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The electrical transport properties of La1�xSrxCoO3 (LSCO) thin films were investigated in this

paper. As x increased up to 0.3, the electrical transport mechanism transferred from variable range

hopping to double-exchange and the film simultaneously turned from an insulator into a conductor.

Different from the bulk materials, the maximum conductivity of the film appeared at x¼ 0.3. A

novel electrical transport model was proposed to explain this unconventional phenomenon.

Besides, the effects of doped Sr and oxygen vacancies on the electrical transport properties

were clarified by investigated the transport behaviors of the LaCoO3, La0.7S0.3CoO3, and

La0.7S0.3CoO3�d films. We found that, when Sr was doped into the LaCoO3 film, the insulating

film turns into a conductor; when oxygen atoms were removed from the La0.7S0.3CoO3 film, the

conducting film goes back to an insulator. Our work could shed light on the electrical transport

mechanism of the LSCO films. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4964946]

I. INTRODUCTION

The perovskite oxides have attracted considerable inter-

est since Jonker1 and Van Santen2 discovered the strong cor-

relation between ferromagnetism and metallic conductivity

in the doped manganites in 1950. Later, Zener3 proposed a

mechanism of double-exchange (DE) interaction, in which

two degenerated configurations Mn3þ-O2�Mn4þ and Mn4þ-

O2�Mn3þ in doped manganites are connected by a so-called

DE matrix element. Because of strong Hund’s coupling, the

transfer matrix element has a finite value only when the core

spins of Mn ions are aligned ferromagnetically, leading to a

ferromagnetic conducting ground state.

In the past decades, extensive studies about bulk samples

La1�xSrxCoO3 (LSCO) were performed due to their fascinat-

ing electrical transport properties.4–7 In 1996, Mineshige

et al.8,9 studied the relationship between the electrical trans-

port properties and the content of Sr for bulk LSCO. They

found that, at x� 0.25, the Co-O distance and Co-O-Co angle

of this system showed an abrupt decrease and increase with

increasing x, respectively, inducing an insulator to a metal

transition. Then, Kozuka et al.10 observed that, in the bulk

LSCO, the metal-insulator transition (MIT) appears at x� 0.2

and the maximum conductivity is obtained at x¼ 0.5. We

noted that most previous reports just focused on bulk LSCO

and ascribed the MIT to the variation of the Co-O-Co bond

distance and angle.

For the LSCO films, some excellent work about the

electrical transport mechanism, particularly on the effects of

substrate11–13 and film thickness,14 has been carried out.

However, up to now, no work on the relation between Sr

content, MIT and maximal conductivity has been reported

for the LSCO films. In this work, we investigated the con-

ductivity of the LSCO films with 0� x� 0.5. Different from

bulk samples, the MIT occurs at x¼ 0.3 and the best conduc-

tivity no longer appears at half doping. To understand the

origin of the MIT and the maximal conductivity, an electrical

transport model for the LSCO film is proposed. Moreover,

the effects of oxygen vacancies and doped Sr on conductivity

are synchronously studied and an insulator-metal-insulator

(I-M-I) transition is observed in the LaCoO3-based thin

films.

II. EXPERIMENTAL SECTION

The LSCO films with 0� x� 0.5 were epitaxially grown

on the (001) SrTiO3 (STO) and (001) LaAlO3 (LAO) sub-

strates using the pulsed laser deposition (PLD) technique. The

target was prepared by the solid state reaction from the

ceramic powders of La2O3, SrCO3, and Co2O3. The wave-

length of the excimer laser was 248 nm, the laser energy den-

sity was 1.5 J/cm2, and the repetition rate was 1 Hz. During

the deposition process, the substrate was maintained at 800 �C
and the oxygen pressure was kept at 50 Pa. The film thickness

was �50 nm, determined by deposition time. After the deposi-

tion, the films were naturally cooled down to room tempera-

ture at 50 Pa. To investigate the effect of oxygen vacancies on

transport properties, the as-prepared La0.7Sr0.3CoO3 films

were further annealed in an oxygen atmosphere of 10�4 Pa at

300 �C for 1 min and then naturally cooled to room tempera-

ture at 10�4 Pa.

Specimens for transmission electron microscopy (TEM)

examinations were prepared in cross-sectional orientations

([010] zone axis for STO substrates) using the conventional

techniques of mechanical polishing and ion thinning. The

a)Author to whom correspondence should be addressed. Electronic mail:

yqwang@qdu.edu.cn

0021-8979/2016/120(15)/154103/6/$30.00 Published by AIP Publishing.120, 154103-1

JOURNAL OF APPLIED PHYSICS 120, 154103 (2016)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  120.221.28.204 On: Tue, 18 Oct 2016

16:13:25

http://dx.doi.org/10.1063/1.4964946
http://dx.doi.org/10.1063/1.4964946
http://dx.doi.org/10.1063/1.4964946
http://dx.doi.org/10.1063/1.4964946
http://dx.doi.org/10.1063/1.4964946
http://dx.doi.org/10.1063/1.4964946
mailto:yqwang@qdu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4964946&domain=pdf&date_stamp=2016-10-18


ion milling was performed using a Gatan Model 691 preci-

sion ion polishing system (PIPS). The bright-field (BF)

imaging, selected-area electron diffraction (SAED), and

high-resolution TEM (HRTEM) examinations were carried

out on a JEOL JEM 2100 F electron microscope operated at

200 kV. The film structure was analyzed by X-ray diffraction

(Bruker X-ray diffractometer, k¼ 1.5406 Å). The film mor-

phology was examined by the atomic force microscopy

(Seiko SPI 3800 N) at the ambient conditions. The chemical

compositions of LSCO films prepared at different oxygen

pressures were determined using energy dispersive X-ray

spectroscopy (EDS) in the JEOL JEM2100F TEM and X-ray

photoelectron spectroscopy (XPS) on the Thermo Scientific

ESCALAB 250Xi. The transport properties were character-

ized by a physical property measurement system (PPMS)

with a temperature down to 2 K and a magnetic field up to

13 T. The applied magnetic field was parallel to the sample

surface as well as the current direction.

III. RESULTS AND DISCUSSION

In this work, all the LSCO films with 0� x� 0.5 were

prepared by the PLD technique. From the X-ray diffraction

and atomic force microscopy results (in supplementary

material), we confirm that all the deposited films are well

crystallized and have a smooth surface. The temperature-

dependent resistivity (R vs T) of the LSCO/STO (0� x
� 0.5) thin films is shown in Fig. 2(a). At x¼ 0, the film

is insulating, which is consistent with the previous

reports.15–17 The lnR vs T�1/4 curve in Fig. 2(b) fits well to

the equation of qðTÞ ¼ q0 exp ðT0=TÞ1=4
,18 which means

that the electrical transport mechanism of the LCO film is a

three-dimensional variable range hopping (VRH). With

increasing x, the resistivity of the film rapidly decreases and

eventually the metallic R vs T curves appear for the films

with the Sr content of 0.3� x� 0.5. It is known that the

DE interaction is responsible for the ferromagnetic ordering

and metallic conduction in manganites.3 As shown in

Fig. 1, the DE theory is applicable to LSCO. Similar to the

manganites, in the final state, the LSCO is ferromagnetic

and conducting. From the fitting curves of lnR vs T�1/4

shown in Figs. 2(b) and 2(c), we draw a conclusion that, as

x increases up to 0.3, the electrical transport mechanism

transfers from VRH to DE and the insulating films turn into

metallic. For comparison purposes, the R vs T curves of the

LSCO/LAO films are also investigated and the results are

shown in Fig. 3. It is clear that, in low-doping levels

(0� x< 0.3), the films are insulating and the dominant

transport mechanism is VRH, while, in high-doping levels

(0.3� x� 0.5), the dominant transport mechanism is DE

and the films turn into metallic.

According to Zener, the materials (both bulk and film

samples) possess the best electrical conductivity only when

the DE between the Co3þ and Co4þ cations is maximized.

That is why the maximum conductivity is observed at

x¼ 0.5 for the bulk materials.10 However, from the R vs T
curves (shown in Figs. 2(a) and 3(a)), the conductivity of

La0.7Sr0.3CoO3 films are better than La0.5Sr0.5CoO3 films. To

explain this unconventional phenomenon, HRTEM examina-

tions of the LSCO (x¼ 0.3) films were performed and the

results are shown in Fig. 4(a). A typical modulated structure

with a periodicity twice the original lattice parameter is

observed in A sites (A-O plane of ABO3). In the SAED pat-

tern of the film (inserted in Fig. 4(a)), all the superlattice dif-

fraction spots labelled with white arrows only appear at 1/2

positions between the (001) fundamental reflections, which

means that all the stripes are parallel to the film surface. It

has been proved that the chemical arrangement in the film

can be tuned by the epitaxial strain imposed by the substrate,

changes in oxygen content and cation mobility, and the

oxygen-vacancy ordering.20 Unavoidably, the oxygen vacan-

cies were introduced into the film when deposited onto the

substrate and the nominal valence of the Co ions depends not

FIG. 2. (a) Temperature dependence of resistivity of LCO and different LSCO films grown on STO;19 (b) and (c) plot of lnR against T�1/4 of the resistivity

data from (a).

FIG. 1. DE process in Sr-doped LaCoO3 film.
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only on the Sr content but also on the oxygen concentration.

The oxygen contents of the LSCO films with different dop-

ing contents of Sr were measured by EDS and XPS

(in supplementary material), and the results are summarized

in Table I. Consistent with the previous report of Iwasaki

et al.,21 the oxygen vacancies content (d) of the La0.7Sr0.3

CoO3 film is �0.025. Its ionic states can be determined to be

La3þ
0:7Sr2þ

0:3Co3þ
0:75Co4þ

0:25O2–
2:975 and its crystal structure is shown

in Fig. 4(b). In this model, the Co-O planes are divided into

pure Co3þ planes and Co3þ/Co4þ mixed planes. In the pure

Co3þ planes, all the Co are trivalent and in the Co3þ/Co4þ

mixed planes all the cations are arranged at random. To keep

the charge balance, of course, the cations in La3þ/Sr2þ

mixed planes are randomly arranged. To distinguish these

configurations, both pure and mixed atomic planes are illus-

trated in Fig. 4(b). Systematic HRTEM simulations of this

model were performed, and one simulated image with

Df¼�113.0 nm (defocus value) and t¼ 15.3 nm (thickness)

shown in Fig. 4(c) agrees well with the experimental results.

In this image, the modulated structure with a periodicity of

two-fold the original unit lattice distance is located at A sites,

which is derived from the pure La3þ planes and the mixed

La3þ/Sr2þ planes. However, in B sites, no modulated stripe

is observed. We deduce that the mixed arranged Co3þ/Co4þ

cations and small amount of oxygen vacancies (0.833%) can-

not be reflected in the HRTEM image. Based on this result

and the DE theory, a novel electrical transport model is pro-

posed. In our experiment, we measured the resistivity along

the film surface, i.e., along the mixed Co3þ/Co4þ planes. In

those planes, the ratio of Co3þ/Co4þ is �1 and the DE

between Co3þ and Co4þ cations is maximized, which indu-

ces the best electrical conductivity. However, for the Sr

FIG. 3. (a) Temperature dependence of resistivity of LCO and different LSCO films grown on LAO;19 (b) and (c) plot of lnR against T�1/4 of the resistivity

data from (a).

FIG. 4. (a) Typical HRTEM image of La0.7Sr0.3CoO2.975 film grown on STO, and the inset shows the SAED pattern of the film (two arrows denote the super-

lattice reflections); (b) atomic model of the La0.7Sr0.3CoO2.975 film with oxygen atoms omitted; and (c) simulated HRTEM image with Df¼�113.0 nm and

t¼ 15.3 nm.

TABLE I. Oxygen vacancies content and ionic structure of the LSCO films with 0� x� 0.5.

Sr Content Oxygen-vacancy content Oxygen-vacancy percentage (%) Ionic structure for LSCO films

0 0.002 0.067 La3þ
1:00Co3þ

2:996Co2þ
0:004O2�

2:998

0.05 0.005 0.167 La3þ
0:95Sr2þ

0:05Co3þ
0:96Co4þ

0:04O2�
2:995

0.1 0.010 0.333 La3þ
0:90Sr2þ

0:10Co3þ
0:92Co4þ

0:08O2�
2:990

0.2 0.015 0.500 La3þ
0:80Sr2þ

0:20Co3þ
0:83Co4þ

0:17O2�
2:985

0.3 0.025 0.833 La3þ
0:70Sr2þ

0:30Co3þ
0:75Co4þ

0:25O2�
2:975

0.5 0.040 1.333 La3þ
0:50Sr2þ

0:50Co3þ
0:58Co4þ

0:42O2�
2:960
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doping levels lower or higher than 0.3, the Co3þ and Co4þ

cations are not equal in the mixed planes and the DE is no

longer maximized. That is why the maximum conductivity

appears at x¼ 0.3 in the LSCO films. The low temperature

resistivity of conducting LSCO films is shown in the supple-

mentary material. The residual resistivity is lower than that

of thin films (1� 10�3 X cm) and even closed to that of bulk

samples (3� 10�4 X cm) in the previous report.14

The HRTEM examinations of the LSCO (x¼ 0.1 and

0.5) films grown on STO were also performed, and the

results were shown in Fig. 5. A modulated structure with a

periodicity of three-fold, the original unit lattice distance

was observed in the HRTEM image of the La0.9Sr0.1

CoO2.990 film (shown in Fig. 5(a)). Its SAED pattern also

supported this result as two additional dots appeared at 1/3

positions between the (001) reflections. Its periodicity is

quite different to the La0.7Sr0.3CoO2.975 film. In other words,

except the substrate, oxygen content and cation mobility, the

chemical arrangement in the film can also be tuned by the

doping content. We have proved that the pure La3þ planes

are brighter than the mixed La3þ/Sr2þ planes in the HRTEM

image.22,23 Thus, this modulated structure is derived from

one pure La3þ planes and two mixed La3þ/Sr2þ planes. To

keep the original ratio (x¼ 0.1), in the mixed La3þ/Sr2þ

planes, La3þ:Sr2þ is 20:3. Considering the oxygen vacancy,

Co3þ:Co4þ should be larger than 20:3 in the mixed Co3þ/

Co4þ planes. The DE between Co3þ and Co4þ cations is not

enough to make the films (x� 0.1) conducting. Fig. 5(b)

shows the HRTEM image of the La0.5Sr0.5CoO2.960 film. A

modulated structure of two-fold the original unit lattice is

observed. Considering its original ratio, the ordered structure

has a layered arrangement of La-Co-Sr-Co, which is consis-

tent with the previous literature.24 As La3þ and Sr2þ cations

are arranged in order, the Co3þ and Co4þ cations are also in

order. However, highly ordered arrangement of Co3þ and

Co4þ cations is not good for the electronic transport. Thus,

the best conductivity no longer appears at x¼ 0.5 in the

LSCO films.

From the above, we know that the insulating LCO film

turned into conducting after Sr-doping and the La0.7Sr0.3

CoO3 film has the best conductivity. Irrespective of the oxy-

gen vacancies, the maximum conductivity should appear at

x¼ 0.25 in the ideal LSCO films, which is consistent with

the results of Mineshige et al.8,9 To investigate the effect of

doped Sr and oxygen vacancy on the electrical transport

properties of LSCO film, the stoichiometric LCO and

La0.7Sr0.3CoO3 films were epitaxially deposited on STO and

LAO and the La0.7Sr0.3CoO3�d film was prepared by anneal-

ing the resultant La0.7Sr0.3CoO3 film in vacuum. Fig. 6

shows the typical BF TEM images of these films grown on

STO. The thickness of all the films is �50 nm. The LCO and

La0.7Sr0.3CoO3 films are homogeneous, and their surfaces

are smooth. However, for the La0.7Sr0.3CoO3�d film, its sur-

face is no longer flat. The LCO film is insulating (shown in

Fig. 7(a)), which is an indication that the film is nearly stoi-

chiometric without substantial deviation from stoichiome-

try.25 As considerable Sr (x¼ 0.3) is doped into LCO, the

film becomes conducting. We fitted the curves of lnR vs T�1/

4 for the LCO films before and after doping, and the results

are shown in Figs. 7(b) and 7(c). It is consistent with our pre-

vious conclusion that the electrical transport mechanism of

the film transfers from VRH to DE after the Sr-doping.

However, after annealing the La0.7Sr0.3CoO3 film in the vac-

uum, oxygen atoms are removed from it and the conducting

film becomes insulating. We have mentioned that the most

basic requirement of DE interaction is the matrix element

that arises via the transfer of an electron from Co3þ to the

central O2� with the simultaneous transfer from O2� to

Co4þ. As oxygen vacancies are introduced into the film, the

Co4þ cations are reduced into Co3þ and the transition bridge

(O2�) is destroyed. The conducting film turns into an insula-

tor. Interestingly, in the process of doping Sr into LCO film

and removing oxygen from La0.7Sr0.3CoO3 film, an insula-

tor-metal-insulator (I-M-I) transition occurs. As the I-M-I

transition is also observed in the films grown on LAO

FIG. 5. Typical HRTEM images of La0.9Sr0.1CoO2.990 (a) and La0.5Sr0.5

CoO2.960 (b) films grown on STO. Insets show the corresponding SAED pat-

terns (the arrows denote the superlattice reflections).

FIG. 6. Typical BF TEM images of (a) LaCoO3, (b) La0.7Sr0.3CoO3, and (c)

La0.7Sr0.3CoO3�d films grown on STO.
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substrate (shown in Fig. 8), we can confirm that interfacial

strain between the film and the substrate does not play a sig-

nificant role in the transition.

IV. CONCLUSIONS

In this work, we presented a systematic study to deci-

pher the roles of doped Sr and oxygen vacancies in the elec-

trical transport mechanism of La1�xSrxCoO3 films. As doped

Sr increased from 0 to �0.3, the electrical transport mecha-

nism of the films transferred from VRH to DE simulta-

neously with a transformation of insulating into metallic. A

novel electrical transport model was proposed to explain

why the best conductivity appeared at x¼ 0.3 for the

La1�xSrxCoO3 films. From the R vs T curves and fitted lnR

against T�1/4 curves of LCO, La0.7Sr0.3CoO3 and

La0.7Sr0.3CoO3�d films, we found that the DE interaction is

interrupted as the introduced oxygen vacancies reduce the

Co4þ into Co3þ and destroy the exchange bridge, and the

film goes back to an insulator.

SUPPLEMENTARY MATERIAL

See supplementary material for the XRD, AFM, EDS,

and XPS results and the low-temperature residual resistivity.
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