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ABSTRACT: Strong correlations are often manifested by exotic electronic
phases and phase transitions. LaCoO3−δ (LCO) is a system that exhibits
such strong electronic correlations with lattice−spin−charge−orbital
degrees of freedom. Here, we show that mesoscopic oxygen-deficient
LCO films show resistive avalanches of about 2 orders of magnitude due to
the metal−insulator transition (MIT) of the film at about 372 K for the 25
W RF power-deposited LCO film on the Si/SiO2 substrate. In bulk, this
transition is otherwise gradual and occurs over a very large temperature
range. In thin films of LCO, the oxygen deficiency (0 < δ < 0.5) is more
easily reversibly tuned, resulting in avalanches. The avalanches disappear
after vacuum annealing, and the films behave like normal insulators (δ
∼0.5) with Co2+ in charge ordering alternatively with Co3+. This oxidation
state change induces spin state crossovers that result in a spin blockade in
the insulating phase, while the conductivity arises from hole hopping among the allowed cobalt Co4+ ion spin states at high
temperature. The chemical pressure (strain) of 30% Sr2+ doping at the La3+ site results in reduction in the avalanche magnitude as
well as their retention in subsequent heating cycles. The charge nonstoichiometry arising due to Sr2+ doping is found to contribute
toward hole doping (i.e., Co3+ oxidation to Co4+) and thereby the retention of the hole percolation pathway. This is also manifested
in energies of crossover from the 3D variable range hopping (VRH) type transport observed in the temperature range of 300−425 K,
while small polaron hopping (SPH) is observed in the temperature range of 600−725 K for LCO. On the other hand, Sr-doped
LCO does not show any crossover and only the VRH type of transport. The strain due to Sr2+ doping refrains the lattice from
complete conversion of δ going to 0.5, retaining the avalanches.
KEYWORDS: lanthanum cobaltate, oxygen vacancies, resistivity, avalanches, metal35 insulator transition, hopping

1. INTRODUCTION
Phase transitions of conventional to exotic phases of matter
have been an intriguing subject of study in condensed matter
sciences. The order parameters driving such phase transitions
manifest differently across many experimental systems.
Assorted instances comprise the magnetocaloric effect in
several alloys,1 Barkhausen noise in magnetic materials2,3

acoustic emission in martensitic transition,4,5 structural phase
changes in materials,6,7 etc. The abrupt step-like resistance
changes have been known in several systems, including Mott
transitions involving strong electron correlation effects.8−10

Once the system transforms into the stable (crystalline) phase
under heat treatments with the given thermodynamic
conditions, it seldom traces back the same path during
cooling.11 For instance, in amorphous Ge2Sb2Te5, the memory
phenomenon was reported by Ozatay et al.12 and Cheng et
al.13 to be mainly the electric field-induced crystallization of
the films. Here, the driving force of the crystallization is
reported to be the applied potential, where a threshold voltage

triggers the phase transition. The reset condition is achieved
when a pulsed laser is used to cause local heating, followed by
melt quenching for amorphization. VO2 is another Mott
insulator that shows a hysteretic phase transition from the
insulating to metallic state just above room temperature and is
of enormous interest for optoelectronics.14 Genchi et al.15

reported a step-like resistance change, whereas Sharoni et al.16

showed the steps occurring in multiples for VO2 thin films in
the vicinity of the metal to insulator phase Transition (MIT).
Moreover, the abrupt jumps in resistance strongly abide by the
power law as the device dimensions are scaled down.
Nevertheless, such resistive avalanches could not be seen in
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complex and strongly correlated transition metal oxides, to the
best our knowledge, which exhibit a plethora of magneto-
electronic phases and phenomena.17

Recently, LaCoO3−δ (LCO) has attracted renewed interest
due to the observation of unconventional strain-induced
ferromagnetism in thin films.18−20 The bulk LaCoO3 is
nonmagnetic at low temperatures, with Co3+ ions having a
low spin (LS) configuration (S = 0). However, the LCO
epitaxial thin films with a small lattice mismatch grown on
various substrates exhibit a ferromagnetic ground state with an
unambiguous TC of 85 K. Besides, Sr doping at the La site
results in excess hole doping, which also introduces a strain in
the La1−xSrxCoO3 lattice, bringing about Co4+ ions for charge
compensation. This modifies the nature of the exchange
coupling, converting the super exchange (SE) among Co3+

ions in LCO to double exchange (DE)21 between Co3+ and
Co4+ ions. Moreover, the presence of Sr leads to La site
disorder. The resulting inhomogeneous lattice distortions
amend the crystal field splitting and, consequently, the spin
state of Co ions. Oxygen stoichiometry plays a crucial role in
determining the physical properties and potential application
of transition metal oxides (TMOs). A small change in the
lattice oxygen content can result in a considerable variation of
the oxidation state of the transition metal, drastically modifying
the functionalities of the oxides.

According to the literature,22 if the pristine LaCoO3 lattice is
considered, then the maximum number of oxygens that could
be lost without affecting the parent crystal structure is less than
one in every six lattice oxygens (two formula units) of pristine
LaCoO3. Losing 1 oxygen complete per two formula units
distorts the structure and leads to the formation of another
well-known structure called Brownmillerite (BM) LCO with
the formula LaCoO2.5, as shown in Figure 1b

2LaCoO La Co O 2LaCoO3

1
2 O

2 2 5 2.5
2

(1)

Therefore, here, 1/6 defines the fraction of the total number
of oxygen atoms present in the pristine LaCoO3 lattice and not
of x. With several synthesis processes, an oxygen-deficient
stable structure of BM LCO2.5 (LaCoO2.5) could be prepared.

In this case, oxygen ion vacancies order at every alternate
octahedron, resulting in the breaking of the octahedral
structure and forming alternate square pyramids, as reported
by An et al.22 (see Figure 1b). LaCoO3 may also exist in the
oxygen-deficient stoichiometry of LaCoO3−δ, where 0 < δ < 0.5
(see Figure 1). Hitherto, in the LaCoO3 and La0.7Sr0.3CoO3
films, the MIT is a well-observed phenomenon.23−25 The
studies reported so far26 state that in LaCoO3, the ground state
consists of only Co3+ ions specifically in the 3d6 spin
configuration. At low temperatures (below 50 K), it remains
in the LS state, i.e., S = 0 (t2g

6eg
0). In this case, the crystal field

energy is comparable to the Hund’s energy at high temperature
(40 K < T < 150 K), i.e., LS Co3+ ions convert to the high spin
(HS) state Co3+ (t2g

4eg
2) ions due to local excitation.26 In the

temperature range of 150−300 K, the numbers of Co3+ ions
present in the LS and HS states are comparable. At T > 500 K,
Co3+ disproportionates into Co2+ and Co 4+ due to the
reaction between two consecutive Co3+ ions.

Upon doping with Sr2+ ions at the La3+ site in LCO, the
number of Co4+ ions is increased to balance the charge. This
leads to a hole doping in the system. In thin films having an
inhomogeneous distribution of Co4+ ions, this doping creates a
hole-rich region and a hole-poor region within the same
La1−xSrxCoO3 film. This is generally dependent on the
synthesis or the growth conditions of the films. However, the
jump in the resistance with the increase in temperature has not
been widely reported. In this paper, to the best of our
knowledge, we report the first observation of single and
multiple step-like resistance changes in the LaCoO3 and
La0.7Sr0.3CoO3 films, albeit with a much lower transition
temperature. With repeated measurement cycles, the films lose
the behavior of the step jump in resistance. However, the
behavior was partially re-established by the oxygen annealing,
which can be portrayed as the reset button in the point of view
of the memory device.

2. EXPERIMENTAL SECTION

2.1. Bulk Preparation
The undoped and Sr-doped LaCoO3 samples were prepared by solid-
state synthesis. After the dehydration step of hygroscopic La2O3,
stoichiometric amounts of La2O3, SrCO3, and Co3O4 were mixed and
ground in a motor and pestle. In the case of LaCoO3, the precursors
used were La2O3 and Co(NO3)2·6H2O. The mixture was calcined at
the rate of 3 °C/min at 1100 °C for 20 h. The heated mixtures of
doped and undoped LaCoO3 were hydraulic pressed into two
separate pellets of 25 mm, which were then calcined at 1100 °C for 12
h at the rate of 5 °C/min. The pellets were subjected to X-ray
diffraction (XRD) to assess their purity and phase formation.

2.2. Thin Film Deposition
The commercial Si/SiO2 substrates were cut and cleaned with
isopropyl alcohol followed by a soap solution and deionized water.
The deposition parameters are described in Table S1 in the
Supporting Information. In order to measure thickness, some of the
film substrates were partially covered during the deposition. The film
thicknesses measured for films at a given RF power and time of
depositions have been shown with a gradient plot in Figure S1 in the
Supporting Information. Films deposited at 25 and 50 W RF powers
are hereafter referred to as LCO_25 and LCO_50, respectively.
Similarly, Sr-doped films deposited at 25 and 50 W RF power are
referred as LSCO_25 and LSCO_50, respectively. The 25 W, 1 h
deposited films of LaCoO3 (LCO_25) as well as of La0.7Sr0.3CoO3
(LSCO_25) are about 125 nm in thickness (see the Supporting
Information for target XRD data in Figure S2 as well as thin film
deposition parameters).

Figure 1. (a) Crystal structure of LaCoO3. Green Co, blue La, and
red O. (b) Structures of perovskite LaCoO3 and BM LaCoO2.5 and
reversible O2 incorporation�elimination into the LaCoO3 lattice.
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2.3. Characterization and Measurements
The as-prepared and sintered films were examined using a Bruker X-
ray diffractometer having a Cu Kα X-ray source of 0.15418 nm in the
range of 10−60° and a step size of 0.017°. X-ray photoelectron
spectroscopy (XPS) measurements were carried out using an
Omicron X-ray photoelectron spectrometer with a Mg source
(1253.6 eV). The resistance measurement was carried out by the 4-
probe van der Pauw method using. The thickness of the films was
measured by the profilometer KLA-TENCOR D-600. The elemental
composition and oxidation states of the films were evaluated using
XPS, which allows the measurement of the binding energy with high
resolution. A Mg Kα incident photon energy of 1253.6 eV was used to
evaluate the composition. C 1s with a binding energy of 284.6 eV was
used as the reference for binding energy corrections. The binding
energies reported here have an accuracy of ±0.3 eV.

The measurement was taken by the Keithley 2700 multimeter cum
data acquisition system. This is programed in such a way that it can
apply the full range of current and measure the voltage to give the
final resistance value in a four probe fashion. When it is unable to pass
the full range of current, automatically, a lower value of the current is
sent. If the voltage drop is more than the compliance value due to the
given current, it adjusts self-consistently and takes the proper
readings. The range of accurate resistance measurement is 100 Ω to
100 MΩ. Besides, in this point, it is crucial that the I−V characteristics
should be linear and should pass near the origin (i.e., no offset). The
I−V characteristics were measured in the high resistive as well as the
low resistive state, and the same are presented for LCO_25 and
LSCO_25 (see Figure S5 in the Supporting Information).

Before every deposition, the commercial Si/SiO2 substrate was
preannealed for the formation of a complete layer of SiO2. The I−V
curve of the SiO2 substrate is obtained at room temperature (300 K)
as well as at 523 K. This SiO2 layer is highly resistive, which has a
negligible effect as the leakage current. The I−V curve of the SiO2
substrate is presented in Figure S5 in the Supporting Information.
Besides, the nature of the resistivity graphs specially in the heating
cycle is mainly due to the LCO samples. Otherwise, with the
contribution from SiO2, the trend would not have been the same.

3. RESULTS AND DISCUSSION

3.1. Structural Analysis Using X-Ray Diffraction
The crystal structure of pristine LaCoO3 is shown in Figure 1a,
which clearly defines the perovskite form of the material.27 The
evolution of the crystal structure of the BM phase (LaCoO2.5)
from the perovskite phase (LaCoO3) and vice versa due to the
removal and incorporation of O2, respectively, are shown in
Figure 1b. To investigate the phase formation and its
evolution, XRD measurements were performed on as-
deposited films as well as after each subsequent annealing
treatment (in vacuum as well as in oxygen). The obtained
XRD patterns are shown in Figure 2. Because of the low
thickness of the thin films, it may be seen that the substrate
peaks are very prominent and have higher intensities than that
of the film reflections. For comparison, the XRD pattern of the
bare Si−SiO2 substrate is also shown in Figure 2a(iv). It could
also be inferred that the as-deposited LCO and LSCO films’ X-
ray patterns are amorphous in nature, as seen in Figure
2a(i),c(i), where both show a broad glass-like hump at 40°.

The XRD pattern is recorded after vacuum annealing and
100% oxygen annealing for the LCO_25 film at 500 °C, as
shown in Figure 2a(ii,iii). The XRD pattern of the LSCO_25
film annealed at 500 °C in vacuum is shown in Figure 2c(ii). It
is seen that the XRD peaks of both the films appear after
annealing in vacuum [Figure 2a(ii),c(ii)] as well as in oxygen
at 500 °C [Figure 2a(iii)]. This marks the improved
crystallinity of the samples as these are heated in vacuum.
Similar treatment and measurements were performed on the

LCO_50 (deposited at an RF power of 50 W for 1 h) and
LSCO_50 films, and the XRD patterns are reported in Figure
S3a,c, respectively. Expecting further enhancement in crystal-
linity, the LCO_50 film was heated to 900 °C in an oxygen-
rich environment. The XRD pattern of this film is shown in
Figure S4.

Figure 2b shows the enlarged view of the XRD peaks of the
LCO_25 film. It may be observed that when this film is
annealed in vacuum at 500 °C, the crystallinity of the LCO
increases, resulting in the appearance of the two peaks of (110)
and (104).28 This matches with the peaks of the LaCoO3
polycrystalline powder as given in Figure S2 with the JCPDS
no. 01-084-0848.29 Further, on annealing it in an oxygen-rich
atmosphere at 500 °C, not only does the peak intensity
decrease but there is also a slight shift toward a low Bragg
angle. The enlarged view of the XRD pattern of the LCO_50
film is shown in Figure S3b. To observe the further effect of
oxygen in the crystallinity, the LCO_25 film is annealed at
high temperature in oxygen, and XRD is performed (see Figure
S4). On annealing the film at an even higher temperature (900
°C), there is a higher shift, and the intensity further decreases
(see Figure S3b). The Bragg angle of the (110) peak was

Figure 2. XRD patterns of (a) LCO_25 and (c) LSCO_25 thin films
for as-deposited (i), vacuum-annealed (ii), and oxygen-annealed (iii)
thin films. (b,d) show the magnified view of the (110) and (104) peak
evolution as a result of annealing. For comparison, bare Si/SiO2
substrate data are also shown in (a) (iv).

ACS Materials Au pubs.acs.org/materialsau Article

https://doi.org/10.1021/acsmaterialsau.3c00101
ACS Mater. Au 2024, 4, 308−323

310

https://pubs.acs.org/doi/suppl/10.1021/acsmaterialsau.3c00101/suppl_file/mg3c00101_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmaterialsau.3c00101/suppl_file/mg3c00101_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmaterialsau.3c00101/suppl_file/mg3c00101_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmaterialsau.3c00101/suppl_file/mg3c00101_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmaterialsau.3c00101/suppl_file/mg3c00101_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmaterialsau.3c00101/suppl_file/mg3c00101_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmaterialsau.3c00101/suppl_file/mg3c00101_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmaterialsau.3c00101/suppl_file/mg3c00101_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmaterialsau.3c00101/suppl_file/mg3c00101_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmaterialsau.3c00101/suppl_file/mg3c00101_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.3c00101?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.3c00101?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.3c00101?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.3c00101?fig=fig2&ref=pdf
pubs.acs.org/materialsau?ref=pdf
https://doi.org/10.1021/acsmaterialsau.3c00101?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


observed to decrease consistently from 33.82° for the film
annealed at 500 °C to 33.78° for the film annealed at 900 °C in
an oxygen-rich atmosphere. The shift in the XRD peaks is
likely to be a consequence of the change (increase) in the
average lattice spacing due to oxygen incorporation, which is a
result of the relaxation of residual stresses occurring due to
oxygen vacancies in the as-prepared films. The magnified view
of LSCO_25 and LSCO_50 films were shown in Figures 2d
and S3d). It also shows the (110) and (104) peaks similar to
the LCO films. However, these peaks were found at a lower
Bragg angle of 33.9 and 34.1°, respectively. Sr2+ being larger
than La3+, the shift in Bragg angles confirm the Sr doping in
the LCO lattice. The same is confirmed via the chemical
composition, and the charge states of elements are probed via
XPS on the LSCO_25 film, as presented in the subsequent
sections.

In order to rule out the possibility of the measurement
artifact, the following argument may be considered. The film is
deposited on the Si substrate having naturally grown a SiO2
layer, and LCO films are deposited subsequently. When such a
film is subjected to the XRD, irrespective of the thickness of
the film, the XRD peak of the Si substrate should appear at the
same 2θ value. Every pattern is calibrated with respect to this
Si peak. Moreover, the similar nature of the change in the peak
position toward a low Bragg angle (toward the Si peak) after
annealing in all the samples irrespective of the doped or
undoped composition and similar thickness diminishes the
scope of the measurement artifact, in which case it would be
completely random. As mentioned in the Experimental
Section, the step size used for XRD measurement is 0.017°,
which is 1 order of magnitude lower than the difference in the
peak position observed, for instance, 34.32 − 34.20 = 0.12°.
Therefore, the peak position shift cannot be ruled out as an
experimental artifact.

The bulk XRD data shown in Figure S2 in the Supporting
Information are used as a reference for comparing the XRD
patterns of the films. It may be noted from Figure S2 that the
two most intense peaks are for (110) and (104) reflections.
The other peaks have a 50% or lower intensity than these two.
Besides, this also implies that these two planes are the
maximally dense planes, with densely packed scatters
(atoms).7,30,31 Therefore, when the film is grown on an
amorphous substrate like SiO2, due to the lack of any epitaxy
and the lack of crystallization energy (no heater used during
deposition), the as-prepared film is amorphous in nature.

When the film is annealed for the first time, the thermal
energy induces crystallization, and the system nucleates in its
least formation energy planes, which are the most densely
packed crystal planes. However, multiple nucleation sites may
lead to multiple crystallites within the film having the same out
of-plane orientation but all possible in-plane orientations called
texture.32 Therefore, when X-rays are incident on such a film,
the diffraction pattern mostly contains only a few peaks
pertaining to the crystalline orientation fraction. It is important
to note that thin film texture differs from that of the epitaxy,
where there is a single orientation throughout the film that is
governed by crystal matching with the substrate, whereas
texture may have a partial or preferred orientation.31 An
example of texture can be found in Figure 3 of ref 31 as a
valuable resource for the reader where fractional orientation
patterns are shown for the same crystal structure. Therefore,
we believe that the other planes may not be significantly
oriented in order to contribute toward the diffraction.

3.2. Electric Transport Studies
The four-probe resistance of the as-deposited LCO and LSCO
films were measured as a function of temperature under
vacuum (∼10−2 mbar). Each measurement comprised data
recorded during heating and cooling cycles. Subsequent trials
of resistance measurement were carried out sequentially. This
was followed by annealing the films at 500 °C for 2.5 h in
vacuum and cooling them down naturally. For most of the
films, it is evident that the first trial of the as-deposited film
showed a significant variation in resistance compared to the
subsequent ones. The measurements of films in different
atmospheric conditions are tabulated in Table S1 in the
Supporting Information.

Figure 3a shows the measurement of pristine LCO_25
samples, while Figure 3d show the same for LSCO samples. As

seen in the figure, the LCO_25 film showed a prominent
hysteresis in heating and cooling data vis-a-̀vis sudden jumps
corresponding to the MIT in the range of 350−600 K,
characterized by a change of slope of R vs T.33 The sudden
jump in resistance is of 2 or more orders of magnitude. This is
in good accordance with the temperature values reported in
the literature.33,34 The first (virgin) trial of all the LCO_25 and
LCO_50 samples exhibits a very prominent jump that
diminished in the subsequent trials, wherein they behave like
a normal insulator.33 Interestingly, a broad peak is observed in
the virgin heating curves from 550 to 650 K. Here, the virgin
curve shows a large variation in resistance with the existence of
the same peak at 550 to 650 K, followed by a decrease during
cooling. Figure 3b depicts the subsequent (2nd) trial of
measurement performed in vacuum of LCO_25. Similarly,
Figure 3c shows the third trial of the same samples measured
under the same condition. The similar experiments were
performed on the LCO_50 film to check the dissimilarities
with respect to the deposition power. However, an almost

Figure 3. Resistance as a function of temperature of subsequent trials
for films of 125 nm thickness: (a−c) LCO_25 and (d−f) LSCO_25
films deposited on a Si−SiO2 substrate.
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similar outcome compared to the LCO_25 film is observed as
shown in Figure S6a−c. In the case of LCO_25, a faster loss of
the avalanche step jump is observed with the consecutive trials.

The drastic changes during the first heating cycle data of the
film may be attributed to the in situ crystallization of the films
as well as the dynamic reorganization of the spins within the
crystallite. A crystallite refers to small domains having only one
crystal orientation. The film may be composed of a large
number of crystallites arranged in the same or different
directions. If they are oriented preferentially along the same
direction, the film is said to textured and it shows one single
peak (and its higher order peaks) in the XRD pattern. The
XRD pattern in this case revealed sharp peaks just after the first
trial of heating. As discussed earlier, the loss of the lattice O2−

ions is anticipated during the measurements due to the in situ
annealing happening in vacuum. This significant loss of oxygen
from LaCoO3 could lead to the metastable oxygen-deficient
structural phases (BM LaCoO2.5 and LaCoO2.67), as shown in
Figure 1b.34 Such a phase transformation could lead to the
observed change with the subsequent trials as the solid loses
more and more oxygen.

As reported by An et al.,22 for a stabilized oxygen-deficient
LaCoO3−δ, the maximum oxygen vacancy that the structure
can hold is 1/6th of the total lattice oxygen of pristine
LaCoO3. This is probably the reason that after the second trial,

no further change was observed in the R−T data except the
diminishing of the hump near the transition. It is well
established that the hysteresis observed during the heating and
cooling occurs due to the underlying first order nature of the
Mott transition in LCO.35,36 As the samples go through a
controlled heating and a natural cooling, along with the
continuous removal of oxygen (δ starts to increase to reach
near the value 0.5), hysteresis is generated.
3.3. Nonstoichiometry and Origin of the Metal Insulator
Transition in LCO

The XPS measurements are done on the LCO_25 films
deposited for 1 h in order to study the composition and
stoichiometry. C ls, La 3d, and O ls core levels were recorded
and are shown in Figure 4. All binding energies reported were
referenced to the C ls photoemission at 284.6 eV to correct the
charge shift (Figure 4a), if any. The La 3d shows two peaks as
displayed in Figure 4b due to spin−orbit interactions (3d5/2
and 3d3/2). Besides, each peak is also doubly degenerate, which
denotes a satellite from 3d04f1 other than the expected 3d04f0.
Ichimura et al.37,38 reported the presence of two kinds of
oxygen species in LaCoO3 by XPS. In Figure 4c, in the O 1s
spectra, two well-defined photoemission lines at binding
energies of 528.2 and 531.3 eV are observed. The first of
these lines is assigned to lattice oxygen.39,40 The second line is
assigned to adsorbed oxygen (O−) or OH−. The line at 531.3

Figure 4. X-ray photoelectron spectral comparison of as-prepared, vacuum-annealed, and oxygen-annealed LCO_25 thin films for (a) C 1s, (b) La
3d, (c) O 1s, and (d) Co 2p core levels.
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eV is broader than the line at 528.2 eV. This suggests that
adsorbed oxygen or hydroxyl groups exist in a rather wide
distribution of states. Their relative ratio shows that the as-
deposited film has more surface adsorbed oxygen than the
lattice oxygen contribution. It reduces to almost 1:1 in
vacuum-annealed films, and upon oxygen annealing, it again
becomes almost similar to the as-deposited film. We tried to
quantify the stoichiometry from the XPS data. The formulas of
the films are as shown in Table 1.

The quantification reveals that the least oxygen is present in
the twice vacuum-annealed film, which supports our
conjecture. However, the quantity is only indicative as the
XPS is a surface (top 5 nm) sensitive technique. In the as-
deposited film, the crystallization is coupled along with the
oxygen mobility in/out from the lattice; therefore, the oxygen-
annealed film showed relatively less oxygen than the as-
deposited film. Hence, a large jump (∼2.5 orders of
magnitude) is observed in as-deposited LCO along with an
excessive loss of oxygen. Thus, a clear correlation can be seen
in the oxygen content of the lattice and the magnitude of the
sudden jump in resistivity by this nominal quantification.

The spectrum of Co 2p in LaCoO3, (Figure 4d) exhibits a
multiplet splitting of about 15.3 eV [with (Co (2p3/2) at 780.2
eV and Co (2p1/2) at 795.5 eV)] for Co3+ ions. For further
investigation and quantification of Co ions, the Co 2p spectra
are deconvoluted for all the three samples. As mentioned by
Wang et al.,39 in the Co 2p3/2 spectrum, a peak was observed at
the binding energy of 780.3 eV due to the Co3+ in the
octahedral coordination, and another peak was observed at
782.1 eV corresponding to Co2+ in the tetrahedral coordina-

tion in all the three XPS spectra. Formation of Co2+ upon
reduction of the starting perovskite can be detected by the
appearance of two shakeup satellite peaks,20 which are situated
at about 6.5 and 9.7 eV upscale from the peaks for Co3+ due to
the presence of Co2+ along with Co4+ and Co3+ ions,
respectively. These satellites can be considered as the
fingerprints of these ions since the spectral lines of the
multiplets for both Co3+ and Co2+ are practically coincident.41

It is noted that these satellite peaks are indeed present in the
spectrum of LaCoO3 (Figure 4d). Based on these spectra, the
ratio Co2+/Co3+ is calculated for the films, and further
discussion is presented in the latter part of this paper.

In Figure 4, even though there is no change in the binding
energy of the C 1s reference peak, all the peaks in the three
samples show a systematic change with annealing. Compared
to those of the as-prepared sample, the spectra of the vacuum-
annealed sample are shifted to lower binding energy and the
spectra of oxygen-annealed samples are shifted to higher
binding energy. The change in binding energies marks the
change in Fermi levels of the three compositions due to the
change in defect-induced carrier concentrations.

To confirm the presence of Sr in the LSCO films, XPS was
also performed on a LSCO_25 film. Figure 5a−c shows the
comparison of La 3d, Sr 3d, and O 1s peaks of LSCO and
LCO thin films, respectively. In Figure 5d, the Co 2p peak of
the same sample is shown along with the Co 2p peaks of the
LCO_25 sample for comparison. The Sr inclusion in the LCO
lattice site gives rise to the Co4+ satellite peak.

As seen in Figure 5, on Sr2+ substitution at the La3+ site,
excessive positive charge deficiency is created within the lattice,
and this induces Co3+ to Co4+ oxidation to maintain charge
neutrality of the crystal. This leads to high hole doping in the
system, and therefore, the excess carriers change the chemical
potential. The change in the Fermi level (zero binding energy)
position is seen as a shift in the core level peaks. This also
agrees with the increase in the relative fraction of Co4+ in
LSCO in comparison to that in LCO, as is seen in Figure 5d. It
confirms that the Sr doping at the La site is compensated by

Table 1. Compositions Calculated from XPS Data

LCO_25 film stages film nominal composition

LCO as-deposited LaCo0.971O3.49

LCO after 2nd vacuum annealing LaCo0.967O2.77

LCO after oxygen annealing LaCo0.967O2.97

Figure 5. Comparison of the XPS spectra of (a) La 3d, (b) Sr 3d, (c) O 1s, and (d) Co 2p of the LSCO_25 and LCO_25 as-deposited films.
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the increase in Co ion stoichiometry from Co3+ to Co4+. The
excess number of Co4+ ions stabilize the lattice relative to the
LCO lattice.

This nonstoichiometry in Co as well as corresponding
oxygen ions is primarily responsible for the rich transport
properties of the system. There are several reports that explain
the MIT phenomenon of the LaCoO3 films with the help of
the charge- and spin-dependent transport.24−26 As mentioned
earlier, the conduction mechanism in this type of transition
metal oxides having a perovskite structure primarily is due to
the spin state transition. (Other than cobaltate, it is found in
nickelate, cuprate, manganites, etc.)42 At low temperature, in
the insulating phase, the Co3+ ions mainly exist in the LS state
(S = 0, i.e., t2g

6 eg
0) configuration of CoO6 octahedra. At

temperatures T < 100 K, 50% Co3+ exist in the LS state and the
rest of Co3+ exist in the HS state (S = 2, i.e., t2g

4 eg
2). In the

temperature range of 100 K < T < 350 K, the number of Co3+

ions in the HS state remains unchanged, while the Co3+ in the
LS state start converting to Co3+ intermediate spin (IS) states
(S = 1, i.e., t2g

5 eg
1). Further, for 350 K < T < 650 K, an

insulator to metal transition occurs, where the current study is
pertinent. In the semiconducting (T < TMIT) phase, there is a
coexistence of Co3+ in the LS, IS, and HS state. However, in
the metallic phase (T > TMIT), almost all the LS Co3+

transform into IS Co3+. Thus, the resistive transition is

brought about by these 50% Co3+ in the IS state and 50% Co3+

in the HS state that exist in the metallic phase (the tail of the
hump observed in R−T).

Previous reports suggest that above 200 K, Co3+ ions have
the possibility to undergo the disproportion reaction as well,
which creates Co2+ and Co4+ ions. In the oxygen-deficient
samples, Co2+ ions exist in the square pyramid coordination
(where one of the six oxygen ions of the octahedron is
missing). Hence, below the TMIT, the transport occurs only via
the “allowed” hopping of a hole from Co3+ ions to the LS states
Co4+ ions. However, the electron hopping from the HS Co2+

ions to LS Co3+ ions is forbidden because of the spin blockade,
as shown schematically in the Figure 6 upper panel.43

Consequently, the electrons are localized on HS state Co2+

ions. However, around the TMIT range or higher, the Co3+ ions
exist in the mixed spin states. This allows both the electron and
the hole to transport26 by the hopping mechanism, and it
improves the conductivity along with the MIT, as shown in the
Figure 6 lower panel. Kumar et al. showed the reduction in the
Seebeck coefficient in the aforementioned temperature range
in their studies for La1−xSrxCoO3 samples.44−46 In the present
study, a similar MIT was observed in LCO films. However,
during the cooling cycle, the resistivity seldom shows any
sudden rise, and a normal insulator-type behavior is exhibited.
When the films are held at high temperature for 2 h, the

Figure 6. Spin state transition through the double exchange electron hopping mechanism in the insulating phase.
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annealing of films takes place at high temperature as
mentioned, leading to the loss of oxygen from the lattice
sites. This loss of oxygen breaks two consecutive octahedra,
generating square pyramids (as shown in the Figure 6 lower
panel), thereby introducing more Co2+ ions.34 As increasing
number of oxygen vacancies are formed in the lattice sites,
leading to conversion of square pyramids into tetrahedra as
well as their ordering alternate layers. As a result, the electronic
states developed from oxygen-deficient Co ions (CoO4
tetrahedra and CoO5 pyramids) as well as from the adjacent
octahedral Co ions become more localized, and the film
exhibits a normal insulating behavior throughout the cooling
cycle, as observed in Figure 3a. It is important to note that
during the next heating cycle, i.e., in Figure 3b, a further
change in the slope is observed. This behavior may also be
attributed to Co3+ ions. Although in the first cooling cycle, a
typical insulating behavior is shown, there may be a few Co3+

IS ions reverting back to the LS state when the film is cooled
down to room temperature. Besides, due to the continuous
removal of oxygen, there may be generation of more reduced
Co2+ ions. Consequently, in the next heating cycles, the change
of the slope and the transition range of the temperature
diminished gradually.

In order to study the effect of charge imbalance, it is probed
via 30% Sr doping in LCO thin films. Unlike undoped LCO, Sr
doping of 30% in the La sites stabilizes the Co3+ IS states in the
pristine lattice of LSCO without the effect of temperature,
unlike LCO films. From the previous reports, the LSCO films
having 30% Sr were expected to follow a metallic character.47,48

Nevertheless, the first trial of R−T exhibited a behavior similar
to that of the LCO films, as shown in Figure 3d. In the doped
films, hole-rich and hole-poor regions may coexist. Hole-poor
regions may act like an LCO film with the variation of
temperature, while the hole-rich regions generate the Co4+ ions
to compensate for the Sr2+ doping (see Figure 5). Due to the

Sr2+ doping, the resistivity reduced and the lattice stabilized
faster, reducing the probability of oxygen removal from the
lattice right after the first trial of measurement. As a result, not
much change was observed in the subsequent trials. In other
words, the lattice is refrained from distortions for LSCO unlike
that for LCO, in the temperature range of 300−650 K, as
illustrated in Figure 3e,f for the second as well as third cycle of
the R−T measurement of LSCO_25, and similar results are
also observed in the LSCO_50 films, as shown in Figure S5d−
f. It depicts the consistency in the result.
3.4. Postoxygen Annealing vs Dynamic Oxygen
Atmosphere Electrical Transport Measurements

In order to confirm the role of oxygen in the observed
phenomena, an LCO thin film of about 125 nm thickness was
annealed in the 100% oxygen atmosphere at 500 °C after two
cycles in vacuum and the sample was subjected to the
temperature-dependent resistance measurements. To inves-
tigate the in situ changes in the oxygen atmosphere, another
film (already measured twice in vacuum) was measured in the
presence of 100% oxygen. The comparisons are given in Figure
7d,e for R−T measurement in an in situ oxygen atmosphere
and post oxygen annealing vacuum measurement, respectively.

The film measured in the in situ oxygen atmosphere shows a
continuous change in both the heating and cooling cycles, as
displayed in Figure 7d. In the heating cycle, the MIT is well
observed. Surprisingly, during the cooling, not only a big hump
of MIT was observed but also a multistage resistivity change
was detected, which is described in the following section.
However, for the ex situ oxygen-annealed film measured in a
vacuum atmosphere, it achieved a significant restoration of
lattice oxygen, as is evident from the regeneration of the step-
like transition seen in Figure 7e. Nevertheless, the phase
transition could not be completely reversed, in the MIT
transition range. Besides, the broad peak in R−T around 500−

Figure 7. Resistance vs temperature plots for (a) as-prepared measured in vacuum, (b) 2nd trial measured in vacuum, (c) 3rd trial measured in
vacuum, (d) measured in oxygen, and (e) oxygen-annealed LCO_25 films deposited for 1 h on the Si−SiO2 substrate.
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600 K is also restored. It confirms the incorporation of the
oxygen in the lattice sites throughout the measurement and
subsequently the crystallite-wise metal to insulator conversion,
which initiates the discontinuity in the percolation path and
proclaims the multistep change in the resistivity. The
mechanism is discussed in the following section.

With the expectation of further oxygen incorporation in the
lattice site, the same film was heated at 900 °C for annealing
for 150 min in the 100% oxygen atmosphere. This treatment
may have caused a total surface reconstruction of the film,
leading to randomness and an inhomogeneous nature such that
the resistance became so high that it was arduous to perform a
stable temperature-dependent resistance measurement. How-
ever, this needs to be further substantiated.

As reported by Okazaki and Tomiyasu, the resistivity in the
LaCoO3 films significantly reduces beyond TMIT.43 For the
activation-type resistivity, it should follow the trend of
resistivity as follows

=
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zzzzz (2)

where ρa and kB are the extrapolation at high temperature and
the Boltzmann constant, respectively. If the activation energy
for the change in the resistivity is independent of temperature,
[Δ/kBT] will be equivalent to the first derivative of ln ρ(T)
with respect to 1/T, i.e., d(ln(ρ))/d(T−1). The anomaly, in
every R−T measurement performed on the LCO_25 film, is
clearly observed when the d(ln(ρ))/d(T−1) is plotted versus
temperature.43,49 The large peak indicates the steep metal−
insulator crossover. Plateaus of the same curve observed at
relatively low temperature correspond to the thermally
activated conduction mechanism with a well-defined activation
energy constant over a range.50 The temperature at which the
resistivity displays the point of inflections51 is shown in Figure
8a, and the minimum is marked by the Tn*, while the
maximum is marked by the Tn

$ (n = 1, 2, 3, and 4) for the nth
measurement cycle. For the vacuum measurement of the as-
deposited film, i.e., n = 1 the temperature difference between
the maximum and minimum is large. Moreover, during second
cycle, the same is reduced and remains so for the third cycle.
On the other hand, when the oxygen-annealed sample is
subjected to vacuum measurement (n = 4), the temperature
difference between the maximum and minimum increases
again. This implies that the range of the MIT phase
transformation can be tuned via tuning the oxygen vacancies.

Upon applying the same analysis in an in situ oxygen
atmosphere measured sample, due to the continuous
incorporation of the oxygen, no distinct single minimum or
maximum could be seen, and instead, multiple peaks and
valleys are seen. However, a similar trend to the vacuum
measurement can be observed as shown in Figure 8b.

The transport in such correlated transition metal oxides
happens via the polaron hopping mechanism. An attempt was
made to understand the polaron hopping mechanism in the
measured samples. The vacuum measurement provided an
almost similar nature of the curve; therefore, only the third trial
in vacuum measurement is included in the discussion for all
the measured films where system is not undergoing any change
when heated. As the LCO_25 film is measured rigorously in
different conditions, the heating curve of the O2-annealed film
and the heating as well as cooling curve of the in situ
measurement in O2 are also analyzed. In the LCO films, the

heating curves consist of a hump in the mid temperature range
(around 425−600 K). As previously mentioned, at the mid
temperature range (100 K < T < 350 K), half of the Co3+ ions
in the LS state undergo a spin state transition into Co3+ IS
states. The transformation occurs gradually over the
mentioned temperature range. This creates a huge disorder
in this system and the material behaves as a Mott Insulator. In
Mott insulators, at low temperature, the conduction happens
through the variable range hopping (VRH) mechanism.
Several reports support the VRH in the same and similar
systems.52,53 However, as the temperature further increases,
the crossover in the conduction occurs. Continuous vacuum
pumping helps create the deficiency of oxygen in the LCO and
LSCO lattice sites, which as a result distorts the lattice. This
distortion generates localized energy states for the carriers to
be trapped, as mentioned by Emin.54,55 The energy of these
localized states is mainly modified by the electron−phonon
small range interactions, which as a result consolidates the
presence of small polarons in the high temperature range.56,57

In the following section, the calculation of the interaction
coupling constant also satisfies the presence of small polaron
hopping (SPH). In between the small polaron formation and
the VRH conduction, the crossover takes place over a certain
temperature range (400−625 K).

The high temperature region before the crossover is well-
fitted with the SPH model,58 defined by
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k T
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where ρα is the pre-exponential factor, Ea is the polaron
activation energy, and T is the absolute temperature. The
activation energy, Ea, values were extracted near room

Figure 8. Temperature dependence of d ln(ρ)/d(T−1) for (a) as-
prepared, vacuum-annealed, and oxygen-annealed samples and for (b)
sample measured in an oxygen atmosphere.
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temperature by the same formula Ea = kb d[ln ρ]/d[1/T]. This
may be interpreted as at low temperatures, the hopping range
increases and surpasses the distance between the nearest
neighboring sites. The three-dimensional Mott’s VRH
mechanism is defined as

=T
T
T

( ) exp0
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where ρ0 is a constant and T0 is the Mott’s characteristic
temperature. From this model, the hopping energy can be
calculated by the formula shown in eq 5
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The hopping energies with relevant temperature for the
measurement curves are shown in Figure 9d,e which is in good
agreement with the reported values.52 Besides, representative
figures of LCO_25 and LSCO_25 fitting for VRH are shown
in Figure 9b,c.

A drastic change is observed as the hump appeared,
depicting the two different hopping mechanisms with two

different activation energies. The activation energies calculated
are shown in Figure 9d−f. From the high temperature region,
it is indicating the polaronic conduction between the nearest
neighboring sites, and below 425 K the linearity of the curve
shows deviation. Thus, the data may be divided into two
regions, i.e., typically 600 K onward and in the range 300−425
K. In the first one (high temperature), it is found to obey SPH,
whereas for the other (near room temperature) region, it is
found to show Mott VRH. Figure 9a shows a typical SPH fit to
LCO pristine sample data (cooling cycle), and Figure 9b,c
shows three-dimensional Mott VRH fitting to as-deposited
LCO and LSCO films, respectively. The data for VRH fitting
and SPH fitting for the other trials are shown in Figures S7 and
S8 in the Supporting Information.

The values of thermal activation energy are calculated in
both the temperature ranges and are shown for comparison in
Figure 9. In this VRH mechanism, it should be noted that the
higher the activation energy, the nearer the hopping site. It is
counterintuitive, but it may be explained as ref 59, where at low
temperature, when the thermal energy is insufficient to rise to
the nearer site with high energy, the carrier hops or tunnels to
a farther site that if equivalent in energy. As temperature

Figure 9. (a) SPH model fitting for the LCO_25 film for the 1st cooling cycle of resistivity at high temperature measured in vacuum. Mott VRH
model fitting for the first heating cycle of the films (b) LCO_25 and LCO_50 and (c) LSCO_25 and LSCO_50 at low temperature before the step
jump occurred in resistivity, measured in vacuum (d) Change in the Eh/T3/4 (temperature independent) of the LCO_25 and LSCO_50 films under
different measurement conditions. Comparison of (e) Eh/T3/4 for the pristine films (as-deposited) of all samples and (f) ESPH in the high
temperature range (600−750 K) of the LCO_25 film in different measurement conditions.
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increases, the high energy site in proximity becomes accessible,
and hence, the hopping distance reduces (eventually to the
nearest neighbor limit and finally to band conduction). For
large band gap systems, where these sites are deep within the
band gap, the band conduction is difficult to establish and the
conductivity is purely due to hopping.
3.4.1. Low Temperature (300−425 K) Range. In the

low temperature range, in this case, the transport is dominated
by the VRH mechanism. The energy is temperature-dependent
(see eq 5). We found that LSCO has a consistently high energy
(EVRH/T3/4 is temperature independent and hence can be
compared across compositions). Besides, vacuum or oxygen
annealing of LSCO does not lead to a significant variation in
EVRH/T3/4. On the other hand, the value of the energy
decreases upon vacuum annealing in LCO_25 and again
increases when the sample is O2-annealed (see Figure 9c). As
mentioned above, it may be pointed out that the activation
energy varies due to oxidation or reduction of Co3+ to Co4+

and vice versa due to the low or high oxygen content of the
lattice prior to measurement. High lattice oxygen (in O2
annealing) implies higher Co4+, implying closer hopping sites
and therefore high energy of activation. Similarly, low lattice
oxygen (in vacuum annealing) implies lower Co4+, implying
farther hopping sites and therefore high energy of activation.
On the other hand, in LSCO, the Co4+ fraction is less flexible
due to the already present charge imbalance of Sr2+. This
pinning of the Co4+ fraction does not allow much scope for
change in the range of hopping and hence no change in
activation energy (see Figure 9d). The same also prevents
LSCO to show complete conversion to a normal insulator,
unlike LCO as discussed earlier.
3.4.2. High Temperature (600−750 K) Range. In the

high temperature range, in this case, the transport is dominated
by the SPH mechanism, where the hopping occurs via the
nearest possible neighbor sites. The activation energy in this
range is temperature independent and can be deduced from
the slope of ln ρ vs 1/T.60 The values estimated for the
LCO_25 film under different oxygen contents are shown in
Figure 9f. To further consolidate the dominance of small
polarons, it is evident to measure the temperature-dependent
Seebeck coefficient to investigate the hopping energy
manifested in thermopower. The thermopower S can be
written as

= ± +S
k
e

E
k T

Bb S

b

i
k
jjjjj

y
{
zzzzz (6)

where ES is the charge carrier generation energy and B is a
constant. The small polaron activation energy Ea is a
combination of mainly the polaron binding energies Ep and
Es (can be obtained from the temperature-dependent thermo-
power measurement) and related by eq 761,62

= +E
E

E
2a

P
s (7)

However, due to the limitation of the experimental
arrangements, it could not be measured. Moreover, the
interaction coupling factor γ is calculated by the formulation
described by Kim et al.63 in eq 8.

= E
h
2 a

0 (8)

where h is the Planck’s constant and ν0 is the optical phonon
frequency. The denominator in eq 6 is adopted from the
reported value,64 and the γ is found to be in the range of 4−10
for the different atmosphere processed LCO_25 films, as
shown in Table S2 in the Supporting Information. As
mentioned by Kim et al.63 when the γ is greater than 4,
strong electron−phonon interaction exists. It confirms the
presence of small polarons.

As can be seen in Figure 9f, the activation energies of SPH
for different atmosphere processed LCO films differ consid-
erably. The hopping energies in the case of as-deposited and
post-oxygen-annealed films are a bit higher. The rest are in a
good agreement with the reported values of similar
materials.65,66 This probably appears because of the strong
electron−phonon interaction in the distorted lattice of these
films. The as-deposited film is amorphous; therefore, it should
have a higher thermopower than its crystalline counterpart.
However, the vacuum-annealed measurement assists the as-
deposited films in improving their crystallinity, and the value of
S decreases rapidly with the temperature increase and provides
a higher charge carrier generation energy ES for the polarons,
as depicted in eq 6. Hence, the activation energy Ea becomes
high. The vacuum-annealed film has already undergone
crystallization and loss of lattice oxygen. A lower lattice
oxygen content results in a low relative Co4+ fraction and
hence low hopping energy, implying far apart hopping sites. As
a dual effect of both crystallinity and hopping sites, a low
activation energy is achieved. When annealed in oxygen, the
Co4+ fraction increases and results in nearby hopping sites, and
hence, the activation energy achieved the highest value.
However, according to the in situ measurement, the activation
energy decreased. Azulay et al. reported the anomaly in the
activation energies with respect to the doping of La in
Ca3Mn2O7.

62 Similarly, the presence of different oxygen-
deficient crystallites or the differential incorporation of O− ions
in different crystallites in in situ O2 annealing may avert the
films from exhibiting a systematic nature in the activation
energy.67 See Figure 10a for the relative Co2+/Co3+ fraction.

In the case of LSCO films, there is no crossover (MIT to
normal insulator) observed in the experimental data. There-
fore, it is possible that these LSCO films follow the same
hopping mechanism throughout the entire temperature range.
The whole experimental data are modeled with the VRH as
well as before and the after the sudden jump in the
temperature-dependent resistivity. Their jumps do not
disappear even after the third vacuum annealing and are
almost fixed in temperature. However, for LCO, the jump
almost diminished in the first vacuum heating and reappeared
after O2 annealing (see Figure 10b)

Figure 10. (a) Ratio of Co2+/Co3+ ions probed by XPS at different
stages of the sample during measurements. (b) Temperatures (Tjump)
of different films at which the jump in resistivity occurred.
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The surface chemical stoichiometry of Co charged states in
different samples is shown in Figure 10a for all the three LCO
samples.68 In the as-deposited films, the surface ratio is found
to be the least (about 45%). After the vacuum treatment, i.e.,
loss of oxygen, the ratio increased to about 80%, while in the
oxygen-annealed film, expectedly, the ratio decreased from
80% to about 70%. As mentioned earlier, the presence of
different oxidation in the Co ions can be substantiated by the
appearance of the two satellite peaks. In the spectra presented
in Figure 4d, for the as-deposited film, a small hump is
observed around 789.7 eV. This corresponds to the octahedral
Co3+ ions. A very feeble hump is seen at 786.8 eV, which may
confirm the presence of tetrahedral Co2+ ions. The presence of
this peak in the subsequent two measurements, i.e., vacuum-
annealed as well as oxygen-annealed films, can be corrobo-
rated. Hence, it clearly states the improvement of the
aforementioned ratio and confirms the distortion of the lattice.

Figure 10b shows the exact jump temperatures for each of
the samples studied and after a given heat treatment.
Comparing Figure 10a,b, it is clear that after vacuum
annealing, there is an increase in the Co2+ fraction and the
jump could not be seen. On the other hand, it reappears when
the same vacuum-annealed film is oxygen-annealed, where the
Co2+ fraction decreases slightly. Similarly, doping Sr leads to
no crossover to a high δ value composition. Both, high
thickness or Sr dopants, limit the oxygen intake window,
depending on the thickness and Sr doping, and both do not
allow a significant loss of oxygen, thereby restricting the
transition to the high δ phase.

4. DISCUSSION
Most oxides spontaneously lose or gain oxygen depending on
the partial pressure of oxygen in the ambient atmosphere and
temperature of lattice, and the process is governed by diffusion.
The extent of oxygen loss depends on the stability vis-a-̀vis
affordability of each oxide.69 Some lose in ppm at best, while
some complex oxides lose in significant fractions. LCO and its
doped derivatives belong to the latter class. The excessive loss
of oxygen from the lattice sites (conversion toward LaCoO2.5)
leads to diminishing of the step jump feature and limits its
application as a memory device. From the memory device
perspective, the data are being stored in it like a rewritable
compact disk. To replenish the storage system, the old data to
be replaced with the new one, it requires a reset criterion. If the
memory is made by using a material with the property of an
amorphous (high resistance) to crystalline (low resistance)
phase transition, an energized pulsed laser is used to destroy
the crystallinity locally and make the film amorphous again to
reset the disk. Extending this analogy to the present sample,
the step jump feature was regained upon performing oxygen
annealing as a reset button, just like the pulsed laser for
rewriting a compact disk.

Among the grown films, the LCO_25 lost the step jump
property in the first heating cycle itself. This film was annealed
at 500 °C temperature in a 100% oxygen atmosphere, and
measurements were performed on the oxygen-annealed film.
The step jump was regained after oxygen annealing, as shown
in Figure 7e. The reversible nature of step jump avalanches is
thus confirmed for the lattice oxygen content. To further
confirm the effect of oxygen in this restoration phenomenon,
the sample was measured in a dynamic oxygen atmosphere, as
discussed previously, and it is shown in Figure 7d. Surprisingly,
it resulted with a multistage resistivity jump during cooling.

In the present work, the step-like resistive avalanches are the
significant findings seen for first time in LCO to the best of our
knowledge. Unlike VO2, the MIT in this system is not known
to show such a drastic first order change. For the as-deposited
LCO films, in the heating cycle, the sudden jump was found to
be at 372 K, and for the cooling cycle, it did not show any
transition until room temperature (300 K). However, in the
case of LSCO films, the thermal hysteresis was found to be
minimal, and the sudden jump was detected at 434 K during
heating and, like LCO, not found during cooling. However, for
a little thicker film whose data are presented in the Supporting
Information, the pristine films of LCO_50 show the sudden
jumps at 376 and 334 K for heating and cooling, respectively.
Similarly, the pristine films of LSCO show the sudden jumps at
345 and 354 K for heating and cooling, respectively. On
subsequent heating, the hysteresis between heating and cooling
is substantially reduced, and particularly for the LSCO film, it
occurs almost at the same temperature.

In the single crystal or polycrystalline LCO (or LSCO), bulk
samples show a prominent gradual metal insulator transition,
albeit no sudden jumps are observed at any temperature.
Nonetheless, in the case of sputtered thin films, the nucleation
takes place through formation of islands of the material called
nuclei, followed by crystallization and growth. LCO or LSCO
thin films are often grown on the epitaxial substrates like
LaAlO3 or SrTiO3 that have similar lattice structures with
minimal lattice mismatch. The growth of LCO films on these
substrates leads to epitaxy with a high crystalline orientation. A
strain may get induced70 due to the small but finite lattice
mismatch. The Si/SiO2 substrate due to its amorphous nature
may not lead to any epitaxy or be expected to produce any
strain. Besides, the room temperature deposition does not
provide the required energy for crystallization. Thus, the as-
prepared films are amorphous, as seen in the XRD patterns
(Figure 2). Therefore, the films are free of any lattice strain.
Upon first heating in vacuum, the crystallization coupled with
oxygen stoichiometry evolution results in a unique step-like
change in resistivity. Instead of a continuous, oriented film, this
process of thin film growth leads to polycrystalline small
domains of materials all over the uniform thickness films. This
is substantiated by the two different (110) and (104) peaks in
XRD reflections from the film, which are otherwise dominant
in polycrystalline XRD too. As a result, the films are
polycrystalline with a distribution of size in individual
crystallites. Besides, as discussed in the preceding sections,
the crystal anisotropy may be significant to induced direction
dependence in electrical conductivity as it arises from hopping
of carriers. Thus, there may be a gradual change in
conductivity of different crystallites depending on the
crystalline orientation with respect to the applied field and
size. Hence, the transformation (from the insulator to metal
phase) time may vary from crystallite to crystallite depending
on the size as well as crystal orientation. Thus, dynamically, the
metallic phase evolves over the process among these crystallites
continuously. As soon as the percolation is established among
the metallic channels, a sudden step fall may result in the
resistance. Besides, owing to the thickness of the film (125
nm), it may be possible that the percolation is predominantly
two-dimensional in nature unlike bulk three-dimensional solid
where multiple parallel channels from bulk keep establishing
and resulting in gradual drop in resistivity.

In addition to the size and orientation of the crystallites, the
oxygen content of the crystallites has a decisive role in this
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process, as observed in our results. It may be explained with
the help of Figure 11, as follows. Crystallites with the highest
resistance are represented by the lightest shade. The color
depth renders the resistance of the film, as shown in the color
scale bar in Figure 11. The first image (Figure 11A) represents
the as-deposited film consisting of a broad distribution in size
of the crystallites with the overall highest resistance state. As it
is heated, the film crystallizes and the change in resistance of
each of the crystallites shall differ with the change in the size,
crystal orientation, and possible degree of variance in the
oxygen content in each crystallite (the δ value may not be
precisely the same for all the crystallites). Let Tjump represent
the temperature at which the jump appears in the ρ vs T plots.
For T < Tjump in the first cycle of the measurement in vacuum,
few of these crystallites undergo phase transition to the low
resistive state compared to the rest, as shown in the second
film (B) by the lower number of darker crystallites. When the
temperature is increased further similarly, the other crystallites
start conducting more. Suddenly, at T = Tjump, high conducting
crystallites form a percolation path with the increase in
temperature, and the jump occurs in the resistance, as shown
in the third film (C) image of the figure. This further converts
completely to the metallic phase (D) and start to exhibit a
positive slope in the R vs T curve. At significantly high
temperature, the film surface loses a substantial amount of the
oxygen and may have Co2+ presence to go to another
insulating (BM like) phase.

During the cooling process, the crystallites cool down in a
similar fashion. This disconnects the percolation paths present
as they become high resistance. At a critical temperature, all
the percolation paths break and the system may go back to the
Mott insulator phase with a delta value similar to or slightly
higher than that of the initial film, as shown in the film image.
After several trials in vacuum, the total film settles down to a
relatively low resistivity (high δ) film than the as-deposited one
at room temperature, as shown in the Figure 11E film image.
When the same film is further annealed in oxygen, it enhances

the resistance of the film. However, the resistance value does
not restore the value of the virgin film, as shown in the sixth
film image in Figure 11.

On the other hand, in the LSCO films (doping Sr in LCO),
the step jump is observed too; however, in the first trial of
measurement (after crystallization) and the further trials, the
step jumps are retained at almost the same temperature during
heating as well as cooling for the individual LSCO film. So, for
the LSCO films, the heating and oxygen extraction affected the
formation of the films differently. As pointed out earlier, in
LSCO, after the first heating, the oxygen loss is low due to the
Sr doping (or high thickness materials). Hence, only the Mott
insulator to metal transition of most of the crystallites created
the percolation path and gave a step jump at a fixed
temperature for an individual film, as is observed in VO2
films reported by Genchi et al.15

5. CONCLUSIONS
To summarize, the LCO and LSCO thin films were grown on a
Si/SiO2 substrate by the RF sputtering process. The structural
and the electrical transport properties of the polycrystalline
LCO and LSCO thin films were investigated with different
heat treatments. The as-deposited films were amorphous in
nature, as seen in the XRD patterns. Continuous R−T
measurement in vacuum for the LCO films exhibited a sharp
MIT in resistance followed by crystallization to a normal
insulator phase as seen during cooling. This is ascribed to the
loss of oxygen from the films, leading to the rise of Co2+ ions.
The conduction process is dominated by the double exchange
mechanism. At a certain temperature, a percolation path is
established among the crystallites of the film, which gave rise to
the sudden jump in the resistance when the first percolation
path emerges. The loss of oxygen induced phase transition of
the crystal structure toward its oxygen-deficient (normal
insulating) phase, diminished the jump in resistance and
seldom a confined range of temperature MIT was observed.
With the several heating−cooling cycles in vacuum, the

Figure 11. Schematic diagram to explain the sudden jump (avalanches) in the resistance Vs temperature measurement of LCO films. (A) As-
deposited amorphous LCO film, (B) vacuum-heated LCO film with the dynamic loss of O2, (C) critical loss of O2 due to heating and resulting in a
percolative conduction path, and (D) metallic phase with complete conversion later to another insulating phase due to the excessive loss of oxygen
(high δ). Upon cooling, the crystallite goes back to the high resistance state, leading to the breaking of the percolation. (E) The high resistance
state may evolve two ways, either it remains in the high δ (BM phase) with a normal insulator-like behavior or the thickness and/or Sr doping
prevents excessive O2 loss and the Mott insulator property−perovskite structure is restored.
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confined range decreased and the LCO films lost their step
jump characteristics. By annealing in oxygen, the said
characteristic was partially regained. The uninterrupted
measurement in the oxygen atmosphere displayed the unique
characteristics of the multistage step jump in resistance due to
the continuous incorporation of oxygen in the films. From the
XPS data, the rise of Co2+ or even Co4+ oxidation states
supported the described mechanism of a normal insulator and
a Mott insulator, respectively. Further, for the LSCO films, a
transition from insulator 1 to insulator 2 was spotted as the
step jump occurred. Unlike LCO, with the subsequent
measurements in vacuum, the jump in resistance was retained
at a particular temperature for the LSCO film. The transport is
modeled using the Mott formula and SPH model. It is
observed that the vacuum annealing of LCO shows a crossover
from the Mott insulator to normal insulator with an SPH type
of conduction. However, oxygen-annealed LCO and LSCO
(both contain Co4+) show a Mott type VRH mechanism. The
concentration of Co4+ predominantly governs their relative
distance and hence also governs the energy of hopping.
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(5) Carrillo, L.; Mañosa, L.; Ortín, J.; Planes, A.; Vives, E.

Experimental Evidence for Universality of Acoustic Emission
Avalanche Distributions during Structural Transitions. Phys. Rev.
Lett. 1998, 81, 1889−1892.
(6) Chattopadhyay, T.; Pannetier, J.; Von Schnering, H. G. Neutron

diffraction study of the structural phase transition in SnS and SnSe. J.
Phys. Chem. Solids 1986, 47, 879−885.
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