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Evolution of electrical and magnetotransport properties with
lattice strain in La0.7Sr0.3MnO3 film∗

Zhi-Bin Ling(令志斌)1,†, Qing-Ye Zhang(张庆业)1,†, Cheng-Peng Yang(杨成鹏)1,†, Xiao-Tian Li(李晓天)1,
Wen-Shuang Liang(梁文双)1, Yi-Qian Wang(王乙潜)1,‡, Huai-Wen Yang(杨怀文)2, and Ji-Rong Sun(孙继荣)2

1College of Physics & State Key Laboratory, Qingdao University, Qingdao 266071, China
2Beijing National Laboratory for Condensed Matter Physics, Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China

(Received 9 May 2019; revised manuscript received 3 June 2020; accepted manuscript online 29 June 2020)

In this paper, we investigate the effects of lattice strain on the electrical and magnetotransport properties of
La0.7Sr0.3MnO3 (LSMO) films by changing film thickness and substrate. For electrical properties, a resistivity upturn
emerges in LSMO films, i.e., LSMO/STO and LSMO/LSAT with small lattice strain at a low temperature, which originates
from the weak localization effect. Increasing film thickness weakens the weak localization effect, resulting in the disappear-
ance of resistivity upturn. While in LSMO films with a large lattice strain (i.e., LSMO/LAO), an unexpected semiconductor
behavior is observed due to the linear defects. For magnetotransport properties, an anomalous in-plane magnetoresistance
peak (pMR) occurs at low temperatures in LSMO films with small lattice strain, which is caused by two-dimensional elec-
tron gas (2DEG). Increasing film thickness suppresses the 2DEG, which weakens the pMR. Besides, it is found that the
film orientation has no influence on the formation of 2DEG. While in LSMO/LAO films, the 2DEG cannot form due to the
existence of linear defects. This work can provide an efficient way to regulate the film transport properties.
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1. Introduction

The hole-doped perovskite manganite R1−xAxMnO3 (R:
a trivalent rare-earth ion, A: a divalent alkaline-earth ion)
films, a typical strongly-correlated system, has attracted exten-
sive attention due to their fascinating physical properties.[1–6]

In R1−xAxMnO3, the Mn ions are in mixed valence states of
Mn3+ and Mn4+. The magnetic and transport properties of
the doped manganite are associated with the motion of the
itinerant eg electrons via O2− 2p orbitals between neighbor-
ing Mn3+ and Mn4+ based on the double exchange (DE)
mechanism.[7] As is well known, the structure, magnetic, and
transport properties of R1−xAxMnO3 are closely related to each
other due to the essential coupling of several electronic and
lattice degrees of freedom. Therefore, external perturbations
such as lattice strain[8] and electric field[9] can dramatically
modify the physical properties of R1−xAxMnO3 films.

Recently, La1−xSrxMnO3 films have become more attrac-
tive because they can be intentionally strained, resulting in a
coupling between the lattice strain and the spin, orbital, charge
degrees of freedom, and finally producing some unusual trans-
port properties at low temperature.[10–14] As reported, great ef-

fort has been devoted to exploring the origins of these anoma-
lous transport properties.[15,16] However, few studies focus on
the evolution of the unexpected physical properties with lat-
tice strain which can be adjusted by changing film thickness
and substrate. A systematic understanding of the strain effect
on the transport properties is still not fully established due to
the complex lattice relaxation. Therefore, exploring the role of
the strain effect on the transport properties is a necessary step
in elucidating the evolution of the low-temperature unexpected
phenomena with strain.

In this work, we investigate the effect of lattice strain
on the transport properties of La0.7Sr0.3MnO3 (LSMO) films
through adjusting the film thickness and changing the sub-
strate. A resistivity upturn is observed in the LSMO films with
low lattice mismatch, which originates from the weak localiza-
tion (WL) effect. The resistivity minimum is sensitive to the
film mismatch magnitude and film thickness. Besides, an un-
expected in-plane magnetoresistance (pMR) peak is observed,
which is caused by two-dimensional electron gas (2DEG). The
pMR peak is suppressed by increasing film thickness and tem-
perature. This work can shed light on understanding the evo-
lution of low temperature anomalous transport properties and
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provide an efficient method to regulate the film physical prop-
erties.

2. Experiment
La0.7Sr0.3MnO3 films respectively with a thickness of 6,

8, 10, 15, and 20 nm were epitaxially grown on SrTiO3 (STO),
LaAlO3 (LAO) and (La, Sr)(Al, Ta)O3 (LSAT) substrates by
using a pulsed laser deposition (PLD) technique. During the
deposition, the substrates were maintained at 750 ◦C in an oxy-
gen pressure of 50 Pa. The laser wavelength was 248 nm, the
pulse fluency was 1.5 J/cm2, and the ablation frequency was
1 Hz. After the deposition, the films were naturally cooled
down to room temperature at 50 Pa.

Specimens for transmission electron microscopy (TEM)
examinations were prepared in cross-sectional orientation by
using conventional techniques of mechanical polishing and ion
milling. The ion milling was performed using a Gatan model
691 precision ion polishing system (PIPS). The bright-field
(BF) imaging, and high-resolution TEM (HRTEM) examina-
tions were carried out on a JEOL JEM 2100F electron micro-
scope operated at 200 kV. The structure of each film was ana-
lyzed by x-ray diffraction (XRD) through using Riguka Smart-
Lab x-ray diffractometer. The temperature dependent resistiv-
ity and angular-dependent magnetoresistance (MR) were mea-
sured on the physical property measurement system (PPMS,
Quantum Design) equipped with a sample rotation system
through using Van Der Pauw method. During the measure-
ment, the films were rotated clockwise and the rotation axis
was parallel to the sample edge. The rotational angles θ = 0◦

and θ = 90◦ refer to the magnetic field being perpendicular
and parallel to the interface plane, respectively. All curves
of the magnetic field-dependent magnetization (M–H) of the
films were measured along the [100] direction of the substrate,
with the external field applied to the film plane at 10 K.

3. Results and discussion
3.1. Structural properties

The LSMO films are epitaxially grown on STO, LSAT
and LAO substrates, and the lattice mismatches are calcu-
lated to be 0.94%, −0.73%, and −2.1%, respectively. This
implies that STO substrate (aSTO = 3.905 Å) exerts an in-
plane tensile strain, while LSAT (aLSAT = 3.84 Å) and LAO
(aLAO = 3.792 Å) substrates impose an in-plane compressive
strain. Figure 1 shows the XRD patterns of LSMO/STO and
LSMO/LAO films, where the (002) reflections are marked.
For the LSMO/STO films [Fig. 1(a)], the (002) peak of film
coincides with that of substrate because of similar lattice
constants. For the LSMO films grown on LAO substrates

[Fig. 1(b)], the (002) reflections shift toward large angles with
increasing film thickness, meaning that the lattice strain is re-
laxed with film thickness increasing.
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Fig. 1. XRD patterns of 6-, 8-, 10-, 15-, and 20-nm-thick LSMO film grown
on STO (a) and LAO (b), respectively.

3.2. Electrical transport properties

To investigate the evolution of the film resistivity with lat-
tice strain induced by substrate, the temperature-dependent re-
sistivity values of LSMO films with different thickness grown
on different substrates are measured. For the LSMO films
grown on (001) STO substrate, which shows an in-plane ten-
sile strain, the temperature-dependent resistivity (R versus T )
is shown in Fig. 2(a). It is observed that the resistivity values
for all samples decrease with temperature decreasing, show-
ing a metallic behavior. Interestingly, as the temperature de-
creases to ∼ 25 K, the resistivity value for each of LSMO films
displays a smooth upturn when the film thickness is less than
15 nm, showing a metal–insulator transition. The resistivity
is fitted by using R versus lnT and σ versus lnT (i.e., R−1

versus lnT ) curves as shown in Figs. 2(b) and 2(c). It is ob-
served that the curves show good linear relationships when the
film thickness is less than 15 nm. It is reported that the Kondo
effect is manifested by the Rs upturn, which slows down and
is saturated at ultra-low temperature. In contrast, owing to
the WL effect, the Rs upturn will never be saturated.[17] Be-
sides, we further investigate the resistivity minima using dif-
ferent models as shown in Fig. S1 in supplementary materials.
It is found that the resistivity data are better fitted by the WL
model. Therefore, we can reasonably deduce that the trans-
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port mechanism for LSMO/LAO film is dominated by the WL
according to the fitting curves of film resistivity at low temper-
ature.
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Fig. 2. (a) Temperature-dependent resistivity curves of LSMO films with
different thicknesses, grown on (001) STO substrate; (b) ρ versus lnT
curves, and (c) σ versus lnT curves derived from the data in panel (a).

To further clarify the effect of lattice strain on resistiv-
ity of the film, the R versus T curves of films subjected to
in-plane compressive strain (i.e., (001) LSAT and (001) LAO
substrates) are also measured as shown in Fig. 3. It is ob-
served that the resistivity upturn emerges only in the ultra-thin
LSMO/LSAT film (Figs. S2 and S3 in supplementary materi-
als), indicating that the WL exists only in the films subjected
to small compressive strain. However, the LSMO/LAO film
shows an insulator behavior below 10 nm. The film resis-
tivity drastically decreases with film thickness increasing and
shows a metallic behavior in 20-nm-thick LSMO/LAO film.
The metal-insulator transition occurs at ∼ 260 K (Figs. S4 and
S5 in supplementary materials).

As is well known, the physical properties of materials
are determined by their microstructures. To clarify the dif-

ferent resistivity behaviors, the microstructure of the LSMO
film is investigated by TEM examination in detail as shown in
Fig. 4. Figure 4(a) shows a typical HRTEM image of the cross-
sectional LSMO/STO sample with a thickness of 10 nm, and
figure 4(b) shows its corresponding one-dimensional Fourier-
filtered lattice image. The interface between film and substrate
is marked by dashed lines. From Fig. 4(a), it can be clearly
seen that the interface is fairly clear and sharp, and the sur-
face is flat. The HRTEM image shows that the LSMO film
grows coherently on the substrate without obvious disloca-
tions and the interface is sharp, demonstrating a good epitaxial
growth of the LSMO film. Figure 4(c) is a typical HRTEM im-
age of a cross-sectional LSMO/LAO sample with a thickness
of ∼ 6 nm, and figure 4(d) shows its corresponding Fourier-
filtered lattice image. The interface between substrate and
film is indicated by dashed lines. Some pure edge dislocations
are observed from the HRTEM image, one being shown in
Fig. 4(c). The extra half atomic plane can be clearly seen from
the Fourier-filtered lattice image. The TEM results demon-
strate that some dislocations are produced even in ultra-thin
LSMO/LAO film. Therefore, the transport behavior is greatly
affected by the linear defects, resulting in an insulator behav-
ior. The lattice strain is relaxed with film thickness increasing.
Therefore, the electrical transport properties of LSMO/LAO
film (t > 20 nm) are dominated by the double exchange inter-
action, resulting in a metallic behavior.
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Fig. 3. Temperature-dependent resistivity curves of LSMO films grown on
(a) (001) LSAT and (b) (001) LAO, respectively.

What is more, it is reported that the WL originates from
the orbital effect of conduction electrons, and the electrons
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can be scattered in the conduction process.[17] For the ultra-
thin LSMO films grown, respectively, on STO and LSAT sub-
strates, the lattice mismatch is very small, and the effects of
linear defects can be ignored. Therefore, the double exchange
interaction is responsible for the conduction in film,[19] result-
ing in a metallic behavior. However, the backscattering of the
electron is enhanced considering the electronic interface effect
at low temperature. The electrical transport behavior is dom-
inated by the WL effect rather than the double exchange, re-
sulting in the resistivity upturn. With temperature increasing,
the electron interface effect gradually diminishes,[20] thereby
weakening the WL effect and improving the conductivity. Be-
sides, the lattice strain can be relaxed with film thickness in-
creasing, which weakens the WL effect and enhances the dou-
ble exchange, leading the conductivity to turn higher and the
resistivity minimum to disappear.

Fig. 4. (a) Typical HRTEM image and (b) corresponding one-dimensional
Fourier-filtered lattice image of 10-nm-thick LSMO/STO film; (c) typical
HRTEM image, and (d) corresponding one-dimensional Fourier-filtered lat-
tice image of 6-nm-thick LSMO/LAO film.
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Fig. 5. Curves of temperature-dependent resistivity of 8-nm-thick LSMO
films grown on (001) STO substrate under different applied magnetic fields.

To further investigate the low-temperature resistivity min-
ima, we measure the temperature-dependent resistivity val-
ues of 8-nm-thick LSMO films grown on (001) and (011)

STO substrates under different applied magnetic fields. From
Figs. 5 and 6, it follows that the resistivity values of the LSMO
film under 0 T and 8 T are similar to each other. However, the
conductivity of LSMO film under 8 T becomes better than un-
der 0 T with increasing temperature. Besides, it is observed
that the low temperature resistivity minimum of LSMO film
occurs under 8 T, which indicates that the applied magnetic
field cannot affect the emergence of the WL effect. This phe-
nomenon can also be found in 6-nm-thick LSMO film grown
on STO separately under magnetic field of 0 T and 5 T as
shown in Fig. S6.
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Fig. 6. Curves of temperature-dependent resistivity of 8-nm-thick
LSMO films grown on (011) STO substrate under different applied
magnetic fields.

3.3. Magnetotransport properties

To reveal the strain effect on the anomalous transport
properties of the films, the MR properties are also investigated.
Figures 7 and figure S7 show the curves of angular-dependent
MR of LSMO films grown on (001) STO, (001) LSAT, and
(001) LAO substrates with a thickness ranging from 6 nm to
20 nm. For the LSMO/STO films, it is observed that all sam-
ples show negative MR behaviors. Two different MR peaks
are observed. When the magnetic field is perpendicular to the
film surface (i.e., θ = 0◦ and 180◦), an out-of-plane MR peak
is observed, which is a standard resistivity maximum occur-
ring for the ferromagnetic manganite.[21] The other one oc-
curs when the magnetic field is parallel to the film surface
(i.e., θ = 90◦ and −90◦), which is called in-plane MR peak
(pMR). The height of the pMR-peak decreases with film thick-
ness increasing, and the pMR-peak disappears when the film
thickness reaches 15 nm. For the LSMO films grown on (001)
LSAT substrates, the evolution of angular MR with the film
thickness is similar to that of LSMO/(001) STO film. For the
LSMO films grown on (001) LAO substrates, negative MR
behaviors are observed. However, no pMR-peak occurs when
the magnetic field is parallel to the film surface (i.e., θ = 90◦

and θ =−90◦), which is different from the angular-dependent
MR behavior of LSMO/(001) STO films.

As reported, the pMR occurs due to the 2DEG caused by
the interface effect in the ultra-thin LSMO film.[22] The pMR-
peaks signal that the formation of a two-dimensional mangan-
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ite at the film interface, decoupled from the rest of the man-
ganite layer, which could arise from a magnetic reconstruc-
tion. The lattice strain is relaxed with film thickness increas-
ing, which weakens the interface effect. Therefore, the 2DEG
gradually disappears, decaying the pMR-peak. While for the
LSMO/LAO film, the linear defects (shown in Fig. 4) exist at
the film interface, which can destroy the 2DEG, resulting in
the disappearance of pMR-peak as shown in Fig. S7.
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Fig. 7. Angular MR curves for LSMO films grown on (a) (001) STO sub-
strate and (b) (001) LSAT substrate at 2 K and 8 T, respectively.

To investigate whether film orientation can influence the
formation of 2DEG, the angular MR is measured for the

LSMO films grown on STO and LSAT substrates with two dif-
ferent orientations at various temperatures. Figure 8 shows the
angular MR curves of 6-nm-thick LSMO film. For the LSMO
film grown on (001) STO [Fig. 8(a)], the LSMO/STO film
at 2 K exhibits obvious four-fold symmetric MR, where four
maxima appear at 0◦, 180◦, 90◦ and −90◦. The pMR-peak is
suppressed by increasing temperature. However, the peaks at
0◦ and 180◦ are enhanced with temperature increasing. For
the film grown on (001) LSAT substrate [Fig. 8(c)], the evolu-
tion of angular MR curve is similar to that of the LSMO film
grown on (001) STO substrate, which indicates that the strain
state of film has no influence on the appearance of MR-peak.
For the LSMO films grown on (001) LAO substrate [Fig. S7],
no pMR-peak is observed even at a very low temperature of
2 K, indicating that the disappearance of the 2DEG is related
with the existence of linear defects (as shown in Fig. 4) in the
LSMO film grown on LAO substrate.

For the LSMO films grown on (011) STO [Fig. 8(b)] and
(011) LSAT [Fig. 8(d)], only two pMR-peaks are found to ap-
pear at ±90◦, which gradually disappear with temperature in-
creasing. Comparing with the MR curves obtained from the
LSMO films grown on (001) STO and (001) LSAT, the MR
peaks at 0◦ and 180◦ disappear, which might be caused by
magnetic anisotropy. The pMR-peaks at ±90◦ signal the for-
mation of a two dimensional manganite at the film interface,
which could arise from a magnetic reconstruction. With tem-
perature increasing, the thermal motion of electron is intensi-
fied, which destroys the magnetic reconstruction. Therefore,
the 2DEG is suppressed, and the pMR-peaks disappear grad-
ually. From the above analysis, it can be concluded that film
orientation has no influence on the formation of 2DEG.
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To demonstrate the existence of magnetic anisotropy in
LSMO films grown, respectively, on STO and LSAT sub-
strates with two different orientations, magnetic hysteresis
loops are measured. From Fig. 9, it can follow that the
saturation moment of LSMO film grown on (011) STO
(4.75×10−5 emu) substrate is larger than that grown on (001)
STO (4.27×10−5 emu) substrate, and so are the saturation mo-
ments of LSMO films grown on (011) LSAT (4.78×10−5 emu)
and (001) LSAT (4.25×10−5 emu) substrates. Thus, it is de-
duced that the difference in orientation of substrate has ef-
fect on the saturation moment of LSMO film. Additionally,
because the hysteresis loss is proportional to the area that is
surrounded by a magnetic hysteresis loop, it can be calcu-
lated that the hysteresis losses of LSMO films grown on (011)
STO (1.09×10−5 J) and (011) LSAT (4.30×10−6 J) substrates
are smaller than those grown on (001) STO (2.31×10−5 J)
and (001) LSAT (1.10×10−5 J) substrates, respectively, which
means lattice orientations of substrates can influence the hys-
teresis losses of films under the same measuring condition.
The above-mentioned results might suggest the existence of
magnetic anisotropy in LSMO films grown on STO and LSAT
substrates with different orientations.
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Fig. 9. Magnetic hysteresis loops of LSMO films with different substrate
orientations at 10 K. The unit 1 Oe = 79.5775 A·m−1.

4. Conclusions
In this work, in the LSMO films with small lattice mis-

match, a resistivity upturn arises at low temperature when the

film thickness is less than 15 nm, which is caused by WL ef-
fect. While the LSMO films with big lattice mismatch show a
semiconductor behavior due to the linear defects. Besides, a
sharp pMR peak emerges at low temperatures as the magnetic
field rotates around the interface in LSMO film with small lat-
tice mismatch, which is caused by 2DEG. The pMR peak dis-
appears gradually with film thickness and temperature increas-
ing. The film orientation has no influence on the formation of
2DEG.
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