubic lattice [33].
3. Results and discussions

3.1. Structural comparison between vacancy-containing and ideal
LSMO systems

First, we have carried out geometry optimization on the three
supercell configurations shown in Fig. 1 using the GGA þ U
formalism, followed by calculations of their total energies. The
calculated energy difference da�b between cases (a) and (b) in Fig. 1
is�0.19 eV, and the energy difference da�c between cases (a) and (c)
in Fig. 1 is�0.20 eV. Therefore, the structure shown in Fig. 1(a) with
no Sr atoms present at the first-nearest neighbor sites of vacancy in
the ab-plane, is the most stable among the three cases. We chose
the ferromagnetic ordering as the base of our calculations for the
defective system since measurements based on X-ray absorption
spectra and X-ray magnetic circular dichroism experiments [14],
together with a theoretical phase diagram put forth by Fanget al.
[34], have shown that the LSMO with the current set of lattice
parameters exhibits ferromagnetic ordering.

It is generally believed that the inclusion of a Hubbard-like
contribution to the Mn d states yields prominent changes in the
electronic and magnetic properties but exerts insignificant influ-
ence on the structural properties as compared to bare DFT ap-
proaches [35]. In order to assess the influence of Hubbard U on the
resultant optimized structure, we have carried out geometry opti-
mization on the aforementioned configuration using both the
GGAþU and the GGA formalisms. The profiles of the corresponding
relaxed supercells in the bc-plane as well as the profile of the ideal
system as a reference are depicted in Fig. 3. It can be readily
observed that all the MnO6 octahedra show various degrees of
rotation with respect to the c-axis and the ab-plane. More impor-
tantly, the GGA þ U formalism results in a larger angle of rotation
than the GGA formalism. For example, the maximum angle of
rotation with respect to the c-axis is 8.9� and 11.5� for the GGA and
the GGA þUmethod, respectively. The MneOeMn bond angles get
reduced, due to such rotation of the octahedra, to as low as 162.3�

with the GGA method and 157.1� for the GGA þ U method. The
MnO6 rotation in the ab-plane is 13.6� for GGAþU and 5.5� for GGA
formalism, respectively, which are not shown in this Figure. It thus
becomes apparent that the GGA þ U approach leads to a stronger
modification in structural parameters.

Various structural parameters characterizing the relaxed sys-
tems are listed in Table 1. We first focus on the local structure
surrounding the oxygen vacancy. The oxygen vacancy has two Mn
atoms as the first-nearest neighbors, four La atoms as the second-
nearest neighbors, and eight O atoms as the third-nearest neigh-
bors. Compared with the ideal system, the two Mn atoms in the
vacancy system move closer to each other by about 0.14 Å (0.11 Å)
with the GGA þ U (GGA) method. Similarly, the third-nearest
neighboring oxygen atoms exhibit a tendency of moving closer



Fig. 3. The profile of the LSMO supercell in the bc-plane after structural relaxation
with the (a) GGA formalism and (b) GGA þ U formalism showing MnO6 octahedral
rotation. (c) the profile of ideal system as a reference. The upper and lower oblique
lines point towards the maximum angle of rotation with respect to the c axis and the
minimum MneOeMn bond angle, respectively. The solid black line is added as visual
aid to indicate the vertical direction. A and B label the first- and third-nearest neighbor
MnO6 octahedron of the oxygen vacancy, respectively.
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toward the oxygen vacancy through a distance of nearly 0.56 Å
(0.55 Å) with the GGA þ U (GGA) method. However, the second-
nearest neighboring La atoms move away from each other by
nearly 0.21 Å and 0.18 Å for the GGA þ U and the GGA method,
respectively. The modifications in micro-environment of the oxy-
gen vacancy are attributed to the rotation and deformation of MnO6
octahedra and this modification is stronger for GGA þ U than GGA
results due to the more prominent octahedral modifications in the
prior.

The oxygen-vacancy shortening of the MneMn distance
observed here is similar to the case of SrTiO3, in which reduced
TieTi distancewas found after the relaxation of vacancy-containing
system using the HSE method [9]. In order to characterize the
deformation of MnO6 octahedra, we have listed in Table 1 the OeO
Table 1
Comparison of the structural parameters between the relaxed vacancy-containing superce
atoms diametrically opposite to the oxygen vacancy. NN denotes nearest neighbors. For th
(B).

Atomeatom distance (Å) First NN (2 M

Ideal 3.876
Vacancy (GGA) 3.764
Vacancy (GGA þ U) 3.741

MneOeMn bond angle (�) a-axis

Ideal 180.0�

Vacancy (GGA) 163.3�

Vacancy (GGA þ U) 157.3�

OeO distance in MnO6 octahedron A (B) (Å) a-axis

Ideal 3.876
Vacancy (GGA) 3.965 (3.892)
Vacancy (GGA þ U) 4.003 (3.893)
Maximum angle of rotation with respect to c-axis 8.9� (GGA)
distances in the octahedron A and B (c.f. Fig. 3) which is the first-
nearest neighbor and third-nearest neighbor of the oxygen va-
cancy in bc-plane, respectively. For the octahedron B, the OeO
distances slightly increase along all the three axes as compared to
the ideal system, except for its value along the c-axis given by the
GGA method which remains nearly the same. For octahedron A, on
the other hand, the OeO distances along the a- and c-axes increase
while those along b-axis show slight decrease. In summary, the
GGAþU approach leads to more prominent changes in interatomic
distances.
3.2. Electronic structure changes induced by the inclusion of
Hubbard U

The introduction of Hubbard parameter U in the GGA þ U
method yields structural changes in the defect-containing LSMO
system as compared to the ideal system which are appreciably
different than those obtained with the GGA method. Unsurpris-
ingly, therefore, the electronic structure calculated by the two
methods can also be expected to show important differences. In
order to explore such differences, especially in the Mn 3d orbital
electronic structure, we have plotted the density of states (DOS) of
eg and t2g orbitals for Mn1(located in MnO6 octahedron A) and Mn3

(located at the first-nearest neighbor site of oxygen vacancy) in
Fig. 4. The introduction of Hubbard U can be readily seen to give rise
to a prominent change in the 3d orbitals electronic structures in
both Mn1 and Mn3. The GGA þ U DOS of eg orbital does not exhibit
any marked changes in the features as compared to the GGA DOS,
especially in the low energy region. However, the DOS for the t2g
orbital by GGA þ U method shows localized splitting of majority
and minority spin peaks that lie farther apart from the Fermi level
due to the strong Coulomb repulsion. For Mn1, the exchange
splitting of t2g is about 2.84 eVwith GGA, but 6.25 eVwith GGAþU.
Similarly, for Mn3, its value increases from about 3.05 eV with GGA
to about 5.94 eV with GGA þ U. Therefore, the correlation between
lattice and orbital has been magnified by including the on-site
Coulombic repulsion parameter U for Mn 3d orbital, and this is
just the reason why GGA þ U leads to more prominent change of
lattice structure which is different from the ideal system compared
with GGA.

The calculated total DOS for LSMO is plotted in Fig. 5. The results
obtained with the bare GGA method point to a behavior very close
to, but not the true half-metallicity considering that the Fermi level
exhibits a marginal shift into the conduction band of the minority
spin states. The GGA þ U derived results, on the other hand, clearly
exhibit a gap in the minority spin states leading to a 100% spin
ll and the ideal supercell of the same size. The interatomic distances correspond two
e OeO distances, the values outside (inside) the bracket correspond to octahedron A

n) Second NN (4 La) Third NN (8 O)

5.481 5.481
5.660 4.932
5.690 4.923

b-axis c-axis

180.0� 180.0�

166.1� 162.3�

161.3� 157.1�

b-axis c-axis

3.876 3.876
3.827 (3.893) 3.888 (3.875)
3.839 (3.903) 3.915 (3.883)
11.5� (GGA þ U)



Fig. 4. The calculated 3d orbital DOS calculated with the GGA and GGA þ U methods
for Mn1 (top panel) and Mn3 (bottom panel) that are located in octahedron A and B,
respectively. The eg DOS is shown in (a) for Mn1 and (c) for Mn3. The t2g DOS is shown
in (b) for Mn1 and (d) for Mn3.

Table 2
The calculated formation energy (Ef(OV,q)(eV)) of oxygen vacancy in charge states
q ¼ �2, �1, þ2, þ1 as well as neutral state q ¼ 0.

Charge state q ¼ �1 q ¼ �2 q ¼ 0 q ¼ þ1 q ¼ þ2

Ef(OV,q)(eV) �5.86 �11.34 0.04 6.35 13.07
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polarization of electrons at the Fermi level. Furthermore, calcula-
tions show that the total magnetic moment is 127.4mB with the GGA
method and 132.0 mB with the Hubbard-correction. The integer
value obtained with the latter also points towards the true half-
metallicity and is in agreement with the nearly 100% spin polari-
zation observed experimentally in this system [36]. These results
establish the accuracy and reliability of the results obtained with
the GGAþU formalism for the defect-containing LSMO system, and
we thus chose this method for the further detailed analysis pre-
sented in this paper.
3.3. Formation energy of the oxygen vacancy with different charge
states in LSMO

We have calculated the formation energy of the oxygen vacancy
in LSMO at different charge states q ¼ 1, �2, þ1 and þ 2 as well as
the neutral state q¼ 0. As shown in Table 2, the systemwith q¼�2
has the lowest vacancy-formation energy, indicating it to be the
most stable among the different charge states. It can be noted that
the formation energy of the defect in neutral state is relatively small
at 0.04 eV. Such oxygen vacancy defect can thus easily form in
Fig. 5. The total DOS for the vacancy-containing LSMO supercells using GGA (blue
curve) and GGA þ U (red curve) formalisms. The vertical dotted line denotes the Fermi
level. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
LSMO under O-rich conditions. The negative formation energies for
q ¼ �1 and q ¼ �2 imply that they can be spontaneously formed
under O-rich conditions. The lowest formation energy is found for
q¼�2 indicating that the oxygen vacancy is a hole-type defect that
tends to attract electrons. In order to examine this feature further,
we have calculated the difference between the electron density in
the system in q ¼ �2 and in the neutral state q ¼ 0. The resulting
contour plot shown in Fig. 6 gives a clear picture of the electron
density distribution of the net�2 charge. The oxygen vacancy at the
center is surrounded by six red regions which represent the elec-
tron density concentration, indicating that it leads to a local
negative charge concentration. This charge character of the oxygen
vacancy may be expected to exert appreciable influence on the
conductivity of this material.

3.4. Comparison of DOS in the oxygen-vacancy-containing and
ideal LSMO

The calculated total DOS of LSMO in both the oxygen-vacancy-
containing and the ideal system are depicted in Fig. 7. The results
readily show that in both the ideal as well as defective systems, the
characteristics of minority spin states correspond to those of an
insulator or a semiconductor, whereas the majority spin states
exhibit metallic characteristics. This indicates the half-metallic
nature in this material resulting from the 100% spin polarization
at the Fermi level. The half-metallicity of ideal LSMO system has
been characterized in previous magnetotransport measurement
[8,37] and also supported by theoretical studies [35]. Our results,
importantly demonstrate that such half-metallic behavior is pre-
served in LSMO even in the presence of oxygen vacancy defects. In
addition, the shape of the DOS in the vacancy-containing system is
very similar to that in the ideal system.

For a deeper insight to the electronic structure, we have also
calculated the partial DOS at different typical sites for Mn and O
atoms. The octahedra A and B as shown in Fig. 3 correspond to the
first-nearest neighbor and the third-nearest neighbor of the oxygen
vacancy, respectively. As shown in Fig. 8, an O atom bonded to Mn
atom in the ab-plane is denoted by O1, whereas that bonded along
the c-axis is denoted by O2. In fact, there are two equivalent O1
Fig. 6. Difference in the electron density between systems with the vacancy (black
circle) in charge state q ¼ �2 and q ¼ 0. The electron density ranges from �0.04 e/Å3 to
0.08 e/Å3.



Fig. 7. The calculated total DOS of vacancy-containing and ideal LSMO. The vertical
dotted line denotes the Fermi level.

Fig. 9. The calculated orbital DOS for Mn, O1 along y direction and O2 atoms from the
MnO6 octahedron A for vacancy-containing (right panel) and ideal (left panel) LSMO.
(a)e(c) correspond to Mn1 3d orbitals, O1 2p orbitals and O2 2p orbitals of the ideal
LSMO. (d)e(f) correspond similarly to vacancy-containing system.
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atoms in ab-plane along the x and y directions, respectively. Fig. 9
presents the orbital DOS for Mn and O atoms of octahedron A for
the ideal system and the vacancy-containing system. For the ideal
as well as the defective system, the DOS corresponding to two eg
orbitals 3d3z2�r2 and 3dx2�y2 , occupy the high energy regime
whereas the t2g DOS occupies the low energy regime, consistent
with the general characteristics of electronic structure of LSMO
[38]. Moreover, it can be inferred that O1 and O2 hybridizewithMn1
3d orbital by the ligand orbital 2py and 2pz, respectively, as the
finite DOS at the Fermi level appears only for these ligand orbitals.
The Fermi level in the vacancy-containing system can also be noted
to exhibit a shift toward the high energy regime as compared to
that in the ideal system.

The calculated orbital DOS of Mn2 and Mn3 as well as the cor-
responding O1 and O2 are shown in Fig. 10 and Fig. 11, respectively.
Similar to that noted for Mn1 DOS, the Fermi level is found to shift
to high energy regime for both of the partial DOS of all the atoms
considered here. Such a Fermi level displacement may lead to an
enhancement of the atomic magnetic moment of the three Mn
atoms due to the lack of DOS for the minority spin states around the
Fermi level, which will be discussed in further detail in the next
subsection. In addition, one can note that the vacancy induced
structural changes in MnO6 octahedron result in a corresponding
change in the ligand orbital DOS of oxygen atoms. In the results
shown in Fig. 9 for octahedron A, as a result of Fermi level shift, the
2py DOS of O1 and the 2pz DOS of O2 at the Fermi level show a slight
enhancement and reduction, respectively, when compared with
Fig. 8. Schematic of an MnO6 octahedron denoting O1 that bonds to the Mn atom in
ab-plane and O2 that bonds in c direction.
the ideal system. This effect originates from the variations in the
MneO distances discussed previously. The reduction of MneO
distance along the b-axis leads to a stronger hybridization between
theMn 3d orbital and the O 2p orbital, leading to enhanced 2py DOS
of O1. The elongation of MneO separation along the c-axis, on the
other hand, results in a weaker hybridization between Mn 3d
orbital and O 2p orbital. For octahedron B, as the MneO distance
has increased for the a- and c-axis both, the 2px DOS of O1 and 2pz
DOS of O2 at the Fermi level are both suppressed, indicating
weakening of the hybridization between Mn 3d orbital and O 2p
orbital. The case of Mn3 is special as it is located in an octahedron
containing the oxygen vacancy, which leads to a missing MneO
bond along the c-axis. Compared to the MneO bond length of
1.938 Å in both the a- and c-axes in the ideal system, Mn3 in the
defective system is separated from O atoms by 1.933 Å and 2.048 Å
along the a- and c-axis (not shown in Table 1), respectively.
Fig. 10. The calculated orbital DOS for (a) Mn2 � 3d3z2�r2 and Mn2 � 3dx2�y2 , (b)
O1(x � direction) � 2p, and (c) O2 � 2p for ideal system; and (d) Mn2 � 3d3z2�r2 and
Mn2 � 3dx2�y2 , (e) O1(x � direction) � 2p, and (f) O2 � 2p for vacancy system.



Fig. 11. The calculated orbital DOS for (a) Mn3 � 3d3z2�r2 and Mn3 � 3dx2�y2 , (b)
O1(x � direction) � 2p, and (c) O2 � 2p for ideal system; and (d) Mn3 � 3d3z2�r2 and
Mn3 � 3dx2�y2 , (e) O1(x � direction) � 2p, and (f) O2 � 2p for vacancy system.

Fig. 12. The calculated bonding electron density in the bc-plane with the oxygen va-
cancy (black circle) is at the center. The site of Mn3 which is the first-nearest neighbor
of vacancy is also denoted. The maximum and minimum value plotted is 0.3040 e/Å3

and �0.5300 e/Å3, respectively, with a contour step size of 0.0834 e/Å3.
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Considering little deviation in the bond length along the a-axis and
a slight increase along the c-axis, 2px DOS of O1 at the Fermi level is
nearly unmodified but the 2pz DOS of O2 at the Fermi level shows a
decrease. This suppression of the 2pz DOS of O2 at the Fermi level
may thus be attributed to the significant weakening of the hy-
bridization between Mn 3d and O 2p orbitals due to one missing
bond.

To explore detailed characteristics of MneO bonding, we
investigate the bonding electron density in the bc-plane with the
oxygen vacancy located at the center. The bonding electron density
is defined as the difference between the total electron density in a
solid and the superposition of neutral atomic electron densities at
the same atomic sites. It thus represents the net electron redistri-
bution as atoms are brought together to form the crystal. The
positive and negative values in such plots represent gain and loss of
electrons, respectively. The bonding electron density plotted in
Fig. 12 shows an accumulation of electrons around the O atoms and
loss aroundMn atoms, pointing to the ionic properties of theMneO
bonds. In addition, the distribution of the electron density at all the
Mn and O sites exhibits in-planar rotation in accordance with the
structural distortion ofMnO6 octahedra. It can be further found that
the two Mn3 atoms residing at the first-nearest neighbor sites of
the oxygen vacancy exhibit different contour profiles than those in
other sites. The electron density distribution recedes along the c-
axis and extends along the b-axis. This remarkable change in the
electron density distribution for Mn3 atoms indicates that the
MneO bonding weakens in the c-direction, but at the same time,
gets strengthened in the ab-plane due to the introduction of the
oxygen vacancy.
Table 3
The calculated atomic moment, total valence electron number (VEN) and valence
electron configuration (‘4s/3p/3d’) corresponding to the Bader charge analysis of
Mn1, Mn2 and Mn3 for defective and ideal systems. Total moments of 3 � 3 � 4
supercell for vacancy and ideal systems are also listed for comparison.

Atom Moment (mB) VEN 4s/3p/3d

Ideal Vacancy Ideal Vacancy Ideal Vacancy

Mn1 3.96 4.02 5.06 5.06 0.26/0.47/4.33 0.26/0.39/4.41
Mn2 3.83 3.91 5.02 5.02 0.31/0.45/4.26 0.27/0.40/4.35
Mn3 3.96 4.04 5.10 5.17 0.25/0.44/4.41 0.28/0.41/4.49
Total 130 132
3.5. Comparison of magnetic properties of the vacancy-containing
and ideal systems

The calculatedmagneticmoment, total valence electron number
(VEN) and valence electron configuration of Mn1, Mn2 and Mn3 are
presented in Table 3. The moments of La, Sr and O atoms have not
been listed as their contribution to the total magnetism is negli-
gible. The total magnetic moment of the 3 � 3 � 4 supercell is an
integer number, and is found to be 130 mB for the ideal system and
132 mB for the vacancy system. It points towards the half-metallicity
of this material which is in agreement with the characteristics of
the total DOS as discussed before. The enhancement in the total
magnetic moment by introduction of the vacancy defect originates
from the enhanced magnetic moments of Mn. In the perfect
supercell, the magnetic moments of Mn1 and Mn3, which are
located in LaeO surroundings are identical at 3.96mB, while that of
Mn2 located in LaeSreO surroundings has a relatively smaller value
of 3.83 mB. These results are in agreement with the fact that the
magnetic moment of Mn in LaMnO3 is smaller that in SrMnO3 [35].
Furthermore, these calculated values are larger than those (3.2 ~
3.6 mB) reported in earlier theoretical studies, which adopt a value
of the Hubbard U in a range from 0 to 3 [12,35], much smaller than
that used in this work. It is known that the an increase in U value
leads to a corresponding increase in the magnetic moment [12].
More importantly, our results are in a superior agreement with the
experimentally measured value of ~ 3.7mB for LSMO grown on
SrTiO3 [35].

With the introduction of the vacancy defect, the magnetic mo-
ments of the three Mn atoms are enhanced by (0.06mB for Mn1,
0.08 mB for Mn2 and 0.08 mB for Mn3). To understand the electronic
origin of the modulation of magnetism, we have calculated the
valence electron configuration using the Bader charge analysis
[39,40] for both the defective and the ideal systems, the results of
which are shown in Table 3. The total VENs are found to be identical
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between the systems with and without the defect, for Mn1 (5.06)
and Mn2 (5.02). However, the VEN in Mn3 of the defective system is
greater than that in the ideal system by 0.07. This increase in the
total VEN for vacancy-containing system can be is directly related
to the vacant oxygen site. Comparing the valance electron config-
uration of the defective system with the ideal system shows that
the excess 0.08 electrons in the 3d orbital of Mn1 come from the 3p
orbital, whereas the excess of 0.09 electrons in the 3d orbital of Mn2
come from both the 4s and 3p orbitals. Accordingly, such electron
transfer leads to an enhancement of the magnetic moment since
the five 3d orbitals tend to accommodate five electrons with par-
allel spins according to the Hund's Rule. Unlike Mn1 and Mn2, the
increase of 0.08 3d electrons in Mn3 is ascribed to the increased
VEN rather than a transfer from the 3p orbital. Through a system-
atic analysis, we have thus resolved the correlations between the
changes in the magnetic properties and the structure induced
modification of bonding properties upon introduction of oxygen
vacancy defects in LSMO.

4. Conclusions

In summary, we have elucidated the influence of oxygen va-
cancies on the structural, electronic and magnetic properties of La2/
3Sr1/3MnO3 by using the first-principles calculations with the
Hubbard-corrected GGA þ U formalism. The crucial parameter U
representing the on-site Coulombic repulsion potential has been
calculated to be 5.9 eV for Mn 3d orbital by employing the linear
response theory. In the optimized geometry of the supercell of the
vacancy-containing system, rotation as well as deformation of
MnO6 octahedra has been identified and such structural changes
have been found to be more prominent with the GGA þ U
formalism than the bare GGA formalism. The oxygen vacancy alters
its microenvironment such that its the first-nearest neighboring
Mn atoms and the third-nearest neighboring O atoms move closer
to each other, while the second-nearest neighboring La atomsmove
apart from each other when compared with the ideal system. Via
calculation of the orbital DOS of Mn and O atoms occupying three
typical sites in the supercell, we find that the distortions of MnO6
octahedra exert a direct effect on the corresponding hybridization
between the Mn 3d and the O 2p orbitals. While for Mn1 located in
MnO6 A, the 3d orbital hybridizationwith 2py orbital of O1 becomes
stronger due to the reduced MneO bond length, that with the 2pz
orbital of O2 weakens in accordance with the higher MneO sepa-
ration. For Mn2 located in MnO6 B, the 3d orbital hybridizationwith
both the 2px orbital of O1 and the 2pz orbital of O2 weakens owing
to MneO elongation along the a- and c-axes. The Mn atom (Mn3)
located at the first-nearest neighboring site of the defect also shows
weakened hybridization between the Mn 3d and the 2pz of O2
orbitals.

It is further revealed that the magnetic moments of Mn1, Mn2
and Mn3 show significant enhancement upon the introduction of
the vacancy defect which originates in the increased number of
valence electrons in the 3d orbitals as compared to those in the
ideal system. Mn1 and Mn2 show a charge transfer from 4s and 3p
to 3d while conserving the total number of valence electrons. On
the other hand, Mn3 also shows an increased total number of
valence electron number owing to the loss of one bond with oxy-
gen. Finally, calculations of the formation energy of an oxygen va-
cancy with different charge states, reveal rather small values
suggestive of easy formation of the defective system under O-rich
conditions. In addition, the oxygen vacancy in state q ¼ �1 and
q ¼ �2 can be spontaneously formed owing to the negative for-
mation energies. The lower formation energy of q ¼ �2 compared
with q ¼ �1 indicates that the vacancy has the attributes of a hole-
type defect showing a tendency to form a negative charge center.
Our work thus sheds light on the strong influence exerted by ox-
ygen vacancies on the structural properties of LSMO, which in turn
govern its electronic and magnetic properties.
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