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Resistivity of Manganite Thin Film Under Strain

A complex study of the electron transport and magnetic characteristics of epitaxial manganite films La0.7Ba0.3MnO3 (LBMO) was carried out under conditions of the crystal structure tension caused by a mismatch between the parameters of the LBMO crystal and the substrate. The epitaxial thin films with the thickness 40-100 nm were grown by pulsed laser deposition at T = 700-800 °C in pure oxygen pressure 0.3-1 mbar. The substrates (110) NGO, (001) STO, (001) LAO, and (001) LSAT were used. By comparison of the lattice parameter of LBMO targets with substrate's one, the lattice mismatches were derived. We used substrates in which the lattice parameter was less than for the LBMO crystal one. It is shown that the temperature dependence of the film resistance in the low-temperature region does not depend on the film stress and is in good agreement with the calculation that takes into account the interaction of carriers with magnetic excitations in the presence of strongly correlated electron states. A nonmonotonic temperature dependence of the resistance of an LBMO film deposited on ferroelectric crystals PMN-PT that was observed. This feature is typical for manganites, and indicating the presence of ferromagnetism in the system was observed.

Rare earth manganite with perovskite structure Re1-xAxMnO3 (Re-rare earth elements such as La or Nd and A-alkaline earth metals such as Sr, Ca, Ba) exhibits a wide range of unusual electrical and magnetic properties (see, for review [START_REF] Haghiri-Gosnet | CMR manganites: physics, thin films and devices[END_REF]). The parameters of epitaxial films of these materials very often differ significantly from the properties of single crystals. As it has been shown in several studies [START_REF] Haghiri-Gosnet | CMR manganites: physics, thin films and devices[END_REF][START_REF] Ovsyannikov | Magnetotransport characteristics of strained La0.7Sr0.3MnO3 epitaxial manganite films[END_REF], the tension of the films due to mismatch with the substrate is the reason for the change in the electric and magnetic parameters of the films. It was shown that the three-dimensional compression of the crystal lattice increases the hopping probability amplitude in the double exchange model, which leads to an increase in the Curie temperature (TC), while the biaxial distortions of the Jahn-Teller type cause an increase in the localization of the electrons and decrease TС [START_REF] Lu | Magnetoresistance of coherently strained La2/3Ba1/3MnO3/SrTiO3 superlattices[END_REF][START_REF] Millis | Quantifying strain dependence in "colossal" magnetoresistance manganites[END_REF].

Manganite films, for which TС is close to room temperature, are particularly attractive for practical applications. The ferromagnetic phase transition for a La0.7Ba0.3MnO3 (LBMO) crystal occurs at TC = 345 K [START_REF] Ju | Dependence of giant magnetoresistance on oxygen stoichiometry and magnetization in polycrystalline La 0.67Ba 0.33MnO3[END_REF]. In the LBMO crystal, a fairly large magnetostriction (up to 4 × 10 -4 ) was observed at a temperature equal to the Curie temperature [START_REF] Demin | Giant volume magnetostriction and colossal magnetoresistance in La0.7Ba0.3MnO3 at room temperature[END_REF]. The magnetic and resistive properties of LSMO films have been studied in a number of works [START_REF] Ovsyannikov | Magnetotransport characteristics of strained La0.7Sr0.3MnO3 epitaxial manganite films[END_REF][START_REF] Ju | Dependence of giant magnetoresistance on oxygen stoichiometry and magnetization in polycrystalline La 0.67Ba 0.33MnO3[END_REF][START_REF] Demin | Giant volume magnetostriction and colossal magnetoresistance in La0.7Ba0.3MnO3 at room temperature[END_REF][START_REF] Boikov | Magnetoresistance anisotropy in La0.67Ba0.33MnO3 films laterally compressed by a neodymium gallate substrate[END_REF][START_REF] Orgiani | Epitaxial growth of La 0.7 Ba 0.3 MnO 3 thin films on MgO substrates: structural, magnetic, and transport properties[END_REF][START_REF] Orgiani | Magnetotransport properties of epitaxial strain-less La0.7Ba0.3MnO3 thin films[END_REF][START_REF] Boikov | Structure and magneto-transport parameters of partially relaxed and coherently grown La0.67Ba0.33MnO3 films[END_REF][START_REF] Yu | Electrical resistivity and magnetotransport in La0. 67Ba0. 33MnO3 films asymmetrically biaxially compressed by an NdGaO3 (001) substrate[END_REF][START_REF] Bern | Magnetic and magnetotransport properties of ultrathin La0:7Ba0:3MnO3 epitaxial films embedded in SrRuO3[END_REF][START_REF] Liang | Lattice effects in ferromagnetic La1 -xBaxMnO3 thin films[END_REF][START_REF] Pradhan | La1ÀxBaxMnO3 epitaxial thin films by pulsed-laser deposition: a consequence of strain stabilization[END_REF][START_REF] Zhang | Strain effect and the phase diagram of La1-xÀxBaxMnO3 thin films[END_REF][START_REF] Kanki | Hall effect in strained La0.85Ba0.15MnO3 thin films[END_REF]. Usually, substrates from SrTiO3 (STO) [START_REF] Orgiani | Magnetotransport properties of epitaxial strain-less La0.7Ba0.3MnO3 thin films[END_REF][START_REF] Liang | Lattice effects in ferromagnetic La1 -xBaxMnO3 thin films[END_REF][START_REF] Pradhan | La1ÀxBaxMnO3 epitaxial thin films by pulsed-laser deposition: a consequence of strain stabilization[END_REF][START_REF] Zhang | Strain effect and the phase diagram of La1-xÀxBaxMnO3 thin films[END_REF] were used. The film tension was changed either by changing the thickness of the LBMO film, or by changing the ratio of La and Ba. It was shown that in addition to the substrate-induced strain, oxygen content plays a very important role in determining the transport and magnetic properties of La1-xBaxMnO3 thin films [START_REF] Orgiani | Magnetotransport properties of epitaxial strain-less La0.7Ba0.3MnO3 thin films[END_REF]. For correct comparison of the effect of the stress on the film properties either film deposited on the different substrate under the same conditions [START_REF] Ovsyannikov | Magnetotransport characteristics of strained La0.7Sr0.3MnO3 epitaxial manganite films[END_REF], or piezo substrate are used [START_REF] Weiping | Multilevel resistance switching memory in La2/3Ba1/3MnO3/0.7Pb(Mg1/3Nb2/3)O3-0.3PbTiO3 (011) heterostructure by combined straintronics-spintronics[END_REF][START_REF] Zheng | Ferroelectric poling and converse-piezoelectric-effect-induced strain effects in La0.7Ba0.3MnO3 thin films grown on ferroelectric single-crystal substrates[END_REF]. In LBMO films, when the film tension changes in piezo substrate, multiple resistive states arise. They are modulated by the magnetic field in a wide temperature range [START_REF] Weiping | Multilevel resistance switching memory in La2/3Ba1/3MnO3/0.7Pb(Mg1/3Nb2/3)O3-0.3PbTiO3 (011) heterostructure by combined straintronics-spintronics[END_REF][START_REF] Zheng | Ferroelectric poling and converse-piezoelectric-effect-induced strain effects in La0.7Ba0.3MnO3 thin films grown on ferroelectric single-crystal substrates[END_REF]. In this paper, the influence of the film stress on the resistive properties of the LBMO film either by changing the substrate or using piezo substrate are investigated.

Epitaxial LBMO films of 40-150 nm thick were deposited on either (001) LaAlO3 (LAO), (001) SrTiO3 (STO), (110) NdGaO3 (NGO), (001) ((LaAlO3)0.3 + (Sr2AlTaO6)0.7) (LSAT), or 0.79Pb (Mg1/3Nb2/3)O3-0.21PbTiO3 (PMN-PT) substrates by pulsed laser deposition at temperature of 600-800 °C under an oxygen pressure of 0.2-0.5 mbar. A stoichiometric composition of the target was used for the growth of epitaxial films.

The c-axis of LBMOs films grown on "simple" substrates (LAO, STO, NGO, and LSAT) is oriented along the normal of the plane of the substrate. The interplane distance in LBMO films along the normal to substrate a⊥ and the lattice constant of the substrate as are determined by 2θ/ω x-ray diffraction scan [START_REF] Ovsyannikov | Magnetotransport characteristics of strained La0.7Sr0.3MnO3 epitaxial manganite films[END_REF][START_REF] Tsui | Strain-dependent magnetic phase diagram of epitaxial La0.67Sr0.33MnO3 thin films[END_REF][START_REF] Ovsyannikov | Effect of the stresses caused by substrate on the electrical conductivity of ferromagnetic manganite lanthanum-barium films[END_REF]. XRD 2θ/ω scan for LBMO/LAO films is presented in Fig. 1. We consider the unit cell of the substrate as pseudocubic one. A biaxial stress in the plane of the substrate leads to the distortion of the crystal lattice of the films in the perpendicular direction [START_REF] Boikov | Magnetoresistance anisotropy in La0.67Ba0.33MnO3 films laterally compressed by a neodymium gallate substrate[END_REF]. Consequently, the grown manganite films are under the influence of mechanical stresses caused by interaction with the substrate.

The values of the in-plane and out of plane strains ε|| = (a||-aLBMO)/aLBMO and ε⊥ = (a⊥-aLBMO)/aLBMO arising in all investigated films where aLBMO = 0.39 nm along with metal-insulator transition temperature TM are presented in Table 1.

At small lattice distortions, the Curie temperature (TC) and other magnetic transport parameters of the manganite films depend on two parameters: the relative change in the unit cell volume εb = 2ε|| + ε⊥, that is equal to εb = 0.07 for LBMO/LAO, and biaxial distortion ε* = (ε⊥-ε||)√2/3 = 0.14. The volume distortions of the lattice lead to an increase or decrease in TС, depending on the sign of the distortion. The biaxial ones always cause a decrease in TС [START_REF] Orgiani | Epitaxial growth of La 0.7 Ba 0.3 MnO 3 thin films on MgO substrates: structural, magnetic, and transport properties[END_REF][START_REF] Zheng | Ferroelectric poling and converse-piezoelectric-effect-induced strain effects in La0.7Ba0.3MnO3 thin films grown on ferroelectric single-crystal substrates[END_REF].

The highest value of temperature of metal-insulator transition TM = 283 K was observed for LBMO films grown on STO substrates (see Fig. 1). However, even in the case of a small misalignment of the substrate and the film, when the in-plane strain is equal to ε|| = - 0.13%, the temperature TM of the film is of several degrees lower than the values for stoichiometric LBMO single crystals. It is possible that the decrease in TM is due to the relatively low concentration of carriers in LBMO films caused by a decrease in Ba [START_REF] Boikov | Magnetoresistance anisotropy in La0.67Ba0.33MnO3 films laterally compressed by a neodymium gallate substrate[END_REF].

At temperature T < TM, according to [START_REF] Boikov | Structure and magneto-transport parameters of partially relaxed and coherently grown La0.67Ba0.33MnO3 films[END_REF][START_REF] Kubo | A quantum theory of double exchange[END_REF][START_REF] Pietambaram | Microstructure, magnetoresistance, and magnetic properties of pulsed-laser-deposited external, internal, and mixed-doped lanthanum manganite films[END_REF], the temperature dependence of the resistance of the manganite film can be represented in the form [START_REF] Haghiri-Gosnet | CMR manganites: physics, thin films and devices[END_REF] where ρ0 is the contribution to the resistance due to structural defects, ρ1 is determined by electron-electron scattering, and ρ2 is caused by the scattering of electrons by magnons.

The smallest value ρ0 = 2.3 × 10 -3 Ω cm is observed for LBMO/STO films that were grown on STO substrates having the smallest mismatch between their crystal lattice of the substrate and the film (-0.13%). The obtained ρ0 are several times greater than for single crystals [START_REF] Jiang | Griffiths phase and critical behavior in single-crystal La0.7Ba0.3MnO3: phase diagram for La1-xBaxMnO3 (x⩽0.33)[END_REF]. This increase of ρ0 in LBMO/LAO film could be due to twinning of the substrate, which leads to a broadening of the rocking curve. The dependence ρ∞T 4.5 was indeed observed for manganite films La0.67Ba0.33MnO3 deposited on the (001) LSAT substrate [START_REF] Boikov | Structure and magneto-transport parameters of partially relaxed and coherently grown La0.67Ba0.33MnO3 films[END_REF]. At the same time, the dominance of the T 2 term was observed in LSMO films [START_REF] Ovsyannikov | Magnetotransport characteristics of strained La0.7Sr0.3MnO3 epitaxial manganite films[END_REF]. A small increase in the value of R(T) at T < 50 K can be caused by the Coulomb interaction of carriers, which contribution to the resistance is proportional to T 1/2 [START_REF] Boikov | Magnetoresistance anisotropy in La0.67Ba0.33MnO3 films laterally compressed by a neodymium gallate substrate[END_REF]. The analysis of the temperature dependences of the resistance in the temperature range (100-250 K) has shown that R(T) of LBMO/STO films is described with good accuracy by the expression (1) for ρ1 = 9 × 10 -9 Ω cm K -2 , ρ2 = 4 10 -13 Ω cm K -4.5 , and ρ0 = 2.3 × 10 -3 Ω cm. The temperature dependence of resistance at T < TM for the LBMO/NGO structure is shown in the inset in Fig. 2. The fitting curve Eq. ( 1) and the experimental data are practically indistinguishable.

We note that in the high-temperature region T > TM, the temperature dependence of the resistance of manganite films is determined by the activation processes [START_REF] Bebenin | Electronic transport in ferromagnetic La1-xSrxMnO3 single-crystal manganites[END_REF].

Ferroelectric crystals of 0.79PbMg1/3Nb2/3O3-0.21PbTiO3 (PMN-PT) used as an active substrate have a Curie temperature of 150 °C and high piezoelectric constants d33 = 1500 pC/N, d32 = - 1883 pC/N, d31 = 610 pC/N [START_REF] Wang | Complete set of elastic, dielectric, and piezoelectric constants of orthorhombic 0.71 Pb (Mg 1⁄[END_REF]. In PMN-PT, a transition from the cubic to the rhombohedral phase is observed at T = 348 K. The transition is accompanied by a decrease in the lattice constant from a = 0.4043 nm at T > 600 K to a = 0.4036 nm at T < 50 K [START_REF] Zheng | Ferroelectric poling and converse-piezoelectric-effect-induced strain effects in La0.7Ba0.3MnO3 thin films grown on ferroelectric single-crystal substrates[END_REF][START_REF] Cao | Structural phase transformation and phase boundary⁄stability studies of field-cooled Pb(Mg1⁄3Nb2⁄3O3)-32%PbTiO3 crystals[END_REF][START_REF] Slodczyk | dielectric and vibrational studies of lead magnesium niobate-lead titanate (1-x) PbMg1/3Nb2/3O3-xPbTiO3 solid solutions[END_REF]. We used the substrates with orientation (011) PMN-PT.

By applying a voltage to the PMN-PT substrate, we studied the effect of the ferroelectric polarization and the inverse piezoelectric effect on the temperature dependence of the resistance and the temperature of the metal-insulator transition TM for thin LBMO films. The saturation of the ferroelectric loop for PMN-PT substrate is observed at voltages exceeding 3 kV/cm. The saturation polarization is equal to Pr = 320 μC/cm 2 . At lower sweep voltages, a particular loop is observed.

Figure 3 shows the deformation in two directions measured by a resistive strain gauge method in the plane of the substrate as a function of the voltage applied across the plane. It can be seen that the deformation of the substrate essentially depends on the measurement direction. The electric field ± 0.1 kV/cm does not lead to significant deformations in the (011) direction, at the same time, the deformations increase with the voltage in the (001) direction for ± 2 kV/cm. At voltages corresponding to the coercive force for ferroelectric loop, a sharp increase of deformation in the (011) direction is observed.

After the PMN-PT substrate was poled by setting the voltage (7 kV/cm) to the substrate at room temperature, we studied the influence of inverse piezoelectric effect on the metal-insulator transition temperature and on film resistance (Fig. 4).

Figure 5 shows the temperature dependence of the resistance of the LBMO film at different values of the DC voltage applied to the LBMO/PMN-PT structure before and after poling. The nonmonotonic dependence R(T), typical for epitaxial manganite films, is observed on LBMO films (see Fig. 2). The maximum resistance at high temperatures corresponds to the temperature of the metal-insulator transition TM, which is close to the ferromagnetic transition temperature TC. However, instead of a monotonously decrease R at low temperature, which is typical for epitaxial films, an increase of R(T) with decreasing of the temperature at T < 50 K is observed. A similar behavior of R(T) was observed in [START_REF] Zheng | Strain-mediated electric-field control of resistance in the La0.85Sr0.15MnO3 /0.7Pb(Mg1/3Nb2/3)O3-0.3PbTiO3 structure[END_REF] for La0.85Sr0.15MnO3 film deposited on PMN-PT. The value of the strain in LBMO films deposited on (001) PMN-PT plane is equal to ε|| = (a||-aLBMO)/aLBMO = 3.6% (aLBMO = 0.39 nm) before poling. A similar strain, but of an opposite sign, arises when the LBMO film is grown on the LAO substrate. However, a decrease of the temperature T < 50 K, leads to decrease, rather than an increase, in R(T). The resistivity of the LBMO/PMN-PT film demonstrates other specific features. The transition temperature TM = 182 K is lower than that of LBMO/LAO (see Fig. 2).

After the poling, the dependence R(T) does not change significantly. The greatest relative change in resistance is observed near the temperature TM: ΔR/R = 5.8%.

At room temperature, the changes of R were also observed, but much smaller in value. Figure 6 shows the resistance changes after poling when an electric field with strength E = ± 1.3 kV/cm is applied to the substrate. The observed hysteresis can be associated with a sharp variation of the strain in the (011) direction (see Fig. 3).

In summary, the epitaxial manganite lanthanum-barium films deposited on four types of the substrates demonstrate the effect of strain on the films resistivity. The temperature dependence of the resistivity of all films at low temperatures is well described by a power polynomial that takes into account the effect of scattering on defects and impurities as well as electron-electron and electron-magnon interactions. A nonmonotonic temperature dependence of the resistance of an LBMO film deposited on ferroelectric crystals PMN-PT is typical for manganites and indicates the presence of ferromagnetism in the system. A hysteretic dependence of the resistance of the LBMO film on the piezoelectric strain of the substrates was detected. 
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 1234 Figure 1: XRD 2θ/ω scan for LMBO/LAO film. The peaks correspondent to (001) LBMO film and (001) LAO substrate are indicated in figures
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 56 Figure 5: Temperature dependences of the resistance of the LBMO film on the electrical voltage E applied across the substrate planes of PMN-PT: temperature dependences of the film resistance before polarization of the substrate at E = 7 kV/cm and after under electric field E = 0, ± 0.7 kV/cm, ± 1.3 kV/cm

  

  

Table 1 :

 1 Obtained from XRD scan parameters for four substrates and LBMO films deposited on. The values of the in plane and out of plane strains ε|| = (a|| -aLBMO)/aLBMO and ε⊥ = (a⊥ -aLBMO)/aLBMO correspondingly. TM in the temperature of metal-insulator transition Subst. aS (nm) a⊥ (nm) ε⊥ (%) ε|| (%) TTM (K)

	NGO	0.386	0.391	-0.20 -0.84 259
	LAO	0.379	0.393	0.69 -2.79 278
	STO	0.391	0.393	0.78	1.12 287
	LSAT 0.387	0.396	1.65 -0.64 256
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