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Effects of induced biaxial strain on the electrical transport and magnetic properties of epitaxial thin
films of SrRuO3 and La0.67Sr0.33MnO3 by structural transitions of ferroelectric BaTiO3 substrates
have been studied. Large jumps of electrical resistivity ~;5% in SrRuO3 and ;12% in
La0.67Sr0.33MnO3! and low field magnetization ~;70% in La0.67Sr0.33MnO3! have been observed in
the films at the structural transition temperatures of BaTiO3 substrate. The hysteretic jumps are
reproducible through many thermal cycles, and they can be attributed to strain effects induced by the
substrate. The use of phase transitions of ferroelectric substrates to manipulate lattice strain of
epitaxial thin film heterostructures can be a useful way to modify the properties of perovskite
oxides. © 2000 American Institute of Physics. @S0003-6951~00!01848-9#

A wide range of experimental studies of heteroepitaxial
perovskite thin films indicate that lattice strain plays an im-
portant role in determining the physical properties of these
films. For instance, strain has been shown to enhance super-
conducting transition temperature of La22xSrxCuO4 thin
films.1–3 Strain has also been shown to control the magne-
toresistance and magnetic anisotropy effects in colossal mag-
netoresistive ~CMR! manganite thin films.4,5 It is also known
to suppress the Curie temperature and saturation magnetiza-
tion of SrRuO3 thin films.6 Therefore, altering properties of
novel perovskite oxide materials by lattice strain is very in-
teresting not only for understanding solid state phenomena
but also for potential device applications. Strain states in
epitaxial heterostructures have been varied by using sub-
strates with different lattice mismatch, and by varying film
thickness. It is difficult to study intrinsic strain effects sys-
tematically using these methods, since many other variables
such as lattice relaxation, stoichiometry,7 crystalline quality,
and microstructure8 are all difficult to discriminate from
sample to sample.

In this letter, we describe an approach to modify epitax-
ial constraints in epitaxial perovskite thin films using struc-
tural transitions of ferroelectric BaTiO3 substrates. Large bi-
axial strain can be produced at the transition temperatures,
hence modifying properties and isolating the effects of strain.
Initial study of epitaxial thin films of ferromagnetic SrRuO3

and CMR La0.67Sr0.33MnO3 ~LSMO! has been carried out
using this method. The SrRuO3 and LSMO thin films were
grown on BaTiO3 substrates by 90° off-axis sputtering at 600
and 750 °C, respectively. Room temperature four-circle
x-ray diffraction experiments were performed to measure the
in-plane and out-of-plane lattice parameters.

BaTiO3 crystals exhibit three distinct structural phase
transitions,9 as they are illustrated in the temperature depen-

dent lattice parameters shown in Fig. 1. During cooling from
high temperature, a BaTiO3 crystal passes through a cubic to
tetragonal transition at 393 K, then a transition to monoclinic
structure at 278 K, and finally to rhombohedral structure at
183 K.9 Room temperature x-ray diffraction experiments
show that the BaTiO3 substrates generally exhibit both ~100!
and ~001! tetragonal domains, as one would expect. How-
ever, in this letter we report results only on films grown on
pure ~100! or ~001! oriented BaTiO3 substrates for more
quantitative discussions on strain effects. Out-of-plane and
in-plane lattice parameters of the films have been measured
by normal and grazing incidence x-ray diffractions at room
temperature, and the corresponding strains, exx , eyy , and
ezz , have been determined. The results are listed in Table I.
As shown in Table I, both 1000 Å SrRuO3 and 500 Å LSMO
epitaxial films exhibit partial strain relaxation at room tem-
perature owing to their large lattice mismatch with BaTiO3
substrate ~Fig. 1!. However, it is reasonable to assume that
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FIG. 1. Variation of lattice parameters as a function of temperature of
BaTiO3 crystal. The letters, ‘‘T,’’ ‘‘M,’’ and ‘‘R’’ represent tetragonal,
monoclinic, and rhombohedral phases, respectively.
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the temperature dependent lattice strains of the films in the
growth plane follow those of the BaTiO3 substrate at low
temperatures, particularly in the temperature range of our
experiments ~,400 K!, i.e., in-plane lattice clamping by the
BaTiO3 substrate. The structural results shown in Table I are
consistent with this assumption, specifically the in-plane te-
tragonal distortion between @010# and @001# directions. In-
plane lattice clamping by the substrate is an essential condi-
tion for the approach described here, particularly at each of
the three structural transitions. Therefore, in-plane strains are
controlled by the substrate, and they are the key parameters
that strongly influence the out-of-plane component. In order
to simplify the discussion of the effects associated with the
structural transitions of BaTiO3 substrate, strains in the
growth plane are the ones considered here, and they are es-
timated using the bulk BaTiO3 data ~Fig. 1!. We also neglect
in-plane shears associated with the monoclinic and rhombo-
hedral phases with their respective distortions of 0.2° and
0.13°. By symmetry, in-plane strains consist of two compo-
nents, one of which is the even parity ea5

1
2(exx1eyy), and

the other e*5
1
2(exx2eyy).10,11 The even parity strain ea is a

measure of in-plane area change, and e* corresponds to an
in-plane distortion away from square symmetry.10,11

Strain induced effects on the electrical transport proper-
ties at structural transitions of the substrate have been studied
using four-terminal measurements. The electrical resistivity
of SrRuO3 films grown on ~100! BaTiO3 exhibits jumps at
temperatures 277 and 183 K during cooling, and at 281 and
190 K during warming, as shown in Fig. 2 for a 1000 Å
SrRuO3 film. The observed anomalies occur at the tempera-
tures where BaTiO3 substrate also undergoes phase
transitions,9 indicating that they are caused by the lattice dis-
tortions associated with the transitions. The measured resis-
tivity ~shown in Fig. 2! increases by ;1% at the tetragonal to
monoclinic transition but decreases by ;5% at the mono-
clinic to rhombohedral transition. Both the magnitude and
sign of the resistivity changes remain constant through many
thermal cycles, indicating that the structural effects are elas-
tic and reversible. In Fig. 2 schematic diagrams of the esti-
mated changes of in-plane symmetry strains at the phase
transitions, namely ea and e*, are also shown. However, the
in-plane lattice distortions at the transitions are not simple
because of the presence of two possible configurations due to
different polings in the ~100! plane, so correlations between

the resistivity anomalies and lattice strains are difficult. Tem-
perature dependent structural measurements are necessary to
elucidate this.

The electrical resistivity of LSMO films grown on ~001!
BaTiO3 has also been studied, and the results for a 500 Å
thick LSMO film are shown in Fig. 3. Similar to the SrRuO3
counterparts, the LSMO films exhibit similar discontinuities
in resistivity ~Fig. 3!. The measured changes are 12% and
10% and remain constant over many thermal cycles. Unlike
their SrRuO3 counterparts that exhibit a change of sign at the
two phase transitions, the resistivity anomalies of the LSMO
film do not change the sign.

The lattice structure of the ~001! plane of tetragonal
BaTiO3 is simpler than that of the ~100! plane ~Fig. 2!, be-
cause it is unique through the phase transitions, as is illus-
trated in the schematic diagrams in Fig. 3. When it under-
goes a transition from tetragonal to monoclinic structure, the
~001! in-plane lattice undergoes a 0.21% expansion in ea

accompanied by a 0.26% distortion in e*. The subsequent
transition from monoclinic to rhombohedral induces a 0.10%
expansion in ea and a 20.43% distortion in e*. Recent
experiments8 show that in-plane biaxial strain can enhance
resistivity of La0.8Ca0.2MnO3 grown on ~001! SrTiO3. The
observed resistivity anomalies may have similar origins. One
possible mechanism10,11 arises from an increase in the Jahn–
Teller splitting of Mn eg level produced by the sudden biax-
ial tension in the growth plane of the LSMO film, thereby
enhancing electron trapping leading to an increase of r.

Since twins can be easily formed in BaTiO3, one cannot
eliminate the possibility of substrate induced cracking in the
film completely. Cracking can cause irreversible increase of

TABLE I. Room temperature lattice parameters and corresponding strains
of a 1000 Å SRO film and a 500 Å LSMO film.

Film

Lattice
mismatcha

~%!

In-plane
~Å!

Out-of-
plane
~Å!

exx

~%!

eyy

~%!

ezz

~%!

LSMO/~001! BTO 13.24 3.94 3.84 11.50 11.50 21.03
SRO/~100! 11.75 3.92b 3.92 20.25 10.51 20.25
BTO 3.95

aValues are obtained from the bulk pseudocubic unit cells of SrRuO3 ~a
53.93 Å! and La0.67Sr0.33MnO3 ~a53.88 Å! and the cubic phase ~a54.01
Å! of BaTiO3 substrate ~Fig. 1!.

bTwo in-plane lattice parameters correspond to a 0.3% contraction along
@010# direction and a 0.7% elongation along @001# direction, owing to the
cubic to tetragonal phase transition of BaTiO3. The values for the film are
measured along @010# and @001# directions of BaTiO3 substrate, respec-
tively.

FIG. 2. Electrical resistivity as a function of temperature of a 1000 Å
SrRuO3 film grown on ~100! BaTiO3 substrate. The lower insets are the
zoomed-in view of the thermal hysteresis at the two transitions, and the
corresponding in-plane lattice distortions of ~100! BaTiO3 are schematically
depicted above the graph. The resistivity data were obtained from six ther-
mal cycles.
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resistivity, which in fact has been observed in other samples
in this study. However, the reversible behaviors reported
here ~Figs. 2 and 3! over many thermal cycles indicate that
they are intrinsic, not the result of cracks.

Magnetic behavior of the LSMO films grown on BaTiO3

has been studied in the temperature range of 5–400 K by
SQUID magnetometry. The temperature dependent response
for a 500 Å LSMO film in a field of 20 Oe applied along the
@100# direction is shown in Fig. 4. The observed magnetiza-
tion exhibits large changes of about 70% and 10% at the two
transition temperatures. Field-dependent magnetization loops
measured above and below the tetragonal to monoclinic tran-
sition also show corresponding change in magnetism, As
shown in Fig. 4 inset. The magnetization loop measured
above the transition is nearly square and has well-defined
saturation and coercive fields (Hs;250 Oe and Hc;70 Oe!

consistent with behavior along magnetic easy axis, while the
behavior below the transition exhibits much higher saturation
field ~;800 Oe! and nearly zero remanance indicating hard
axis. The observed behavior corresponds to a reversal of
magnetic anisotropy owing to lattice distortions induced by
the substrate. The observed behavior is consistent with ear-
lier report,11 indicating that magnetic anisotropy of LSMO is
very sensitive to in-plane lattice distortions.

In summary, biaxial strains induced by the ferroelectric
phase transitions of BaTiO3 substrate have been used to
modify the electrical transport and magnetic properties of
ferromagnetic SrRuO3 and CMR LSMO epitaxial thin films.
Large and abrupt changes in resistivity and magnetization of

both SrRuO3 and LSMO films have been observed at the
phase transition temperatures of BaTiO3. This approach pro-
vides a controlled way to study strain dependent behavior at
the transition temperatures by keeping all other structural
parameters fixed, particularly growth conditions, film thick-
ness, and morphology. Direct measurements of three-
dimensional strain states of the films at these temperatures
are also necessary to understand these effects more quantita-
tively. From a wider perspective, this approach of using
ferroelectric substrates promises potential for tuning physical
properties of perovskite oxide materials for scientific and de-
vice applications. A careful design using this method can
produce more reproducible and quantitative results. For in-
stance, biasing fields can be used to alter and control the
ferroelectric domain patterns, which can enhance this ap-
proach substantially.
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FIG. 3. Electrical resistivity as a function of temperature of a 500 Å
La0.67Sr0.33MnO3 film grown on ~001! BaTiO3 substrate. The insets are the
zoomed-in view of the thermal hysteresis at the two transitions, and the
corresponding in-plane lattice distortions of ~001! BaTiO3 are schematically
depicted above the graph. The resistivity data were obtained from six ther-
mal cycles.

FIG. 4. Magnetization as a function of temperature of a 500 Å
La0.67Sr0.33MnO3 film grown on ~001! BaTiO3 substrate in a magnetic field
of 20 Oe applied along @100# direction. The inset shows field dependent
hysteresis loops at temperatures above ~T1! and below ~T2! the phase tran-
sition from tetragonal to monoclinic.
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