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We have studied the effect of biaxial strain on thin films of 共001兲 La0.7Sr0.3MnO3. We deposited
films by reactive molecular-beam epitaxy on different single crystalline substrates, varying the
substrate-induced biaxial strain from ⫺2.3% to +3.2%. Magnetization and electrical transport
measurements reveal that the dependence of the Curie temperature on biaxial strain is in very good
agreement with the theoretical predictions of Millis et al. 关J. Appl. Phys. 83, 1588 共1998兲兴. © 2009
American Institute of Physics. 关doi:10.1063/1.3213346兴
In bulk form or unstrained films, the compound
exhibits
colossal
magnetoresistance
La0.7Sr0.3MnO3
共CMR兲1–4 well above room temperature. In epitaxial films,
the different lattice spacing of an underlying substrate can be
used to impose a biaxial strain state, which influences the
Jahn–Teller effect in La0.7Sr0.3MnO3.
Millis et al.5 proposed an analytical model to describe
the effects of biaxial strain 共xx and yy兲 on the magnetotransport properties of CMR manganites. In this model, the Curie
temperature 共TC兲 depends on two parameters: 共1兲 the bulk
compression B = 31 共2xx + zz兲 共assuming xx = yy兲, and 共2兲
the biaxial distortion ⴱ = 1 / 2共zz − xx兲, where xx = 共axx
− abulk兲 / abulk and zz = 共azz − abulk兲 / abulk are the pseudocubic
in-plane and out-of-plane strain, respectively.
Several studies have investigated the effects of substrateinduced biaxial strain on the magnetotransport properties of
manganite thin films.6–16 In this work, we investigate the
magnetotransport properties of fully commensurate epitaxial
La0.7Sr0.3MnO3 thin films grown by reactive molecular-beam
epitaxy. Our films span a biaxial strain range from ⫺2.3% to
+3.2%, and we find excellent agreement between the measured Curie temperatures and the model of Millis et al.5 The
films were grown on nine commercially available perovskite
substrates: 共100兲 p LaAlO3, 共001兲 LaSrGaO4, 共110兲 NdGaO3,
共100兲 共LaAlO3兲0.3 – 共SrAl0.5Ta0.5O3兲0.7 共LSAT兲, 共100兲 SrTiO3,
共110兲 DyScO3, 共110兲 GdScO3, 共110兲 SmScO3, and 共110兲
NdScO3, where the subscript p indicates pseudocubic indices. The homogenously strained commensurate epitaxial thin
films were all 22 nm thick, except for the film on NdScO3.
As 共110兲 NdScO3 is the most mismatched 共+3.2%兲 substrate
used in this study, the La0.7Sr0.3MnO3 had to be thinner 共10
nm兲 to achieve a commensurately strained film.
The La0.7Sr0.3MnO3 films were grown by codepositing
the constituent elements including purified ozone 共at a backa兲
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ground partial pressure of 5 ⫻ 10−7 Torr兲 at a substrate temperature of 700 °C, measured by an optical pyrometer. Reflection high-energy electron diffraction 共RHEED兲
oscillations were used to confirm the overall growth rate.17
RHEED patterns observed during growth were consistent
with flat surfaces. This was confirmed by atomic force microscopy measurements revealing a root mean square roughness of the films ranging from 0.21 nm on 共110兲 DyScO3 to
0.54 nm on 共100兲 p LaAlO3.
X-ray diffraction 共XRD兲 was used to determine the inplane and out-of-plane lattice parameters using asymmetric
and symmetric film reflections. Cross-sectional annular dark
field 共ADF兲 scanning transmission electron microscopy
共STEM兲 images were recorded on a 200 kV FEI Tecnai
F20-ST STEM with a minimum probe size of 1.6–1.9 Å and
the chemical composition across the interface was probed at
the atomic scale using spatially resolved electron energy loss
spectroscopy. The transport properties were measured using
a standard four-probe van der Pauw geometry, and the magnetic measurements were performed by means of superconducting quantum interference device magnetometry.
Figure 1 shows the -2 XRD scans of the 共001兲oriented La0.7Sr0.3MnO3 thin films. The arrows indicate the
002 film peaks, which shift from the bulk unstrained value of
La0.7Sr0.3MnO3 in response to the in-plane spacings of the
substrates upon which the films are grown. In addition to the
intense substrate peaks and 002 film peaks, thickness 共Kiesel兲 fringes also are apparent. In all of the samples, the 2
position of the asymmetric XRD peaks in combination with
the 2 position of the out-of-plane 00ᐉ peaks indicate that
the in-plane lattice parameters of the films equal those of the
substrates, i.e., the films are all commensurate.
The films also show rocking curve widths in  limited
by the quality of the substrates on which they are grown. As
an example, the full width at half maximum of the rocking
curve of the 002 reflection of the La0.7Sr0.3MnO3 film on
SrTiO3 is 0.011°; on NdGaO3 it is 0.005° and on DyScO3 it
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FIG. 1. 共Color online兲 -2 XRD scans of 22 nm thick La0.7Sr0.3MnO3 films
grown on different substrates 共10 nm thick on NdScO3兲. These substrates
impose strains  ranging from ⫺2.3% 共LaAlO3兲 to +3.2% 共NdScO3兲. The
arrows 共 ↓ 兲 indicate the 002 La0.7Sr0.3MnO3 film peaks.

is 0.003°. These are the narrowest rocking curve widths ever
reported for 共La, Sr兲MnO3 films or single crystals.12
Figure 2共a兲 shows an ADF-STEM image of a
La0.7Sr0.3MnO3 thin film grown on DyScO3. It further confirms the coherent nature of the interface. Some interdiffusion between the La0.7Sr0.3MnO3 film and the DyScO3 substrate was observed 关Fig. 2共b兲兴.
The ratio azz / axx between the measured out-of-plane and
in-plane film lattice parameters as a function of the substrate
lattice parameter is shown in Fig. 3共a兲. The regular behavior
of the tetragonal distortion, observed in Fig. 3共a兲, is a clear
indication of the dominant role played by biaxial strain on
the structural lattice deformations of the films. This is further
confirmed by the results shown in Fig. 3共b兲, where Poisson’s
ratio of the deposited La0.7Sr0.3MnO3 films is determined by

FIG. 3. 共Color online兲 共a兲 Ratio between the out-of-plane 共azz兲 and in-plane
共azz兲 lattice spacing of commensurately La0.7Sr0.3MnO3 films as a function
of the pseudocubic in-plane substrate lattice parameter. 共b兲 The out-of-plane
lattice strain zz as a function of the in-plane lattice strain xx.

plotting the out-of-plane lattice strain versus the in-plane lattice strain. The linear dependence of the data points in Fig.
3共b兲 rules out any major role of interfacial effects 共chemical
interdiffusion, charge transfer兲 on the structural lattice deformation of the films and illustrates the dominant influence of
the substrate-induced strain. Poisson’s ratio can be calculated
from  = 1 / 共1 − 2xx / zz兲.18 xx / zz is estimated by a linear
fit 共red line兲 to the data in Fig. 3共b兲 from which the
value  = 0.37⫾ 0.01 is obtained. This is the largest range of
substrate induced strain over which Poisson’s ratio has ever
been calculated for a CMR manganite. The obtained value is
in reasonable agreement with the typical  value for
manganites.7,19
The influence of biaxial strain on the temperature dependence of the resistivity 共T兲 of the thin films grown on various substrates is shown in Fig. 4共a兲. The data clearly indicate
that strain has a significant effect on the metal-insulator 共MI兲
transition temperature. In the case of thin films with a
small amount 共兩xx兩 ⱕ 0.6%兲 of strain 共SrTiO3, LSAT,
and NdGaO3兲, the low temperature resistivity values 
⬍ 0.1 m⍀ cm are comparable to those measured on single
crystals, confirming the high quality of these samples.20
The MI transition temperature TMI is higher than 390 K for
the samples grown on NdGaO3 共xx = −0.5%兲 and LSAT
共xx = −0.4%兲. The film grown on SrTiO3 共xx = +0.6= %兲
shows a TMI around 370⫾ 10 K. TMI is reduced as the magnitude of the substrate mismatch increases, as in the case of
the film on DyScO3 共xx = +1.6%兲. The film deposited on
LaAlO3 共xx = −2.3%兲 shows an insulating behavior over the
entire temperature range, in agreement with previous
FIG. 2. 共Color online兲 共a兲 ADF-STEM image of a La0.7Sr0.3MnO3 film dework.6,17 The films grown on GdScO3 共xx = +2.3%兲,
posited on 共110兲 DyScO3, viewed along the 关001兴 zone axis of the substrate
SmScO3 共xx = +2.7%兲, and NdScO3 共xx = +3.2%兲 show
共xx = +1.6%兲. The inset STEM image shows the film across a 300 nm field
room temperature resistivity values of ⬇1 ⍀ cm. Due to
of view. 共b兲 Concentration profiles of Sc, Mn, and La across the
measured to IP:
their
high
resistivities
these 共T兲 curves have been Downloaded
MnO3 / DyScO
interface 共arrowed
in STEM
images兲.
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lattice coupling. Therefore, depending on the sign of the
strain the TC change associated with B will be positive or
negative, respectively. The other source of strain, related to
the biaxial distortion ⴱ, will increase the Jahn–Teller splitting of the eg electron levels and will cause only a decrease
in TC. Typical values for ␣ and b in manganites were predicted to be around 6 and 1.4⫻ 103, respectively.5
In the case of La0.7Sr0.3MnO3 films, considerable disagreement exists in the literature on the values of ␣ and b.
Tsui et al.10 grew 25 and 50 nm thick La0.7Sr0.3MnO3 films
on LaAlO3, NdGaO3, LSAT, and SrTiO3 substrates and
found ␣ and b values around 2 and 70, respectively. In contrast, Ranno et al.14 found b values around 2200 for 30, 60,
and 80 nm thick La0.7Sr0.3MnO3 films grown on SrTiO3,
while Angeloni et al.15 reported b values around 103 for 16
nm thick La0.7Sr0.3MnO3 films grown on LaAlO3. All of
these data were taken on samples with different thicknesses
共i.e., different and often inhomogeneous strain conditions
due to progressive strain relaxation兲 and used a smaller number of substrate materials in comparison with the present
study. In Fig. 4共b兲, a three-dimensional plot showing the TC
behavior versus B and ⴱ of our commensurately strained
La0.7Sr0.3MnO3 films is shown. The plane in the figure is
obtained by fitting the experimental data using Eq. 共1兲. From
the fitting procedure we obtain TC 共0 , 0兲 = 345⫾ 9 K,
␣ = 1.55⫾ 0.01, and b = 1460⫾ 30, in very good agreement
with the predictions of Millis et al.5
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