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This report presents a study on the effect of the controlled generation of oxygen vacancies on the electronic
transport properties of Lag7CapsMnOs.x epitaxial thin films. Oxygen defects cause significant changes in the
crystalline structure of mixed-valence manganites and lower the Mn valence, resulting in a shift of the metal-
insulator transition to lower temperatures due to modifications in the angles and lengths of Mn-O bonds. Ex-
periments using Polarized Extended X-Ray Absorption Fine Structure Spectroscopy have provided strong evi-

dence that oxygen vacancies are mainly formed in the basal plane of the MnOg octahedra. The accurate control of
oxygen vacancies generation opens possibilities for managing and enhancing the magneto-electronic properties
of epitaxial manganite thin films with potential in industrial applications.

1. Introduction

Complex oxide compounds exhibit notable properties such as su-
perconductivity, colossal magnetoresistance, ferroelectricity, and mul-
tiferroicity. These properties arise from the intricate interplay between
charge, spin, chemical composition and lattice features. The perovskite
material Lag;Cag.3MnO3 (LCMO) shows a ferromagnetic-paramagnetic
phase transition simultaneous to a metal-insulator transition and co-
lossal magnetoresistance [1] behavior near room temperature.

The structural [2] and morphological [3] characteristics of the LCMO
are crucial in defining the macroscopic transport and magnetic proper-
ties exhibited by this material. According to the double-exchange model,
the itinerant charge carriers provide the mechanism for the ferromag-
netic interaction between Mn®t and Mn** ions [4]. The coupling be-
tween holes and electrons is highly dependent on the structural
properties of MnOg octahedra, such as the angle of Mn-O-Mn and the
distance of the Mn-O bond [5].

A method for modifying structural properties is through the
controlled growth of epitaxial thin films. The epitaxial strain induces
lattice distortions, allowing for a controlled tuning of the macroscopic

response through epitaxial strain engineering. In this sense, thin films
have potential applications in magneto-electronic devices [6,7]. How-
ever, reducing the thickness substantially modifies the magnetic and
electronic properties [8]. While ultra-thin films have yielded extremely
large magnetoresistance values [9-11], their transport properties are
generally strongly degraded. Previous studies have suggested that the
generation of oxygen defects is the main cause for the increase in re-
sistivity and the decrease in the metal-to-insulator transition tempera-
ture. Oxygen defects are generated to relieve the epitaxial strain energy
accumulated by the lattice and have a direct influence on the electron
hopping between Mn>" and Mn*" ions, resulting in a modification of the
magneto-electronic properties displayed [4].

In this sense, based on the direct relation between oxygen vacancies
and transport response, the controlled generation of oxygen vacancies in
this material can be used as a mechanism to tune the magneto-electronic
properties [12-14]. However, a complete understanding of the influence
of oxygen vacancies on the structural and transport properties is
required.

Some articles [15-20] report on theoretical studies that used density
functional theory to investigate the formation and stability of oxygen
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vacancies in cubic ABOj type perovskites. The stability of vacancies is
found to be correlated with the ionic radius of elements and the bulk
formation energy. The latter can be decomposed into the ionization
energy and lattice energy. However, the formation of oxygen vacancies
in perovskite system is dependent on the atomic concentration of A and
B elements, which can modify the formation energy of these oxygen
vacancies.

In a previous experiment [12], oxygen vacancies were generated in
epitaxial ultra-thin LCMO films in a controlled way. A correlation be-
tween the electronic, transport and structural properties of the films was
observed as a function of the oxygen deficiencies. The results obtained
suggest that oxygen vacancies are accommodated in the basal plane of
the octahedral MnOg structure of the perovskite compound. However,
direct evidence of the accumulation of vacancies in the basal plane had
not been provided yet. To understand the mechanisms of electron
transport, it is necessary to determine the location of oxygen vacancies
within the unit lattice and evaluate the structural deformations around
the oxygen defect. The aim of this study is to clarify the role of oxygen
vacancies in lattice deformation and transport response using the
polarized EXAFS (P-EXAFS) technique in epitaxially grown samples.
EXAFS technique carried out in the Mn K-edge is highly sensitive to the
structural properties of the first coordination shell in the LCMO com-
pound surrounding the Mn ion. P-EXAFS takes advantages of the po-
larization of X-Rays from a synchrotron source to differentiate between
the contributions to the EXAFS signal from the basal oxygen (in-plane)
and apical oxygen (out-of-plane) in the octahedral MnOg structure.

2. Experimental

High quality epitaxial Lagy;Cag 3MnOj3 thin film (20 nm thick) was
grown on a high quality SrTiO3 (001) substrate using Pulsed Laser
Deposition (PLD) method [12]. The PLD system uses a Nd:YAG 355 nm
wavelength laser, which was operated at 10 Hz and 1 J/cm? irradiance
power during the deposition process. A stoichiometric polycrystalline
Lag7Cap.3MnOg target was used. The thin film was deposited in an ox-
ygen atmosphere of 2 mbars, keeping the substrate at room temperature.
After the growth, the sample was annealed at 1000 K in 1 bar of flowing
oxygen for 40 min. High crystallinity and flat interfaces were revealed
by XRD and XRR [12].

Oxygen vacancies were generated in a controlled way by heating the
sample under ultra-high vacuum conditions. The base pressure was
1.50107° mbar, the temperature was set at 673 K and the accumulated
heating time was 10, 20, 50, 100 and 150 minutes. P-EXAFS charac-
terization was subsequently carried out once the sample was cooled
down to room temperature. Following each annealing treatment, tem-
perature dependent transport measurements in the film plane were
performed using the four probe method and an Oxford CV-F Optistat
liquid helium (LHe) cryostat. Five different heating treatments were
performed in order to reach different levels of oxygen vacancies in the
sample.

P-EXAFS measurements were carried out at the Spanish CRG BM25
SpLine beamline [21] of The European Synchrotron ESRF. The EXAFS
spectra at the Mn K-edge (6539 eV) were measured in the fluorescence
yield mode using a Sirius multi-element solid state detector provided by
e2v. The detector is equipped with 13 nitrogen liquid cooled Si(Li)
crystal sensor detection elements. The analysis of the EXAFS data was
performed using the Demeter software package [22].

X-rays from synchrotron radiation sources are highly polarized in the
orbit plane. The shape of EXAFS spectra, thus the amplitude of radial
structure functions, strongly depends on the geometry of the experi-
ment. The amplitude of the EXAFS signal is determined by the angle
between the electric-field vector of the X-ray beam and the vector
linking the absorber and backscattering atoms [23]. The angular
dependence of the EXAFS signal can be expressed as
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where j is the number of neighboring atoms, i runs over all the N; atoms
and 6’ is the angle between the electric field vector and the vector R;; of
each atom in respect to the absorber.

If the sample is perfectly crystalline and symmetrically oriented
around the (001) axis of manganite, which is perpendicular to the
substrate surface, this equation can be simplified to obtain a direct
relationship between the number of neighbors and the geometrical
configuration of the backscattering atom in the sample

cos2asin’¢

Ny = 3N, | cos? psin’a + 2

(2

where Ny is the effective number of neighbors measured by the P-
EXAFS signal for specific geometric experimental conditions, Neys is the
crystallographic number of neighbors, « is the angle between the electric
field and the (001) axis, and ¢ is the angle between R;j and the (001) axis.
Eq. (2) clearly shows that the amplitude of the EXAFS signal is
geometrically dependent.

Bulk perovskite LCMO has an octahedral structure surrounding the
absorbing Mn atom. It is composed of four oxygen atoms on the basal
plane and two apical oxygen atoms. The octahedra is slightly distorted
and tilted with respect to the (001) axis. This distortion and tilting are
determined by the tolerance factor t. Typical values for bulk LCMO are t
= 0.917 which results in a Mn-O-Mn bond angle along the z-axis that is
close to the ideal 180° [24]. In that situation, if the X-ray beam is applied
at normal incidence (¢ = 0°) regarding to the normal vector of the
substrate surface, the contribution to the EXAFS signal from the apical
oxygens (¢ = 0°) can be neglected and the EXAFS signal comes exclu-
sively from the basal oxygens (¢ = 90° — Negr = 3/2 Npasq)- On the other
hand, in grazing incidence (a = 90°), the EXAFS signal corresponds to
the contribution from apical atoms (¢ = 0° — Negr = 3Ngpicap) as the signal
from the basal oxygen vanishes.

Polarized measurements were carried out in the epitaxial samples
with the X-Ray polarization vector oriented either parallel or perpen-
dicular to the normal vector of the sample surface. In the experimental
set-up, alpha angle was fixed to a = 75°, in grazing incidence, and @ =
15° in normal incidence in order to accommodate the UHV chamber and
the fluorescence detector. Therefore, the EXAFS signal will be domi-
nated by one type of oxygen atoms. However, due to the non-perfect
grazing and normal incidences, a residual contribution of the other
type of oxygen atoms will be present. The contribution of the residual
type of oxygen for each different configuration has been calculated using
Eq. (2), taking into account the geometrical configuration of P-EXAFS
experiment. The residual contribution is approximately 7% of the
measured EXAFS signal.

EXAFS analysis was carried out for each annealing stage in both
grazing and normal incidence. Initially, data reduction (removing pre-
edge, post-edge, background subtraction and normalization) was per-
formed using the ATHENA software. EXAFS analysis was performed
using the ARTEMIS software. K-range was selected between 3.05 and
9.80 AL, Fourier Transform was applied in that range using a Hanning
window.

Fitting was calculated in the R-space, in a range from 1.15 to 4.35 A,
covering both first and second shells. This range of fitting includes more
than 13 independent points according to the Nyquist criterion. The
LaMnO3 sample CIF file (taken from reference [25]) was used to
generate scattering paths. All single scattering paths within that range
were considered. Also, multiple scattering paths with more than 10%
probability were included. The first shell was fitted using one single
scattering path for all the oxygen atoms, taking into account the effec-
tive coordination number of neighbors to define the degeneracy of the
path. The second shell was fitted using four single scattering paths for La
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atoms, with degeneracy of 2 for each one and starting at distances of
3.26, 3.33, 3.38 and 3.44 A In addition, one single scattering path for
Mn atoms, centered at 3.86 A with a degeneracy of 6 was used. Finally,
several multiples scattering were include in the fit: O-O double scat-
tering (3.35 A), O-Mn obtuse triangle (3.90 ;\), 0-0 non forward linear
(3.93 ./°\) and O-Mn-O forward triangle (3.93 10\).

The first step was to fit the as-grown sample to calculate the energy
shift (Ep) and the passive electron reduction factor (S%) parameters for
each element (O, La and Mn). The energy shift E, calibrates the energy
grid of the measured spectrum [26] with the theoretical calculated
spectrum. The passive electron reduction factor [27] is an experimental
parameter that evaluates the quantity of electron excitations without
contribution to the fine structure. This calculated value of S3 parameter
was linked to the effective coordination number of neighbors in the
absence of oxygen vacancies, as both parameters are fully correlated in
the EXAFS equation [28]. The effective coordination number of neigh-
bors for each annealing stage was then calculated by fitting the S3
parameter. In addition to the S3 parameter, the distance between
neighbors (r) and the mean square displacement €2 parameters were
also fitted for oxygen atoms of the first atomic shell. The fitting pa-
rameters were selected as a function of the atomic element that gener-
ates the scattering path. For each EXAFS corresponding to a different
annealing stage, the fitting parameters for each atomic element were the
same. Finally, the contribution of the second shell was additionally fitted
to refine the results. Regarding to the second shell scattering paths, the
distance between neighbors (r) and the mean square displacement (02)
parameters were also fitted for both La and Mn scattering paths. Mul-
tiple scattering paths were defined as a combination of parameters used
for single scattering paths; no additional parameters were used. This
gives seven parameters to be fitted for each annealing state.

3. Results and discussion

Temperature dependent transport measurements were carried out
for each stage of annealing treatment. The dependence of resistance as a
function of temperature is shown in Fig. 1. It can be observed that the
metal-to-insulator transition (MIT) temperature is obtained at 270 K for
the as-grown sample. This value corresponds to the temperature re-
ported for bulk LCMO. As the annealing time is increased, i.e. the
amount of oxygen vacancies is increased, the MIT temperature shifts to
lower temperatures, similarly to the study reported by Rubio-Zuazo
et al. [12]. The MIT temperature decreases to 225K, 194 K, 150 K,
119K and 75 K for annealing at 673 K under UHV for 10, 20, 50, 100
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Fig. 1. Temperature dependent resistance curves for different annealing con-

ditions. For better comparison, the resistance curves have been divided by the
resistance at room temperature and normalized to one.
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and 150 minutes, respectively.

Fig. 2(a), (b), (c) and (d) show the comparison between the experi-
mental spectra and the best fit of the modulus of Fourier Transform of
k?y(k) EXAFS spectra for the as-grown and the 150 minutes annealed
samples at 673 K under UHV conditions in both polarization geometries.
The inset of each figure presents the real part of back Fourier Transform
q(R) to show the quality of the fitting.

P-EXAFS experiment was carried out to distinguish the contribution
between of basal and apical oxygens in the EXAFS signal. Standard
EXAFS experiments are not effective due to the close interatomic dis-
tance between the two types of oxygen atoms. The main fitting values
obtained from the P-EXAFS analysis are shown in Fig. 3. The percentages
of vacancies measured in each experimental configuration are plotted as
a function of the annealing time in Fig. 3(a). Regarding to the experi-
mental geometrical configuration, under normal incidence, the whole
number of vacancies measured were produced in the basal oxygens.
Conversely, under grazing incidence, the whole number of vacancies
measured were produced in apical oxygens atoms. The percentages of
vacancies were calculated by fitting the S3 parameter for each annealing
state and calculating the direct relation with the initial S3 parameter
obtained for the as-grown sample, which has a known value of oxygen
atoms. The results show that the number of apical oxygen atoms remains
constant for all annealing stages, as only a small number of vacancies
between 1% and 2% were observed. On the contrary, the basal oxygen
atoms are more sensitive to the sample annealing, showing a propor-
tional increase in the number of vacancies with the annealing time. The
number of oxygen vacancies produced at the basal plane reached 6.5%
after an annealing time of 150 minutes.

Fig. 3(b) shows the evolution of the first neighbors distance with
respect to the Mn absorbing atom as a function of the annealing time at a
temperature of 673 K under UHV conditions. The distance of the basal
oxygen increases with the annealing time, whereas the distance of the
apical oxygen remains constant. The increase in bond length in the basal
plane could be related to the lattice deformation mechanism in order to
accommodate the presence of oxygen defects and the corresponding
increase in Mn ionic radius due to the corresponding Mn valence
reduction.

From Fig. 3(a) the total amount of oxygen vacancies generated can
be calculated and correlated with the MIT temperature shift and the
annealing time, as shown in Fig. 4. A clear exponential dependence of
the total percentage of oxygen vacancies generated (exponential in-
crease) and MIT temperature (exponential decrease) as a function of the
annealing time is observed (Fig. 4(a)). This behavior suggests that low
levels of oxygen vacancies can be easily generated with short annealing
times at moderate temperatures. However, large annealing time is
required to generate a significant number of oxygen defects. This is
related to the lattice capabilities of assuming the oxygen defects through
lattice deformation. As shown in Fig. 3(b), an exponential dependency of
the apical oxygen bond length with the annealing time is also observed.
For short annealing time, which corresponds to few oxygen defects, the
bond length increases abruptly, however it increases slowly for larger
annealing times. This fact suggests the initial oxygen defects are
accommodated by lattice deformation, while a different mechanism
occurs for a large amount of oxygen defects. Fig. 4(b) shows the MIT
temperature dependency with the total amount of oxygen vacancies. A
linear dependency is observed similar to that found in Ref. [12].

4. Conclusions

Polarized EXAFS has been successfully used to distinguish the con-
tributions to the EXAFS signal from basal and apical oxygens in the
octahedral MnOg structure during the generation of oxygen vacancies in
Lag.3CapyMnOs4 epitaxial thin films. Oxygen vacancies have been
produced by annealing treatments at a moderate temperature of 675 K
under an ultra-high vacuum environment. It has been demonstrated that
the oxygen effective coordination number decreases at the basal plane
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together with an increase of the bond length, while at the octahedral
apices the oxygen effective coordination number and bond lengths
remain constant. This effect suggests that the generated oxygen va-
cancies are mainly located at the octahedral basal plane. Up to 6.5% of
oxygen vacancies have been determined at the basal plane for
150 minutes annealing time compared to 2% at the apical position. The
transport properties have been correlated with the lattice oxygen de-
fects, indicating a linear dependency of the MIT temperature with the
amount of oxygen defects, in agreement with previous works.
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