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Mixed-valence manganites gain increasing attentions thanks to their extraor-
dinary properties including half-metallicity and colossal magnetoresistive
response, rendering them ideal candidate for oxide spintronics applications.
Oxygen vacancies in oxides have been approved to be important functional
defects and are effective to manipulating their multifunctional properties. To
gain a deep insight into the roles of oxygen vacancies on regulating the atomic
structure and electronic properties of the mixed-valence manganites, two
high-quality epitaxial La,;3Sr,;3MnO; films around a critical point (without/
with oxygen vacancies) were designed and fabricated. From the experiments
and theoretical calculations, it was found that the oxygen vacancies induce a
weakening of Mn—O-Mn hybridized bond and an increase of concentration of
Mn3* ions, impair the double exchange between Mn3* and Mn**, and there-
fore lead to the transition from metal to insulator and the degraded magnetic
properties. Our finding demonstrates a practical approach to tune the mag-
netic and transport properties of oxide thin films by precisely controlling the
oxygen vacancies for high performance spintronics applications.

1. Introduction

magnetic, orbital, and structural degrees
of freedom to deliver exotic magnetic
and electronic phases that coexist. Desir-
able tunable properties, such as colossal
magnetoresistance and half-metallicity of
La;_,Sr,MnOs3, a prototype of the family
of Re;_,A,MnO;,, are promising for multi-
functional devices, such as solid oxide fuel
cells, all-oxide spin FETs, magnetic tunnel
junctions, and multiferroic memory.[10-12
However, oxygen vacancies will be readily
induced in perovskite oxide thin films
during deposition and will play a crucial
role on regulating the electronic and mag-
netic properties of perovskite oxide thin
films.3! The effects of the oxygen vacan-
cies on the properties of the oxide films
have two aspects. On one hand, oxygen
vacancies can bring out novel phenomena
and various possibilities for multifunc-
tional device applications,*'7! in which
oxygen vacancies can move through the

films and modify the structural properties around them. The

Mixed-valence manganites, Re;_, A MnO; (where Re = rare
earth, A = alkaline earth), gain increasing significance due
to their fantastic rich properties as well as potential applica-
tions in oxide spintronics devices.'™) This variety of attractive
properties arises from a delicate interaction between charge,

effects of the oxygen vacancies have not been clear yet. On the
other hand, oxygen vacancies induce the degraded ferromag-
netism and transport properties in mixed-valence manganite
films.[1823] Full spin polarization and half-metallicity, which
are required to reach high spin injection efficiency in spin-
tronic devices, are damaged in oxygen deficient films. In these
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manganites, the transport and magnetic properties are related
to the double exchange mechanism, in which e, electrons of
Mn ions hop through the bridges of oxygen atoms. The elec-
tron-lattice interaction, especially the Jahn-Teller effect is also
important in the transport and magnetic mechanism. By intro-
ducing oxygen vacancies, some of the bridges for the double
exchange are changed, and the local lattice distortion are intro-
duced.’*?8 How these changes are related with the macro-
scopic properties still needs to the investigated. Clarifying the
role of oxygen vacancies in manganite thin films is interesting
not only for device applications but also for basic understanding
of physical interactions in oxides.

In this work, to investigate the role of oxygen vacancies
playing on regulating the electronic and magnetic properties
of Lay.,Sr,MnO;, we grew two optimally doped La,;;Sr;,3MnO3
(LSMO) films on the (001)-oriented SrTiO; (STO) substrates
under different oxygen pressures: 10 Pa (low pressure, with
some oxygen vacancies) and 40 Pa (high pressure, with proper
stoichiometry), which will be referred to as LP and HP, respec-
tively. These two oxygen partial pressures were chosen just
below and above a critical oxygen pressure »26 Pa, since it was
reported that oxygen vacancies would be induced in LSMO
films with oxygen pressure below 26 Pa during growth.?22]
The evolution of atomic structure and electron correlation
in LSMO thin films with oxygen vacancies was investigated
employing a combination of high-resolution synchrotron
X-ray diffractometry (SXRD), scanning transmission electron
microscopy (STEM), X-ray photoemission, X-ray absorption
spectroscopy (XAS), resonant X-ray photoemission spectros-
copy, and band structure calculations, etc. It was found that the
distribution of the oxygen vacancies is nonuniform in LP, and
oxygen vacancies induce an increased concentration of Mn3*
ions and the weakening of the Mn—O hybridized bond. The
oxygen vacancies cause the Mn*—0-Mn?3* states to decline to
Mn*~O-Mn?" states and impair the double exchange between
Mn** and Mn*, resulting in the transition from metal to insu-
lator and the degraded transport and magnetic properties.

2. Results and Discussion

2.1. The Crystal Structure and Lattice Parameters Identified
by SXRD and RMS

The crystalline quality and lattice constants of the LSMO thin
films were identified by high-resolution SXRD. The SXRD 6-26
scan curves (Figure 1S, Supporting Information) indicate that LP
and HP are both epitaxially grown along the c-axis orientation
with a good single phase, and the out-of-plane lattice constant of
LP is larger than that of HP. To further gain the in-plane lattice
parameters and the exact crystal structures, we also performed
the high-resolution SXRD reciprocal space mapping (RSM)
experiments. Figure 1a,b shows the high-resolution HL RSMs
around the (002) STO reflection of LP and HP, respectively. H,
K, and L are reciprocal space coordinates. It can be seen from
Figure 1a,b that both RSM spots of LP and HP almost have the
same H values as that of the STO substrate, indicating that both
the (00l) planes of LSMO films are parallel to the STO substrate
and both LP and HP were grown coherently on the STO sub-
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strates, as [00l];spo//[00]sto- To further characterize the crystal
structure of the LSMO films, HK RSMs around (002) LSMO dif-
fraction were also measured. It was confirmed from HK RSMs
around (002) LSMO diffraction peak (not shown here) that single
peak structure without any other structure was observed, indi-
cating that there is no existence of the rotated twinning structure
or structural domains in LP or HP.

RSMs around (002) only show the information on the
spacing of lattice planes in the out-of-plane direction, and
RSM diffraction patterns around other diffractions will pro-
vide more information on the crystal structure and lattice
parameters. Therefore, RSM diffraction patterns around (013)
STO and (113) STO were also measured, and the high-resolu-
tion HL RSMs around the (013) STO reflection are shown in
Figure 2Sa,b (Supporting Information). It can be seen from
Figure 2Sa,b (Supporting Information) that LSMO RSM spots
around (013) diffraction exhibit only single peak structure, no
hints of splitting into two or more spots. According the sche-
matics of reciprocal lattices parallel to the H-L plane of cubic
substrate, the single diffraction spots of the HL RSMs (H # L)
of the films around the (0HL) and (HHL) cubic substrate indi-
cate that the film is at tetragonal or cubic phase.?%3! The single
peaks of the HK RSMs around (013) LSMO diffraction struc-
tures further confirm that there is no existence of other struc-
tural domains or the rotated twinning structure of the LSMO
lattice in both LP and HP. HK RSMs around (013) LSMO dif-
fraction are shown in Figure 2Sc,d (Supporting Information).
It can be clearly seen from HK RSMs around (013) LSMO dif-
fraction peak that single peak structure without any other struc-
ture was observed, further indicating that there is no existence
of the rotated twinning structure or structural domains in LP
or HP. The results of RSMs around the (113) diffraction peaks
(not shown here) also confirm the same conclusions. From the
RSM results around LSMO (002), (013), and (113) peaks, the
crystal structures and lattice parameters of LP and HP were
determined. The results of the RSMs indicate that LP and HP
are both at tetragonal phase. It was well known that in contrast
to other manganites, tilt of MnOg octahedra in La;_,Sr,MnO;
is rather small and its lattice can be treated as tetragonal.?
Therefore, the tetragonal structure in both LP and HP is easily
understood. The out-of-plane lattice constants of LP and HP
are about 3.8744 and 3.8603 A, respectively, and the in-plane
lattice constant of the films perfectly matches that of the STO
substrates (a = 3.9050 A). Since the oxygen vacancies exist in
the LSMO films grown with oxygen pressure below 26 Pa,!22%°]
we would ascribe this expansion of the lattice constant of LP to
the effect of the oxygen vacancies. Oxygen vacancies are double
donor defects, and the nearest two Mn**/*" and four La>"/Sr?*
cations of a +2 charged oxygen vacancy are displaced away from
it, thus inducing the expansion of the volume of unit cell. This
also indicates the modification of the Mn valence states due
to the direct coupling between Mn ions and oxygen vacancies,
which will be discussed later.

2.2. Influences of Oxygen Vacancies on the LSMO
Microstructures Investigated by STEM

To further characterize the difference between the microstruc-
tures of LP and HP, state-of-the-art sophisticated spherical
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Figure 1. HL reciprocal space mappings around STO (002) for a) LP and b) HP, respectively. Atomically resolved HAADF images of c¢) LP and d) HP
near the interface viewed along the [100] direction. The enlarged parts of e) LP and f) HP with the same area marked by the blue and olive boxes in
panels (c) and (d), respectively. The insets of panels (e) and (f) show the corresponding structure models for LP and HP, respectively.

aberration-corrected STEM techniques combined with the high-
angle annular dark-field (HAADF) and annular-bright-field
(ABF) techniques were utilized. The contrast of HAADF and
ABF images exhibit »Z!7 and Z!* dependence, respectively,
where Z is the atomic number,¥ therefore, different kinds
of atom columns can be clearly distinguished (i.e., in HAADF
images, the largest contrast indicates La(Sr) columns, weaker
contrast denotes Mn, while the weakest contrast of oxygen col-
umns only can be seen in ABF images). Figure 1c,d shows the
HAADF-STEM images of LP and HP near the interface region,
respectively. It can be seen that the both interfaces of LP and
HP are atomically sharp and coherent, without any evidence of
misfit dislocations or chemical reaction in the interface region,
attributed to the good lattice match (»0.89% tensile strain). The
excellent unit-cell to unit-cell epitaxial relationship of (001)
[100];smo0//(001)[100]so between the LSMO films and the STO
substrates can also be identified in Figure 1c,d, and the atomic
stacking sequence at the interface is LaO/TiO,. The enlarged
parts of LP and HP marked by the blue and yellow boxes in
Figure 1c,d, shown in Figure le,f, respectively, clearly illustrate
that the epitaxial quality of LP and HP is extremely high. The
insets of Figure le,f show the corresponding structure models
for LP and HP with all atomic positions of La (Sr), Mn, and O,
respectively. The fast Fourier transforms (FFTs) of LP and HP
shown in Figure S3a,b (Supporting Information), respectively,
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both correspond to the tetragonal structure, which is in con-
sistent with the SXRD results. In addition, the FFT images
also demonstrate that slight lattice expansion in LP samples
along the out-plane direction, also in consistent with the SXRD
results.

To obtain direct evidences of the existence of oxygen vacan-
cies in LP, STEM imaging was conducted under ABF mode,
which is extremely sensitive to the presence of oxygen vacan-
cies.16:20.33-36] Figure 2a,b exhibits the ABF-STEM images of
LP and HP, respectively, and the comparison between LP and
HP is very obvious. It can be seen from Figure 2b that it essen-
tially appears defect-free in HP, showing uniform contrast and
atom columns. Neither grain boundaries nor strain fields are
found, indicating the structure quality of HP is extremely high.
However, there are some regions of accumulated strain in LP
(the area showing different color contrast, fenced by the blue
dotted lines in Figure 2a). These regions of accumulated strain
should result from the presence of oxygen vacancies. The atom
columns of La, Mn, and O are well distinguished according to
the image contrast, and oxygen atoms are in the MnO, layers,
as demonstrated by the line profiles marked by the red boxes.
It should be noted that the occupancy of oxygen column is pro-
portional to the height of the “O valley” as marked by the red
arrows on two line profiles. From the line profiles in Figure 2¢,d,
it is worth noting that the profile in HP is almost identical, and
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Figure 2. Atomically resolved ABF images of a) LP and b) HP along the [100] direction. Line profiles of the MnO, layer were indicated by the red boxes
for c) LP and d) HP, respectively. The insets show the corresponding structure models. The areas fenced by the blue dotted lines in panel (a) are some
regions of accumulated strain, showing different color contrast. The insets of panels (a) and (b) show the corresponding structure models for LP and
HP, respectively.

exhibits ordering, indicating HP has a high structural quality The Mn 3s XPS results are exhibited in Figure 3a, and AEj;, is
with proper oxygen stoichiometry. However, the height of “O  about 5.085 and 4.976 eV for LP and HP, respectively, resulting
valley” in the LP profile is relatively lower and fluctuant, indi- in Vj;, about 3.212 and 3.350. The smaller formal valence
cating that there are many oxygen vacancies existing in LP and ~ of Mn ions in LP is confirmed to be induced by the oxygen
the distribution of the oxygen vacancies is nonuniform. vacancies in LP. A similar increase of the splitting due to the

decrease of the Mn formal valency induced by oxygen vacan-

cies was also observed in Lay,;Cag;MnO; thin films.?¥ How-
2.3. Oxygen Vacancies Regulating Electronic Structures ever, Picozzi et al.l'¥ reported an opposite trend between the
Investigated by Synchronic XAS, XPS, XMCD, and RPES Mn 3s splitting and the oxygen vacancies in LSMO thin films,

and they explained this controversy considering the effects of
The spectral splitting of the 3s core-level X-ray photoemission  the increase of the Mn bonding covalency in the LSMO thin
spectra (XPS) in transition metals and their compounds origi-  films with oxygen vacancies. The results of Picozzi et al. were
nates from the exchange coupling between the 3s holes and the ~ obtained with the assumption of no structural relaxation.
3d electrons. The relationship between magnitude of the Mn  Therefore, the Mn hybridization is overestimated. To further
3s splitting (AEss) and the Mn valence Vi, was calculated by  examine the effect of the oxygen vacancies on the electronic
employing the following linear equationl*’] structures, we examined the XAS with total electron yield (TEY)

mode at the Mn L, ; and O K edges in LP and HP. The Mn-L,

XAS spectra correspond to on-site transitions of the form
Vi =9.67 - 1.27AE;, [eV (1) 2p°3d"—2p°3d™*! and present two groups of multiplets, namely

1500753 (4 of 10) wileyonlinelibrary.com © 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Mater. Interfaces 2016, 3, 1500753
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Figure 3. a) The Mn 3s XPS spectra for LP and HP, respectively. The energy separation between two Mn 3s peaks indicates AE;5. b) The XAS spectra at
the Mn L, 3 edge for LP and HP, respectively. The excitation energies used in the RPES measurements are indicated by black arrows. Mn 2p-3d RPES
spectra of ¢) LP and d) HP, respectively. The olive star indicates an obvious enhancement of the shoulder of the spectrum feature of LP.

the L3 (hv » 639-648 eV) and L, (hv » 650-656 eV) white lines
regions, split by the spin-orbit interaction of the Mn 2p core
level. The line shape of the spectrum depends strongly on
the multiplet structure given by the Mn 3d-3d and 2p-3d Cou-
lomb and exchange interactions, as well as by the local crystal
fields and the hybridization with the O 2p ligands. It can be
seen from Figure 3b that there are some slight changes in the
spectra between these two samples. First, the Mn L spectra shift
to lower photon energy in LP than that in HP. This chemical
shift is caused by changes in the electrostatic energy at the Mn
site driven by the decrease in the 3d count,3% indicating the Mn
oxidation state is reduced via the creation of oxygen vacancies
in LP. Second, the spectrum changes shape a little and there
is an obvious enhancement of the shoulder of the spectrum
feature at the low photon energy side of the L; peak (indicated
by the olive star) in LP, which is originating primarily from
Mn3* valence state.3**% The change of shape is expected due
to the sensitivity of the transition-metal spectra to the sym-
metry of the ground state. These signatures imply that there is
an increased concentration of Mn3* ions in LP due to the exist-
ence of the oxygen vacancies, which are confirmed by the ABF
STEM results.

XAS at the O K-edge (1s—2p dipole transitions) is an impor-
tant tool to study the electronic structure in perovskite oxide
thin films.?**! In manganites the pre-edge feature around
528.5eV reflects the O 2p hole induced by the strong hybridi-
zation with the Mn 3d egT and tzgi unoccupied states of the
Mn** sites.*243] The spectrum of HP (Figure 5S, Supporting
Information) displays a double-peak splitting feature com-
pared with a single broad peak in LP. The double-peak split-
ting feature in HP corresponds to the O 2p holes resulting from
hybridization with the Mn* 3d egT and tzgi unoccupied states

Adv. Mater. Interfaces 2016, 3, 1500753
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at the low and high energies, respectively, similar to that of the
La,Sr;_,MnO;.3l Usually, in bulk, the energy splitting does not
appear with the existence of the oxygen vacancies since the local
tetragonal Jahn-Teller distortion is expected to affect only the
Mn3* sites, not the Mn** sites.[**** The Jahn-Teller distortion
removes the degeneracy of the egT and tzg\L levels leading to an
experimentally nonresolved energy difference between them,
i.e., a broad single peak spectral structure.*l Another reason
for the smearing out of the double peak is more likely to be the
result of the mixing of the oxygen octahedron and tetrahedron
symmetry. In oxygen tetrahedron, where an oxygen vacancy is
present, the degeneracy of ¢, and t,, levels are removed. From a
double-peak splitting feature to a single broad peak with oxygen
vacancies in the O XAS pre-peak, it is clearly shown that the
electronic structure of perovskite oxide thin films would be
modified by the oxygen vacancies.

In order to study the influence of oxygen vacancies on the
valence-band electronic structure of LSMO, we performed Mn
2p resonant photoemission spectroscopy (RPES) measure-
ments, by which the density of states (DOS) associated with the
Mn 3d electron is so enhanced that the valence-band states near
Fermi edge are expected to be clearly observed.*% Figure 3c,d
exhibits the resonantly enhanced valence-band spectra of the
LSMO thin films. In the photon energy range spanned by
the resonance indicating by the arrows in Figure 3b (635 eV
for the nonresonance and 643eV for the resonance), strong
enhancement of the Mn 3d spectral intensity is observed. In
comparison with the cluster model calculation, the enhanced
states C and D in Figure 3a,b (about 2.3 and 0.6 eV) originate
from the Mn 3d tng and egT states, respectively, while the
other states at higher energy (as labeled A and B) are assigned
as Mn 3d strongly hybridized with the ligand O 2p states.[*0#7]
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Very obvious variations between the RPES spectra of LP and
HP are observed, especially in the B peak. Dramatic decrease
of B peak in LP during the resonant process indicates that the
Mn-O hybridized bond is severely weakened. We suggest that
the existence of the oxygen vacancies in LP is the reason for
this phenomenon, and the weakening of the Mn—O hybridized
bond cause the Mn*~O-Mn** states to decline to Mn>*-O-
Mn?* states. The transformation of the Mn valence states and
Mn—-O-Mn interactions induced by the oxygen vacancies in LP
would result in the degraded magnetic properties of LP, which
are confirmed by the results of the X-ray magnetic circular
dichroism (XMCD) spectra (Figure 6S, Supporting Informa-
tion) and the magnetic property measurements (will be dis-
cussed later).

2.4. Evolution of the Oxygen Vacancies on the Electronic
Structures from the Density Functional Calculations

Density functional theory (DFT) has been used to shed insight
into the electronic structures with/without oxygen vacancies.
Figure 4 aexhibits the atomic structure with the oxygen vacancy
sites in the LaO layers (case C in Figure 4S, Supporting Infor-
mation) corresponding to La,;3Sty3sMnOs_q,. Figure 4bex-
hibits the calculated DOS projected onto the Mn ¢, orbitals in

(a) p 0: O
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the case of oxygen vacancy in the C system (in the LaO layer)
compared with the bulk. The calculated Mn 3d energy of LSMO
with the oxygen vacancies shifts to lower value relative to the
Fermi energy, consistent with the observed Mn L spectra shift
to lower photon energy in LP from the XAS results. Picozzi
et al.'% found that the half-metallic behavior is destroyed by the
oxygen vacancies. The band gap in the minor spin channel is
destroyed by a wide defective band. However, by relaxing the
structure, we found that the distance of Mn ions bonded to the
oxygen vacancy becomes larger, which reducing the width of the
defective band and shifting it above the Fermi level. Therefore,
the spin of the Mn 3d electrons is fully polarized, and there is
no evidence of large change of exchange splitting, suggesting
that the reason for the reduction of the total magnetic moment
of LP is not due to the changing of the exchange splitting, but
the destroying of the long range ferromagnetic order.

We have applied Bader analysis to investigate the changes
of the charge and the spin polarization of the Mn ions. The
results are shown in Table 1, supposing that the oxygen
vacancy is in the LaO plane (case C). The calculated results
with oxygen vacancies in other cases show similar physics and
are not shown here. The most noticeable difference is that
the valence of the Mn ions directly connecting to the oxygen
vacancy decreases, which accompanies the increasing of the
magnetic moment. It should be noticed that the valences from

H
1

|

X T
[ Ovac_Mn2 ;

'
T
'

_0 4L Ovac Mnl w

obk--
[3S]

-10 -8 -6 -4 -2
Energy (c¢V)

Figure 4. a) Plane-view of the schematic of the La, 3511 3MnO3_; 1 structure with oxygen vacancies in the LaO layers (case C in Figure 3S). b) Projected
density of states (DOS) on the Mn e, orbitals in the bulk LSMO and the Lay3St;;3MnO3_4 1 structure with oxygen vacancies in the LaO layers. Here,
red lines is for d2_ > and blue lines for d;,%_ 2. The black vertical dash line is the maximum energy of occupied states. Mn1, Mn2, ...Mn6 are illustrated
in panel (a). The blue dashed arrow show the shift of the ds,2_% energy. c) Isosurface of the charge density in the energy range between —2 and 0 eV
in the Lay/3Sr3MnO;_y 1, structure with oxygen vacancies in the LaO layers. d) Plane view of the charge density in the energy range between -2 and
0 eV in the Lay3Sr; 3MnO;_4 )y, structure with oxygen vacancies in the LaO layers. Olive spheres represent La atoms, green spheres represent Sr atoms,
blue spheres represent Mn atoms, and red spheres represent oxygen atoms, respectively. Oxygen vacancy is highlighted by the black dashed circles
and arrows. In structure without oxygen vacancies, there are two in equivalent Mn sites, which are surrounded by La only (Mn6) and surrounded by
both La and Sr (Mn2).
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Table 1. Bader charge of the atoms in the structure.

Without vacancy With vacancy

Valence Spin Valence Spin
Mn1 1.95 3.92 1.95 3.95
Mn2 1.95 3.92 1.99 3.84
Mn3 1.95 3.92 1.91 4.14
Mn4 1.95 3.92 1.80 4.23
Mn5 1.96 3.91 1.88 4.19
Mné 1.96 3.91 1.77 4.29

Bader analysis are usually smaller than what the valences is
conventionally defined. The results are consistent with the XAS
data. The oxygen vacancy can be seen as electron donors, and
decrease the number of the holes in LSMO, and can impair the
double exchange between Mn>" and Mn*".

The Jahn-Teller type distortion caused by the tensile strain
shifts the energy of the in-plane orbitals down and rises those
of the out of plane orbitals in the LSMO. Here we assume that
the Mn—O—Mn chain where the O is missing is along the z
direction. The octahedral symmetry is broken and the O ions
form a tetrahedron. Because that the Coulomb repulsive inter-
action between the O 2p electrons and the Mn 3d electrons,
especially for those at the d,. . orbitals which are along the
Mn—O bonds, the energy of the d,,. . of the Mn ions bonding
to the oxygen vacancies are shifted down, and are thus prefer-
ably occupied, as shown in Figure 4c,d. The removing of the
oxygen causes the breaking of the attraction force between the
Mn and O ions, therefore the repulsion force of the two Mn
ions push them far away from each other, which is the driving
force of the expansion of the lattice. The calculated volume
of the LSMO bulk is 58.6 A® per unit cell, while that with
oxygen vacancy is 58.8 A3, about 0.2% larger. The values from
XRD results give a 0.3% expansion in volume, indicating that
the concentration of the oxygen vacancies is larger than 1/12
vacancies per unit cell (i.e., 0.28% O ions). This also results in
the squeezing of the Mn—O octahedron along the z-direction
which shares the vertex of oxygen with the tetrahedrons in the
z-direction. The result is that the energy of the d,,. » orbital of
the Mn in the cage of that octahedron is shifted down, and that
orbital is preferably occupied, as in Figure 4d.

From Figure 4, we can also see that the reduction of the
density of states projected on the d,. . orbital at about -5 eV,
which can be interpreted as the bonding state of the hybridized
O 2p-Mn d,,. . state. With removing the O atom, this hybridi-
zation is also removed. The electrons thus occupy the states at
higher energies (mostly nonhybridized 3d states of Mn). This
effect is especially clear in the down spin channel as shown in
Figure 4b. Because the Mn ¢, energy is much higher than the
O 2p state, the occupied Mn ¢, electrons are almost all from
the Mn ¢,~O p hybridization. Once the hybridization is broken,
the density of these states is all removed. This corresponds to
the lower peak B in LP than in HP in RPES results (as shown
in Figure 3) which showing the weakening of the Mn—O
hybridization.

In LSMO, the rotation and tilting of the oxygen octahedral
are small and consequently the Mn—O—Mn bond angles are
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large. The oxygen vacancies can lead to smaller bond angles.
The double exchange of the conducting electrons on the Mn
sites is through the bridge of the oxygen in between, therefore,
is largely affected by the bond angles. The decreasing of the
bond angles can be another reason for the weakening of the
Mn—O hybridization and the ferromagnetic double exchange
interaction between Mn sites.

Our calculation results do not show a reduction in total mag-
netic moment or the insulating state. The main difference is
that the calculation failed to give the same magnetic structure
in the structure with oxygen vacancies. Instead, a ferromagnetic
ground state is given. To predict the right magnetic ground
state with DFT+U in the manganite is quite subtle. By care-
fully tuning the effective U and ], some magnetic structure fit
the experiments can be given, but it does not always give the
right result in all cases with the same U and J. There are also
something missing from the DFT calculations like the phase
separation, and the Anderson localization effect, which could
be responsible for the suppressed magnetic moments and
insulating state. Despite that, comparing the calculation and
experimental result can give us some hint on what the roles the
oxygen vacancies play in the LSMO.

2.5. Influences of the Oxygen Vacancies on the Physical
Properties

Figure 5 exhibits the magnetization and resistivity of LP and HP
as a function of temperature, and a large variation of magnetic
and transport characteristics are observed. It can be seen from
Figure 5b that HP displays a typical M(T) curve for LSMO and
a sharp paramagnetic-to-ferromagnetic phase transition occurs
at the Curie temperature T » 350 K. Here, T¢ is defined as the
temperature where (dM/dT) reaches the extreme value. T¢ is
slightly lower than that of bulk (T¢ » 360 K),2%* but as high
as the ever reported value of the thin films with proper oxygen
stoichiometry.*)) Whereas, M(T) of LP differs from standard
ferromagnetic behavior with the degraded magnetic properties,
exhibiting a broad paramagnetic-to-ferromagnetic crossover at
Tc » 169 K with a low magnetization value. Even so, both LP
and HP are obviously ferromagnetic below T, exhibiting fer-
romagnetic hysteresis loops at low temperature. The hysteresis
loops at 10 K were shown in the inset of Figure 5a,b measured
after field cooling in 200 Oe. The hysteresis loop of HP has
the characteristics of a soft magnet with a low coercive field
(Hc = 95 Oe) and a saturation magnetization (Ms) of 3.54 pg/
Mn at 10 K, which approaches the bulk value (11/3 pg/Mn).[*8l
Compared to HP, the hysteresis loop of LP is degraded and
sheared with a larger coercive field. And the saturation mag-
netization of LP is very low (Mg » 0.66 pg/Mn at 10 K). The
magnetic characteristics of the sharp magnetic phase transi-
tion, low coercive field, high saturation magnetization, and
high Curie temperature in HP indicate that HP exhibits high-
quality magnetic properties with the proper oxygen stoichiom-
etry, the magnetic properties consistent with previous reports
of the LSMO films and bulks with the proper oxygen stoichiom-
etry.#% One also can notice in Figure 5c,d that HP is metallic
while LP is insulating. A typical metal-to-insulator transi-
tion (Tp) accompanied by the paramagnetic-to-ferromagnetic
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Figure 5. (SQUID) Magnetization versus temperature with an applied magnetic field of 200 Oe (field cooling) for a) LP and b) HP, respectively. Resis-
tivity versus temperature for c) LP and d) HP, respectively. Insets of panels (a) and (b): hysteresis loops of LP and HP measured at 10 K, respectively.

occurring at T in either LSMO bulks or thin films with proper
oxygen stoichiometry, however, is not be seen in our measured
regime due to our measurement limit. It was reported by Bert-
acco et al.;% that the highest Tp is larger than 440 K in their
LSMO film with T¢ = 350 K. Our HP also displays a metallic
behavior well above T, consistent with their report.”” The
degraded transport properties of LP can also be attributed to
the effects of the oxygen vacancies. The oxygen vacancies will
be formatted when the LSMO thin films grown below 26 Pa,
inducing a charge transition disproportionation of the Mn*" —
Mn3*. The enhanced Mn3** concentration may segregate into
inhomogeneous patches, resulting in patches where the mag-
netic ordering varies from antiferromagnetic (Mn**~O-Mn*")
to ferromagnetic (Mn*-O-Mn*") interactions. On the other
hand, depletion of oxygen from the Mn—O—Mn chain reduces
the coordination of Mn cations, destroying the Mn3*—O-Mn*
interactions. These would cause the degraded magnetic and
transport properties in LP.

2.6. Discussion on the Role of the Oxygen Vacancy

Here we discuss the effect of the oxygen vacancy on the macro-
scopic properties. First, oxygen vacancies play as donors, which
increase the ratio of Mn?*, as is shown in the XPS results, the
XAS results, and the DFT results. Therefore, the local Jahn-
Teller effect is enhanced. The strong interaction between the
electron and the Jahn-Teller lattice distortion, i.e., the Jahn-
Teller polaron, is generally regarded as one main reason for
the insulating state of LSMO at high temperature. The double
exchange can melt down the Jahn-Teller polaron by the
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double exchange between Mn*" and Mn*" if the spin is paral-
lelly aligned at low temperature as in HP. Whereas in LP, the
ratio Mn*~O-Mn** configuration is higher, therefore double
exchange is suppressed and LP tend to be insulating.

Second, the oxygen vacancies break the octahedron sym-
metry, therefore the energy of thee, orbital pointing at the
oxygen vacancy is reduced, which introduces a strong elec-
tron-lattice interaction. Like the Jahn-Teller effect, the strong
electron-lattice interaction tends to localize the electrons so
that the superexchange tends to dominate the magnetic inter-
action. According to the Goodenough-Kanamori rules,!>%
whether the superexchange between Mn ions is ferromagnetic
or antiferromagnetic is decided by the orientation of the orbital.
Due to the random position of the oxygen vacancies, it is dif-
ficult to analyze the interaction between the effect of the oxygen
vacancies and that of the JT distortion. However, it is clear that
the suppressing of the double exchange would reduce the fer-
romagnetic interaction, which could be responsible for the
large reduction in the total magnetic moment of LP. The dif-
ference between the oxygen vacancies and Jahn-Teller effect is
that even the double exchange may not be able to compensate
the strong localization tendency. Our calculation of the Bader
charge shows even in the ferromagnetic state, the electrons
tend to reside on the Mn site near the oxygen vacancies, while
the charge distribute homogeneously without oxygen vacancies.
Therefore, the electron-lattice interaction is even stronger with
the oxygen vacancies.

Third, the oxygen vacancies play as local chemical pres-
sure, which leads to the local distortion and rotation of the
oxygen octahedrons (or tetrahedrons). The effect is similar to
substitute A-site ions with smaller sized ions, which tends to
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reduce Mn—O—Mn bond angle and enhances the local Jahn-
Teller effect. In manganite, the rotation of oxygen octahedron
decreases the Mn—O—Mn bond angle and consequently the
probability of hopping between Mn ions. The breaking of the
Mn—O—Mn chain also decreases the hopping. The decrease of
the Mn—O hybridization, which is proportional to the hopping
integral, is shown in the RPES results and the DFT results.

Finally, the oxygen vacancies also introduces disorder. The
TEM results show inhomogeneous strain in LP, which is a sign
of it. The random position of the ions leads to random exchange
and hopping between Mn sites. According to Moreo et al. >l
this will result in continuous magnetic transition instead of an
abrupt phase transition, and the co-existence of ferromagnetic
and antiferromagnetic clusters, therefore the phase separation
effect are more likely to take place.

3. Conclusion

In summary, the role of the oxygen vacancies playing on
manipulating the atomic structure, electronic structure, mag-
netic, and transport properties of La,;;Sr;3sMnQ;, a proto-
type of the mixed-valence manganites, has been investigated
employing a combination of the experimental measurements
and band structure calculations. The SXRD and STEM results
indicate that LP and HP have the almost identical excellent
crystal structure, however, HP has a high structural quality with
proper oxygen stoichiometry while the oxygen vacancies exist in
LP. The distribution of the oxygen vacancies is nonuniform and
the concentration of the oxygen vacancies is estimated to be
more than 2.78%. Mn and O XAS spectra imply that the oxygen
vacancies cause an increased concentration of Mn3* ions in LP,
consistent with the results of band structure calculations. Mn
RPES results suggest that the weakening of the Mn—O hybrid-
ized bond due to the existence of the oxygen vacancies in LP
cause the Mn*—~O-Mn?* states decline to Mn**~O-Mn3* states
and impair the double exchange between Mn** and Mn*', the
transition from metal to insulator, and the degraded magnetic
properties. Our theoretical calculations show that the valence
of Mn decreases with removing the oxygen atoms. The spin of
the Mn 3d electron is fully polarized, showing that the reduc-
tion in magnetic moment is not because of the change in the
single site spin polarization, but the change of the intersite
exchange interaction. Finally, the influence of the oxygen vacan-
cies on the macroscopic properties is that the oxygen vacancies
induce transition from metal to insulator and the degraded
magnetic properties of LSMO films. Our findings highlight the
key role of the oxygen vacancies on the structural, magnetic,
and electrical properties, and demonstrate an approach to tune
these properties by controlling the oxygen vacancies in oxide
thin films for high performance and inspiring their potential
applications.

4. Experimental Section

Sample Epitaxial Growths: Epitaxial LSMO thin films were grown
epitaxially on (001) STO and Nb-doped STO (0.7 wt%) single crystals
by a laser molecular-beam epitaxy system (Laser-MBE, Pascal) using an
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excimer XeCl laser (1.5 ] cm™2, 308 nm, 2 Hz) combined with a high-
pressure reflected high-energy electron diffraction (RHEED) and a
laser diode substrate heating unit at 800 °C. LP and HP both with the
thickness of 90 nm are grown under two different oxygen pressures:
10 and 40 Pa, respectively. The 2D layer-by-layer growth mode was
monitored by intensity oscillation of RHEED during growth. SXRD and
RSM Measurements: High-resolution SXRD and RSM were performed
to investigate the crystal structures of the LSMO thin films at the
BL14B1 beam line of Shanghai Synchrotron Radiation Facility (SSRF),
using a 1.24 A X-rays with a Huber 5021 six-axis diffractometry. The
RSM presented is plotted in reciprocal lattice units (r.l.u.) of the STO
substrate (1 r.l.u. = 27/3.905 A™").

STEM Imaging with HAADF and ABF Techniques: To characterize
the crystalline structures of the LSMO thin films, state-of-the-art
sophisticated spherical aberration-corrected STEM techniques combined
with the high-angle annular dark-field (HAADF) and annular-bright-
field (ABF) techniques were utilized. The HAADF and ABF imaging was
executed using an ARM-200F (JEOL, Tokyo, Japan) STEM operated at
200 kV with CEOS Cs corrector (CEOS GmbH, Heidelberg, Germany) to
cope with the spherical aberration of the probe-forming condenser lens.

XPS, XAS, XMCD, and RPES Measurements: To examine the effect
of the oxygen vacancies on the core-level and valence band electronic
structures, XAS, XPS, X-ray XMCD, and Mn 2p RPES were performed on
the beamlines of the Beijing Synchrotron Radiation Facility (BSRF) at the
Institute of High Energy Physics, Chinese Academy of Sciences, and the
background vacuum level was 6 x 1077 Torr.

DFT Calculations: The generalized gradient approximation (GGA)
optimized for solids PBEsol exchange-correlation function with
density functional theory was used as implemented in the Vienna ab
initio simulation package.’® The projected augment wavel*®l method
and a plane wave basis set with energy cutoff of 500 eV were used.
A Hubbard-U schemel’”) with U = 3.0 eV and J = 0.5 eV was used to
better describe the on-site Coulomb interaction of the Mn 3d electrons.
A T'-centered 5 x 5 x 5 k-point grid was used to represent the Brillouin
zone. A 2 X 2 x 3 pseudocubic supercell was used to represent the LSMO
structure, which can be viewed as an (LaMnO;),/SrMnOj; superlattice
along the [001] direction. The structures were relaxed with the in-plane
lattice fixed to 3.905 A, according to the SXRD and RSM results. The
oxygen vacancy was introduced by taking away one oxygen atom, which
corresponded to La,;3Sr3Mn03.6 with § equals to 1/12. There were
four equivalent oxygen sites, which are shown in Figure 4S (Supporting
Information) as A (in the (MnO,), layer), B (in the (MnO,), layer), C
(in the LaO layer), and D (in the SrO layer), respectively. The calculated
c-axis lattice parameters were 3.84 and 3.85 A without and with oxygen
vacancy, respectively.

Magnetic and Transport Properties: Temperature dependences of
magnetization and resistivity of LP and HP were performed using a
Physical Properties Measurement System (PPMS, Quantum Design
Inc.). The standard four-point probe method was used to measure the
film resistivity versus temperature (p(T)). The temperature dependences
of macroscopic magnetization M(T) were performed with an applied
magnetic field of 200 Oe (field cooling), and hysteresis loops were
measured at different temperatures.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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