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Strain modification of epitaxial perovskite oxide thin films using
structural transitions of ferroelectric BaTiO 3 Substrate
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Effects of induced biaxial strain on the electrical transport and magnetic properties of epitaxial thin
films of SIRuQ and Lg ¢:Sfy 39MNO3 by structural transitions of ferroelectric BaTjBubstrates

have been studied. Large jumps of electrical resistiity5% in SrRuQ and ~12% in

Lag 6:515.3dMN0O;) and low field magnetizatiof~70% in La, ¢St 3gMNn0O3) have been observed in

the films at the structural transition temperatures of BaTsObstrate. 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 Physid$S0003-695(00)01848-9

A wide range of experimental studies of heteroepitaxialdent lattice parameters shown in Fig. 1. During cooling from
perovskite thin films indicate that lattice strain plays an im-high temperature, a BaTyZrystal passes through a cubic to
portant role in determining the physical properties of thesdetragonal transition at 393 K, then a transition to monoclinic
films. For instance, strain has been shown to enhance supestructure at 278 K, and finally to rhombohedral structure at
conducting transition temperature of 1gSrCuQ, thin 183 K® Room temperature x-ray diffraction experiments
films.2=3 Strain has also been shown to control the magneshow that the BaTi@substrates generally exhibit both00)
toresistance and magnetic anisotropy effects in colossal magnd (001) tetragonal domains, as one would expect. How-
netoresistivéd CMR) manganite thin film&:° It is also known ~ ever, in this letter we report results only on films grown on
to suppress the Curie temperature and saturation magnetizaure (100 or (001) oriented BaTiQ substrates for more
tion of SrRuQ thin films® Therefore, altering properties of quantitative discussions on strain effects. Out-of-plane and
novel perovskite oxide materials by lattice strain is very in-in-plane lattice parameters of the films have been measured
teresting not only for understanding solid state phenomenBY normal and grazing incidence x-ray diffractions at room
but also for potential device applications. Strain states ifémperature, and the corresponding straif}g, ey, and

epitaxial heterostructures have been varied by using sulfzz have been determined. TheAresuIts are Iisteﬁc\j in Table I.
strates with different lattice mismatch, and by varying film AS Shown in Table I, both 1000 A SrRy@nd 500 A LSMO

thickness. It is difficult to study intrinsic strain effects sys- epitaxial films exhibit partial strain relaxation at room tem-

tematically using these methods, since many other variablé%elr)aiurf clJ:yvln?L tochelr Iargi !attlce mlerIatc;h with Bag_tlk?t
such as lattice relaxation, stoichiomefrgrystalline quality, substrate(Fig. 1). However, it is reasonable to assume tha

and microstructufe 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 BaTi3substrates. 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 SrRyO 3.99
and CMR La S 3MnO; (LSMO) has been carried out 3.98

n ant
using this method. The SrRy@nd LSMO thin films were 397k 7
grown on BaTiQ substrates by 90° off-axis sputtering at 600 ' @
and 750 °C, respectively. Room temperature four-circle
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x-ray diffraction experiments were performed to measure the axis of cubig
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in-plane and out-of-plane lattice parameters. 120 170 220 270 320 370 420

BaTiO; crystals exhibit three distinct structural phase Temperature (K)
transitions’ as they are illustrated in the temperature depen-
FIG. 1. Variation of lattice parameters as a function of temperature of
BaTiO; crystal. The letters, “T,” “M,” and “R” represent tetragonal,
dElectronic mail: eom@engr.wisc.edu monoclinic, and rhombohedral phases, respectively.
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TABLE I. Room temperature lattice parameters and corresponding strains £, =-032Y% €,=-0.07 %
of a 1000 A SRO film and a 500 A LSMO film. o e*=_0.55 %
g*=0 ‘/o/ M M -3) 7%

Lattice Out-of- R ~ (1’111‘0)
mismatcR In-plane plane €, €yy €7 S M M &
Film (%) A A ) (% €a=+0.10% €a=-0.33%

=-0.43 % g* =-0.28 %

8*
LSMO/(001) BTO  +3.24 3.94 3.84 +1.50 +1.50 —1.03 500 —
SRO{100 +1.75 392 392 -0.25 +0.51 —0.25
BTO 3.95

&/alues are obtained from the bulk pseudocubic unit cells of SgR@O 400 L
=3.93 A) and Lg ¢St 3MNnO; (a=3.88 A) and the cubic phas@=4.01

A) of BaTiO, substratgFig. 1).

PTwo in-plane lattice parameters correspond to a 0.3% contraction along
[010] direction and a 0.7% elongation alof@01] direction, owing to the
cubic to tetragonal phase transition of BaZi@he values for the film are
measured alon010] and [001] directions of BaTiQ substrate, respec-
tively.
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the temperature dependent lattice strains of the films in the 100 F
growth plane follow those of the BaTiOsubstrate at low [

temperatures, particularly in the temperature range of our [ 176180190300 e g ]
experimentg <400 K), i.e., in-plane lattice clamping by the 0 i
BaTiO; substrate. The structural results shown in Table | are 0 100 200 300 400
consistent with this assumption, specifically the in-plane te- Temperature (K)

tragonal distortion betweef010] and [001] directions. In- 6. 2. Electrical resistivity function of t . t 21000 A
. . . . -IG. 2. Electrical resistivity as a function of temperature of a
plane lattice cIamplng by the substrate is an essential CondErRuQ film grown on (100) BaTiO; substrate. The lower insets are the

tion for the approach described here, particularly at each ofoomed-in view of the thermal hysteresis at the two transitions, and the
the three structural transitions. Therefore, in-plane strains arerresponding in-plane lattice distortions(@00 BaTiO; are schematically
controlled by the substrate, and they are the key parameteﬁgpicted above the graph. The resistivity data were obtained from six ther-
. mal cycles.
that strongly influence the out-of-plane component. In order
to simplify the discussion of the effects associated with the
structural transitions of BaTip substrate, strains in the the resistivity anomalies and lattice strains are difficult. Tem-
growth plane are the ones considered here, and they are gserature dependent structural measurements are necessary to
timated using the bulk BaTi{data(Fig. 1). We also neglect elucidate this.
in-plane shears associated with the monoclinic and rhombo- The electrical resistivity of LSMO films grown oi®01)
hedral phases with their respective distortions of 0.2° andaTiO; has also been studied, and the results for a 500 A
0.13°. By symmetry, in-plane strains consist of two compo-thick LSMO film are shown in Fig. 3. Similar to the SrRyO
nents, one of which is the even parity= 3( €, + €yy), and  counterparts, the LSMO films exhibit similar discontinuities
the othere* = (e, ,— eyy).lo'llThe even parity straia, isa  in resistivity (Fig. 3). The measured changes are 12% and
measure of in-plane area change, afidcorresponds to an 10% and remain constant over many thermal cycles. Unlike
in-plane distortion away from square symmelty? their STRuQ@ counterparts that exhibit a change of sign at the
Strain induced effects on the electrical transport propertwo phase transitions, the resistivity anomalies of the LSMO
ties at structural transitions of the substrate have been studididim do not change the sign.
using four-terminal measurements. The electrical resistivity The lattice structure of th€001) plane of tetragonal
of SrRuG; films grown on(100 BaTiO; exhibits jumps at  BaTiO; is simpler than that of th€1l00) plane(Fig. 2), be-
temperatures 277 and 183 K during cooling, and at 281 andause it is unique through the phase transitions, as is illus-
190 K during warming, as shown in Fig. 2 for a 1000 A trated in the schematic diagrams in Fig. 3. When it under-
SrRuG; film. The observed anomalies occur at the temperagoes a transition from tetragonal to monoclinic structure, the
tures where BaTi@ substrate also undergoes phase(001) in-plane lattice undergoes a 0.21% expansionejn
transitions’ indicating that they are caused by the lattice dis-accompanied by a 0.26% distortion &f. The subsequent
tortions associated with the transitions. The measured resigransition from monoclinic to rhombohedral induces a 0.10%
tivity (shown in Fig. 2increases by-1% at the tetragonal to expansion ine, and a —0.43% distortion ine*. Recent
monoclinic transition but decreases by5% at the mono- experiment® show that in-plane biaxial strain can enhance
clinic to rhombohedral transition. Both the magnitude andresistivity of La gCa ,MnO3 grown on (001) SrTiO;. The
sign of the resistivity changes remain constant through mangbserved resistivity anomalies may have similar origins. One
thermal cycles, indicating that the structural effects are elaspossible mechanistfi'*arises from an increase in the Jahn—
tic and reversible. In Fig. 2 schematic diagrams of the estiTeller splitting of Mne, level produced by the sudden biax-
mated changes of in-plane symmetry strains at the phadal tension in the growth plane of the LSMO film, thereby
transitions, namely, ande*, are also shown. However, the enhancing electron trapping leading to an increasg. of
in-plane lattice distortions at the transitions are not simple  Since twins can be easily formed in BaEi@ne cannot
because of the presence of two possible configurations due ®iminate the possibility of substrate induced cracking in the

different polings in thg100 plane, so correlations between film completely. Cracking can cause irreversible increase of
Downloaded 22 Feb 2004 to 128.104.193.115. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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1000F FIG. 4. Magnetization as a function of temperature of a 500 A
I Lag 67515 3aMnO; film grown on(001) BaTiO; substrate in a magnetic field
of 20 Oe applied alon100] direction. The inset shows field dependent
R T T hysteresis loops at temperatures abov® and below(T2) the phase tran-
00 100 200 300 400 sition from tetragonal to monoclinic.
Temperature (K) both SrRu@ and LSMO films have been observed at the

phase transition temperatures of BaZi®his approach pro-
FIG. 3. Electrical resistivity as a function of temperature of a 500 A vides a controlled way to study strain dependent behavior at

Lag 67515 3MNnO; film grown on (001 BaTiO; substrate. The insets are the " ;
zoomed-in view of the thermal hysteresis at the two transitions, and thé[he transition temperatures by keeplng all other structural

corresponding in-plane lattice distortions(6D1) BaTiO; are schematically ~Parameters fixed, particularly growth conditions, film thick-
depicted above the graph. The resistivity data were obtained from six themiess, and morphology. Direct measurements of three-

mal cycles. dimensional strain states of the films at these temperatures
are also necessary to understand these effects more quantita-

resistivity, which in fact has been observed in other samplelVely: From a wider perspective, this approach of using
in this study. However, the reversible behaviors reporte(Ierroelectnc substrates promises potential for tuning physical

here(Figs. 2 and Bover many thermal cycles indicate that properties of perovskite oxide materials for scientific and de-
they are ir.1trinsic not the result of cracks vice applications. A careful design using this method can

Magnetic behavior of the LSMO films grown on BaO produce more reproducible and quantitative results. For in-
ftance, biasing fields can be used to alter and control the

has been studied in the temperature range of 5—-400 K b lectric d . it hich h thi
SQUID magnetometry. The temperature dependent respon grroelectric domain patterns, which can enhance this ap-

for a 500 A LSMO film in a field of 20 Oe applied along the proach substantially.
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