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ABSTRACT: Oxygen stoichiometry is a critical factor in transition metal oxides, such as manganites, as it has a substantial influence 
on their electronic and magnetic properties through the generation of oxygen vacancies. However, the significance of oxygen stoi-
chiometry is often underestimated in manganite thin films. In this study, we explore the formation of oxygen vacancies within 
La0.88Sr0.12MnO3 (LSMO) under standard thin film deposition conditions and elucidate how these vacancies can be effectively filled 
through exposure to high oxygen partial pressure (PO2) on the order of several hundred Torr during the cooling phase. The oxygen 
replenishment process has a profound impact on the electronic band structure, resulting in alterations in the electron occupancy near 
the Fermi level. This phenomenon is observed by optical spectroscopy and analyzed by density functional theory calculations. These 
findings underscore the indispensable nature of post-deposition oxygen annealing steps to attain stoichiometric LSMO thin films.  

INTRODUCTION 

Oxygen vacancies in perovskite transition metal oxides (TMO’s) 
are often considered as functional defects due to their involvement 
in electronic transport, indirect magnetic interactions, and ionic 
conduction.1-4 Consequently, significant efforts have been dedi-
cated to enhancing the processing conditions for the synthesis of 
TMO thin films. Some previous studies have focused on under-
standing the relationship between epitaxial strain and the formation 
of oxygen vacancies, as well as the dynamics of oxygen migration 
between substrates and oxide films.5-8 In addition, several studies 
have explored the impact of oxygen partial pressure during the 
cooling process on the creation of oxygen vacancies9-11 In contrast 
to other TMO’s12, 13, it is known that oxygen vacancies are not read-
ily formed in manganese-based oxides under conventional synthe-
sis conditions, such as oxygen partial pressures (PO2) and temper-
atures.14, 15 In some cases, an excess of oxygen content can be prob-
lematic when attempting to create bulk-like manganite thin films.16-

18 While numerous studies have been conducted on the influence of 
oxygen vacancy concentration on electrical and magnetic proper-
ties,19-21 fewer studies have focused on the modification of the band 
structure by oxygen vacancies. In this regard, it is crucial to address 
how to replenish oxygen vacancies and what effect the oxygen fill-
ing has on the band structure.  

To address this question, we selected lightly hole-doped 
La0.88Sr0.12MnO3-x (LSMO) as our model system. In the phase dia-
gram with respect to hole doping22, even slight changes in the La/Sr 
ratio result in significant changes in electronic and magnetic prop-
erties. Since the formation of oxygen vacancies also affects the Mn 
valence state, it may also lead to substantial changes in physical 
properties. 

In this study, we investigate the formation and removal of oxy-
gen vacancies in La0.88Sr0.12MnO3 under typical thin film pro-
cessing conditions and their impact on the band structure and phys-
ical properties. In general, different PO2 levels during the deposi-
tion process are used to control oxygen stoichiometry in oxide thin 
films.23-26 However, the pulsed laser deposition (PLD) process at 
different PO2 levels can induce both cation and anion non-stoichi-
ometry.24, 27, 28 To avoid this non-stoichiometric deposition during 
LSMO film growth, we have kept the same deposition conditions 
during the deposition and adjusted only the cooling PO2 from 100 
mTorr to 100, 300, and 500 Torr following the deposition. We 
demonstrate that not only the deposition PO2 is an important pa-
rameter but also that the cooling PO2 is critical for oxygen stoichi-
ometry.  

EXPERIMENTAL METHOD 

For growing epitaxial LSMO thin films, a La0.88Sr0.12MnO3 tar-
get from TOSHIMA, Japan and (001) 
(LaAlO3)0.3(SrAl0.5Ta0.5O3)0.7 (LSAT) substrates were used. Based 
on the lattice constants, it is expected that LSMO is in -1.24% of 
compressive strain by LSAT.29 Growth is processed by pulsed laser 
deposition (PLD, Q-switched pulsed Nd:YAG laser with λ = 355 
nm) with 0.9 J/cm2 fluence. During LSMO thin film growth, the 
PO2 was kept to 100 mTorr and the substrate temperature was 650 
°C. After growth, different cooling PO2 were used like 0.1 Torr, 
100 Torr, 300 Torr, and 500 Torr. X-ray diffractometer (D8-dis-
cover, Bruker) was used for structural characterization. The θ-2θ 
scan shows the out of plane lattice constant of LSMO thin films. 
For the strain state of LSMO thin films, X-ray reciprocal space 
mapping was collected. The temperature-dependent resistivity 



 

measurements were performed. Also, the optical conductivity spec-
tra of LSMO thin films were obtained using a spectroscopic ellip-
someter (VASE, J. A. Woollam) with 65°, 70°, and 75° incident 
angles. To check the Mn valence state, x-ray absorption spectros-
copy (XAS) was carried out in the 2A beamline of Pohang Accel-
erator Laboratory. The Mn L-edge and O K-edge were collected by 
total electron yield mode with normal incident angle at room tem-
perature. Density functional theory (DFT) calculations were carried 
out to optimize La0.875Sr0.125MnO3 and La0.875Sr0.125MnO3 with ox-
ygen vacancy (Vo) using the projector augmented wave (PAW) 
method with the plane-wave based Vienna Ab Initio Package 
(VASP).30-32 We used the spin-polarized generalized-gradient ap-
proximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) func-
tional for the exchange correlation functional.33 We applied an ef-
fective Hubbard parameter Ueff = U - J with 4 eV to localized Mn 
3d orbitals. In all calculations, ferromagnetic (FM) collinear spin 
ordering is considered on the Mn ions. To describe the accurate 
electronic structures of La0.875Sr0.125MnO3, we used hybrid Hartree-
Fock (HF) - DFT method with the Heyd-Scuseria-Ernzerhof 
(HSE06) screened hybrid functional.34-36 Г-centered 4×4×4 k-point 
meshes were used for the electronic structure calculations of 
La0.875Sr0.125MnO3. The calculations were converged in energy to 
10-5 eV/cell and the structures were relaxed until the forces were 
less than 0.01 eV/Å.  

RESULTS AND DISSCUSSION 

To check the structural characteristics of these LSMO thin films 
cooled with different PO2, lattice constants were measured using 
X-ray diffraction. As shown in Figure 1 (a), four LSMO thin films 
show clear kiessig fringes around (001) and (002) LSMO peaks. 
The (002) LSMO peak is shifted to a higher angle as increasing the 
cooling PO2. This peak shift indicates that the out of plane lattice 
constant of LSMO decreases with the increased cooling PO2. Since 
oxygen vacancy formation in perovskite-based TMO thin films of-
ten result in the expansion of lattice,8 this observation is likely to 
indicate the reduction of oxygen vacancies. Figures 1 (b) – (e) show 
X-ray reciprocal space maps displaying the in-plane and out-of-
plane lattice constants of LSMO thin films with different cooling 
PO2. The in-plane lattice constants of all LSMO thin films are close 
to that of LSAT, meaning that the in-plane lattice constant of 
LSMO thin films is coherently strained to LSAT substrates with 
successful epitaxial growth. The out-of-plane lattice constants are 
3.94 Å for the film cooled at 0.1 Torr of PO2, 3.94 Å for the film 
cooled at 100 Torr, 3.93 Å for the film cooled at 300 Torr, and 3.92 
Å for the film cooled at 500 Torr. This is consistent with the results 
from the θ-2θ scans. Note that the bulk lattice constants of LSMO 
are a = b = 3.916 Å and c = 3.892 Å in a tetragonal structure.37 The 
slightly larger lattice constant in our thin films is due to the com-
pressive strain by LSAT substrates (a = 3.868 Å, cubic) with -
1.24% lattice mismatch.29 Besides elastic deformation, stoichio-
metric factors, such as oxygen vacancies and cation stoichiometry, 
play a critical role in inelastic deformation mechanisms that lead to 
variations in lattice constants.38-40 It has been reported that the mod-
ification of cation stoichiometry is highly susceptible to the depo-
sition parameters such as gas pressures, laser fluence, and temper-
ature, due to the complex confluence from laser plume and the 
plume-substrate interface.23-25, 27, 41, 42 However, such changes pri-
marily occur during the deposition process. Another possible rea-
son for variations in lattice constants arises during the cooling pro-
cess.39 Differences in the oxygen chemical potential between the 
deposition and cooling processes often manifest as the changes in 
lattice constants, which are often observed in other oxides such as 
NdNiO3, LaMnO3 and SrTiO3.43-45 Since we specifically manipu-
lated the cooling PO2, the observed change in lattice constants is 
likely due to the elimination of oxygen vacancies. 

The change in electronic transport depending on the cooling PO2 
of LSMO thin films was investigated. Figure 2 (a) shows the tem-
perature-dependent resistivity of LSMO thin films. At the 0.1 Torr 
of cooling PO2, the LSMO thin film behaves like a typical insula-
tor. In contrast, slight changes in the slope are seen at around 150 
K from the LSMO thin films with 100 Torr of cooling PO2. In 
thcase of the LSMO thin films cooled at 300 Torr and 500 Torr of 
PO2, a clear insulator-to-metal transition is seen from each film as 
shown in the insets of Figure 2 (a). The transition temperatures 
(TIM) of LSMO thin films cooled at 300 Torr and 500 Torr of PO2 
are 187 K and 190 K, respectively. The TIM of the LSMO thin films 
is increased as the cooling PO2 is increased. Note that the TIM of 
bulk LSMO is 172 K.46 In addition, The LSMO thin films cooled 
at 300 Torr and 500 Torr of PO2 undergo another transition by in-
crease of resistivity at around 165 K. The metal to insulator transi-
tion is attributed to the appearance of orbital ordering as seen in the 
bulk LSMO (x = 0.12).46, 47 These results show that the LSMO films 
cooled at 300 Torr and 500 Torr of PO2 exhibit electrical properties 
similar to bulk material LSMO (x = 0.12). In the case of LSMO thin 
films at 0.1 Torr and 100 Torr of PO2, the insulator to metal transi-
tion is not clearly observed. The poor phase transition is reported 
by S. Kumari, et al., due to oxygen vacancy.39  

As shown in Figure 2 (b), optical conductivity as a function of 
photon energy was extracted from spectroscopic ellipsometry. As 
shown in Figure 2 (b), we proceed the deconvolution of the optical 
conductivity results using multiple Lorentzian as shown as Table 1. 
We found the two peaks as A and B(dot line) from the d-d transition 
at Mn.48-50 The peak A of LSMO thin film cooled at 0.1Torr of PO2 
is located at the lower energy compared to those of LSMO thin 
films cooled at 100, 300, and 500 Torr of PO2. The peak shift in 
peak A means that electrons in the valence band of LSMO can 
transit across the Fermi level with the lower energy.48, 51, 52 The ox-
ygen vacancies in LSMO were filled by the addition of oxygen, 
leading to a reduction in the valence state electrons of Mn, electrons 
are removed from the band associated with the transition of the A 
peak, its position is shifted to higher energy. The B peak is situated 
at a higher energy level compared to peak A, indicating the pres-
ence of electron removal due to oxygen addition in the band corre-
lated with peak A. Our optical conductivity results show this 
change in the electronic structure. As shown as Table. 1, the A peak 
position of LSMO cooled at 0.1 Torr of PO2, is 0.88 eV. However, 
upon oxygen filling, the A peak position of LSMO cooled at 100 
Torr of PO2, is 1.04 eV as shown in Figure 2 (c). The cooling PO2 
affects the number of electrons in the valence band. The modifica-
tion of electronic structure may be inferred from optical conductiv-
ity results. 

To theoretically reveal the electronic structure change under dif-
ferent PO2 conditions (0.1 Torr and 500 Torr), two crystal struc-
tures of La0.875Sr0.125MnO3 with one Vo (Figure 3 (a)) and 
La0.875Sr0.125MnO3 without Vo (Figure 3 (b)) were considered in our 
DFT calculations. Here, La0.875Sr0.125MnO3 w/ Vo represents the 
LSMO thin film with 0.1 Torr of cooling PO2 corresponding to the 
oxygen deficient LSMO3-x structure. In contrast, La0.875Sr0.125MnO3 
w/o Vo corresponds to the stoichiometric LSMO thin film with 500 
Torr of cooling PO2. Figure 3 (a) and (b) show the density of states 
(DOS) of La0.875Sr0.125MnO3 w/ Vo (upper panel) and 
La0.875Sr0.125MnO3 w/o Vo (lower panel), respectively. Here, we 
aligned the O 1s level of the La0.875Sr0.125MnO3 w/ Vo structure with 
the O 1s level of La0.875Sr0.125MnO3 w/o Vo structure to directly 
compare the Fermi levels of two structures, and find that the fermi 
level of La0.875Sr0.125MnO3 w/ Vo is approximately 0.46 eV higher 
than that of the La0.875Sr0.125MnO3 w/o Vo structure. In addition, we 
find that the band gap of La0.875Sr0.125MnO3 w/ Vo representing 
LSMO thin film with 0.1 Torr of cooling PO2 is lowered by about 
0.4 eV due to the oxygen vacancy compared with that of 



 

La0.875Sr0.125MnO3 w/o Vo corresponding stoichiometric LSMO 
thin film with 500 Torr of cooling PO2, which is consistent with the 
experimental observation of d-d transition lowering. 

To check the different chemical information depending on cool-
ing PO2, the Mn L-edge and O K-edge were measured by x-ray ab-
sorption spectroscopy.53, 54 As shown in Figures 4 (a) and (b), the 
XAS spectra were collected at room temperature. The L3-edge is 
shifted by cooling PO2. The L3 peak position of LSMO thin films 
with 0.1 Torr of cooling PO2 is 644.05 eV, and the peak position is 
shifted to 644.15 eV by increasement of cooling PO2 as shown in 
Figure 4. This energy shift at the L3 edge is well known means that 
the valence state of Mn is increased.54-56 From this result, the cool-
ing PO2 possibly affects Mn valence state of LSMO thin films. 
There are two possible ways to affect Mn valence state. The one is 
cation ratio change, but cation ratio change is hard to occur due to 
same deposition condition. The other is oxygen content. During the 
cooling process, 0.1 Torr of cooling PO2 creates oxygen vacancies 
in lattice of LMSO thin films. The O K-edge is collected for metal-
oxygen hybridization, as shown in Figure 4 (b). In O K-edge spec-
tra, the pre-peaks at around 532 eV is associated with Mn-O hy-
bridization, which may be affected by PO2.54 As shown in the inset 
of Figure 4, the integration of pre-peak is increased depending on 
cooling PO2. In similar system as La0.7Sr0.3MnO3, N. Wang, et al. 
reported that this decrease in the intensity of the pre-peak was evi-
dence of the generation of oxygen vacancies.57 In our case, this in-
crement in pre-peak intensity by the increase of cooling PO2 means 
that the LSMO thin film cooled at 0.1 Torr of PO2 contains more 
oxygen vacancies compare to those in LSMO thin films cooled at 
100, 300, and 500 Torr of PO2.58  

CONCLUSIONS 

In conclusion, oxygen-stoichiometric manganite thin films can 
be obtained by increasing PO2 to a few hundred Torr during cooling 
following deposition. To reduce the number of oxygen vacancies, 
it is required to cool the oxides in high oxygen partial pressures. In 
this work, we used lightly hole-doped LSMO thin films, and the 
LSMO thin film cooled in 0.1 Torr of PO2 includes noticeable 
amount of oxygen vacancies. The oxygen filling is clearly seen at 
the LSMO thin films cooled at 300 Torr or higher from structural, 
optical spectroscopy, and x-ray absorption spectroscopy. The 
LSMO thin film cooled at the higher PO2 shows reduction of lattice 
constant, associated increase of optical transition energy backed by 
theoretical calculation, and increase of metal-oxygen hybridization. 
These changes in physical properties were helpful to understand the 
synthesis of complex oxides. 
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Figure 1. (a)The θ-2θ scan x-ray diffraction pattern of LSMO on LSAT depending on cooling PO2 shows a diffraction pattern 

around (001) LSAT and (002) LSAT plane. The (001)LSMO peak and (002)LSMO peak position is shifted to higher angles 

depending on the increase in cooling PO2. The Reciprocal space mapping image show around (103) LSAT plane, (b) is LSMO 

thin film cooled at 0.1 Torr of PO2, (c) is LSMO thin film cooled at 100 Torr of PO2, (d) is LSMO thin film cooled at 300 

Torr of PO2, and (e) is LSMO thin film cooled at 500 Torr of PO2. The out of plane lattice constant is decreased depending 

on the increase in cooling PO2.  

 

Figure 2. (a) The resistivity depending temperature of LSMO thin films with different cooling PO2. The dashed line represents 

the instrument limit due to the high resistivity of LSMO. The LSMO thin films cooled at 300 and 500 Torr of PO2 show the 

insulator to metal transition and metal to insulator transition. (b) The optical conductivity of LSMO was obtained by ellip-

sometry. (c)The electronic structure schematic of LSMO films indicated the d-d transition, with the Fermi level represented 

by a red line. 

 

TABLE Ⅰ. The peak parameter of peak A and B is obtained from ellipsometry result. The peak 
position in peak A of LSMO cooled at 0.1 Torr of PO2 is low energy shift to 0.88 eV to compare 
that of LSMO cooled at 100 Torr of PO2 as 1.04 eV. The peak B of LSMO thin films were not shifted 
by cooling PO2. 

 

Figure 3. DFT optimized structures and projected density of states of (a) La0.875Sr0.125MnO3 with VO and (b) La0.875Sr0.125MnO3. 

We aligned the O 1s level of the La0.875Sr0.125MnO3 structure with the O 1s level of La0.875Sr0.125MnO3 with VO structure on 

the same line (black dashed line) to compare the Fermi levels of two structures. Zero energy represents the Fermi level. 

Schematic DOS near Fermi level for La0.875Sr0.125MnO3 with VO and La0.875Sr0.125MnO3 show the energy difference between 

two fermi level, and band gap. 

 

Figure 4. (a) The Mn L-edge spectra and (b) O K-edge spectra of LSMO thin films were obtained through x-ray absorption 

spectroscopy at room temperature. The peak of the Mn L3-edge shifts to a higher energy with an increase in cooling PO2. 

(Inset) The integrated value of the peak of Mn 3d-O 2p hybridization peak intensity of LSMO films cooled at higher PO2 

shifts to a higher value. 
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TABLE Ⅰ. The peak parameter of peak A and B is obtained from ellipsometry result. The peak 
position in peak A of LSMO cooled at 0.1 Torr of PO2 is low energy shift to 0.88 eV to compare 
that of LSMO cooled at 100 Torr of PO2 as 1.04 eV. The peak B of LSMO thin films were not shifted 
by cooling PO2. 

Cooling PO2 

(Torr) 

A B 
Peak po-

sition 
(eV) 

FWHM 
(eV) Area 

Peak po-
sition 
(eV) 

FWHM 
(eV) Area 

0.1  0.88 0.99 272 1.6 0.99 634 

100 1.04 0.92 471 1.67 0.77 300 

300 1.03 0.87 428 1.62 0.75 327 

500 1.07 0.77 311 1.66 0.61 199 
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Figure 1. (a)The θ-2θ scan x-ray diffraction pattern of LSMO on LSAT depending on cooling PO2 shows a diffraction pattern 

around (001) LSAT and (002) LSAT plane. The (001)LSMO peak and (002)LSMO peak position is shifted to higher angles 

depending on the increase in cooling PO2. The Reciprocal space mapping image show around (103) LSAT plane, (b) is LSMO 

thin film cooled at 0.1 Torr of PO2, (c) is LSMO thin film cooled at 100 Torr of PO2, (d) is LSMO thin film cooled at 300 

Torr of PO2, and (e) is LSMO thin film cooled at 500 Torr of PO2. The out of plane lattice constant is decreased depending 

on the increase in cooling PO2.  
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Figure 2. (a) The resistivity depending temperature of LSMO thin films with different cooling PO2. The dashed line represents 

the instrument limit due to the high resistivity of LSMO. The LSMO thin films cooled at 300 and 500 Torr of PO2 show the 

insulator to metal transition and metal to insulator transition. (b) The optical conductivity of LSMO was obtained by ellip-

sometry. (c)The electronic structure schematic of LSMO films indicated the d-d transition, with the Fermi level represented 

by a red line. 
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Figure 3. DFT optimized structures and projected density of states of (a) La0.875Sr0.125MnO3 with VO and (b) La0.875Sr0.125MnO3. 

We aligned the O 1s level of the La0.875Sr0.125MnO3 structure with the O 1s level of La0.875Sr0.125MnO3 with VO structure on 

the same line (black dashed line) to compare the Fermi levels of two structures. Zero energy represents the Fermi level. 

Schematic DOS near Fermi level for La0.875Sr0.125MnO3 with VO and La0.875Sr0.125MnO3 show the energy difference between 

two fermi level, and band gap. 
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Figure 4. (a) The Mn L-edge spectra and (b) O K-edge spectra of LSMO thin films were obtained through x-ray absorption 

spectroscopy at room temperature. (inset in (a)) The peak of the Mn L3-edge shifts to higher energy with an increase in 

cooling PO2. (Inset in (b)) The integrated value of the peak of Mn 3d-O 2p hybridization peak intensity of LSMO films 

cooled at higher PO2 shifts to a higher value. 

 

 

 

 


