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Abstract – We have used a non-magnetic Al2 O3 barrier, impregnated in (La0.5 Pr0.2 )Sr0.3 MnO3 (LPSMO) thin ﬁlm layers, to obtain large magnetoresistance (MR) in the vicinity of room temperature. In the magnetic ﬁeld of 1T, the LPSMO/Al2 O3 /LPSMO heterostructure exhibits a-vis an an MR of ∼ 35% at its insulator-to-metal transition temperature (TIM ) of ∼ 220 K vis-` MR of ∼ 8% in the pristine LPSMO ﬁlm at its TIM of 298 K. This enhanced MR, coupled with a 2- to 3-fold increase in the temperature coeﬃcient of resistance and the ﬁeld coeﬃcient of resistance in the heterostructure compared to that in the LPSMO ﬁlms, demonstrates the eﬃciency of this technique in engineering those physical properties of manganites which have potential bearing on the realization of their technological applications. c EPLA, 2007 Copyright 



Introduction. – The observation of colossal magnetoresistance (CMR) in La0.67 Ca0.33 MnO3 (LCMO) manganite thin ﬁlms sparked the growth and development of spin-electronics (spintronics) based on this material. It has also opened up a new direction for research and development in the ﬁeld of thin ﬁlm and multilayer structures of LCMO and its variants [1,2]. The development of new spintronic devices, such as, magnetic random access memories (to be used in conjunction with or as replacements for electrically erasable programmable read-only memory), ﬂash memories in computer applications and uncooled infrared imaging systems, became possible due to the growth and studies on rareearth–doped manganite thin ﬁlms and multilayers [3,4]. It is well known that the physical properties of thin ﬁlms are governed by the strain induced due to the lattice mismatch occurring between the ﬁlm and the single-crystal substrate. It is, therefore, of prime interest to control the internal microstructure after deposition in order to understand the changes in both magnetic and electrical properties. There is an appreciable eﬀect of the growth parameters (such as temperature, pressure, and target-to-substrate distance) on both, internal (a) E-mail:
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microstructure and surface morphology. The strain in the manganite ﬁlm is expected to create magnetic anisotropy and a dead layer, both of which modify the low-ﬁeld magnetoresistance (LFMR) very eﬀectively and can result in the loss of spin polarization [5]. Improved MR has been observed in granular ﬁlms, multilayers, spin-polarized tunneling junctions and grain boundary devices [6,7]. Enhancement of MR at low temperatures in the La0.67 Ca0.33 MnO3 /SrRuO3 superlattice has been reported and explained to arise from the induced magnetic non-uniformity near the interfaces due to disorder [8]. The La0.67 Ca0.3 MnO3 /SrTiO3 multilayers exhibit large MR (> 85%) at temperatures below 100 K [6]. In the multilayer system consisting of La0.67 Ca0.33 MnO3 as the ferromagnetic layer and Pr0.7 Ca0.3 MnO3 and Nd0.5 Ca0.5 MnO3 as the spacer layers, the enhanced MR has been attributed to the magnetic-ﬁeld–induced double exchange in the spacer layer which gives rise to a larger number of conducting carriers [9]. It is reported that, doping of interface in composite thin ﬁlm results in the enhancement of spin-polarized tunneling with vertical artiﬁcial tunnel junction [10]. Though these reports are promising in their approach, there have not been suﬃcient endeavors to enhance MR in the heterostructures of the
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J. H. Markna et al. large-bandwidth manganites. The (La0.5 Pr0.2 )Sr0.3 MnO3 (LPSMO) manganite exhibits I-M transition at ∼ 300 K and considerably large MR as compared to La0.7 Sr0.3 MnO3 , which makes it a potential candidate for heterostructure fabrication aimed to obtain large MR at room temperature. In this context, we have grown the LPSMO/Al2 O3 /LPSMO heterostructure by using a nonmagnetic scattering barrier of Al2 O3 between the two LPSMO layers with the aim to improve the electronic and magneto-transport properties of the system. The results of the mangnetotransport measurements on the heterostructure are compared with those for the LPSMO ﬁlm. We show that the additional scattering centers, provided by the insulating Al2 O3 barrier, controlled by the external applied ﬁeld, are responsible for an enhancement in MR arising due to ﬁeld-induced suppression in spin scattering. In addition, we have studied and compared the ﬁeld and temperature sensitivity of the heterostructure and the LPSMO ﬁlm for their applications as bolometric sensors. Fig. 1: The XRD pattern of the 50 nm LPSMO thin ﬁlm and the heterostructure. Inset shows an enlarged view of the indexed



Experimental. – The polycrystalline bulk targets of (040) peak of the LPSMO in the ﬁlm. La0.5 Pr0.2 Sr0.3 MnO3 (LPSMO) and Al2 O3 were synthesized using a conventional solid-state reaction method. The details of sample preparation are reported elsewhere [11]. The epitaxial LPSMO thin ﬁlm and the LPSMO/Al2 O3 /LPSMO heterostructure were deposited using the PLD technique under similar experimental conditions. The heterostructure was fabricated using A situated Al2 O3 as a spacer layer with a thickness of 10 ˚ between the two ferromagnetic LPSMO layers each having a thickness of ∼ 500 ˚ A. A 500 ˚ A LPSMO ﬁlm was separately deposited to compare its characteristics with those of the trilayered heterostructure having the Al2 O3 scattering barrier. Third harmonic (355 nm) of a Q-switched Nd: YAG laser having pulse duration of ∼ 6 ns and a ﬂuence of about 2.1 J/cm2 at 10 Hz repetition rate was used for the ablation of the LPSMO and the Al2 O3 targets alternately. The ejected plume was deposited on the polished (100) SrTiO3 (STO) single-crystal substrate positioned at a distance of about 50 mm from the target. The deposition was carried out at a substrate temperature of about 740 ◦ C in oxygen ambient at a partial pressure of about 400 mTorr. The structure of the thin-ﬁlm samples was analyzed using X-ray diﬀraction (XRD), while surface morphology was studied by atomic force microscopy (AFM) measurements. Electrical resistivity and MR measurements were carried out by using standard dc fourprobe conﬁguration with and without applied magnetic Fig. 2: AFM photographs showing (a) the surface morphology ﬁeld using the PPMS system (Quantum Design, USA). of the single layer of the LPSMO/STO ﬁlm and (b) the Results and discussion. – Figure 1 shows the XRD patterns of the 50 nm LPSMO/STO ﬁlm and the LPSMO/Al2 O3 /LPSMO heterostructure, while the inset in the ﬁgure displays the enlarged view of the indexed (040) peak of the LPSMO ﬁlm. From the XRD patterns, it is clear that the growth of the ﬁlm and the heterostructure is oriented in the (0k 0) direction. Also, the presence



modiﬁed surface morphology after deposition of Al2 O3 on the LPSMO layer.



of Al2 O3 is conﬁrmed in the LPSMO superlattices and is marked by an asterisk in the XRD proﬁle. The surface morphology and the presence of the Al2 O3 layer have been studied using the AFM micrographs
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Fig. 3: Resistivity vs. temperature plots for the 50 nm LPSMO ﬁlm and the LPSMO/Al2 O3 /LPSMO heterostructure.



of the LPSMO ﬁlm and the Al2 O3 /LPSMO bilayer grown on the STO substrate. The AFM micrographs are shown in ﬁg. 2(a) and (b) as 3D images in the same scan size. Figure 2(a) shows the AFM picture of the LPSMO ﬁlm deposited on STO, while ﬁg. 2(b) depicts the AFM micrograph of the ﬁlm having Al2 O3 deposited on the LPSMO/STO. From comparison of both the microstructures, it can be clearly seen that the deposition of Al2 O3 layer results in the ﬁlling up of the coarser LPSMO ﬁlm surface (ﬁg. 2(b)) as compared to that of the LPSMO/STO ﬁlm. Figure 3 shows the temperature dependence of the resistivity of the 50 nm LPSMO ﬁlm and of the LPSMO/Al2 O3 /LPSMO heterostructure with and without an applied magnetic ﬁeld. The LPSMO ﬁlm exhibits a TIM of ∼ 298 K with a peak resistivity, ρp , of ∼ 0.094 Ω cm, while the LPSMO/Al2 O3 /LPSMO heterostructure has a lower TIM (∼ 220 K) and a higher ρp of ∼ 0.68 Ω cm. This observed decrease in TIM in the heterostructure can be attributed to the combined strains developed due to the ﬁlm-substrate lattice mismatch and the heteroepitaxy of the multilayer [6,12]. The enhancement in ρp in the heterostructure is mainly due to the Al2 O3 insulating barrier, which contributes to the scattering of carriers thereby resulting in an increase in the resistivity [6,12]. The diﬀerence in the transport properties of the ﬁlm and the heterostructure is further emphasized by MR measurements (magnetoresistance calculated as MR(%) = (ρ0 − ρH )/ρ0 × 100)). Figure 4 shows MR vs. magnetic ﬁeld, H, isotherms at diﬀerent temperatures for the LPSMO ﬁlm and the LPSMO/Al2 O3 /LPSMO heterostructure, clearly depicting some distinguishing features in the MR behavior. The observation of a large high-ﬁeld magnetoresistance (HFMR) of ∼ 77% in the LPSMO/Al2 O3 /LPSMO heterostructure as compared



Fig. 4: Magnetoresistance behavior of the 50 nm LPSMO ﬁlm and of the LPSMO/Al2 O3 /LPSMO heterostructure.



to that of ∼ 51% in the LPSMO ﬁlm at temperatures close to their TIM values, can be understood to arise from the magnetic-ﬁeld–induced suppression of spin ﬂuctuations and the opening of new conduction channels at the interfaces between Al2 O3 barrier and the LPSMO layers [6]. The LPSMO ﬁlm exhibits a low ﬁeld magnetoresistance (LFMR) of ∼ 5%, clearly indicating that the ﬁlm is highly oriented (ﬁg. 1) and possesses insigniﬁcant grain boundary eﬀects. In the heterostructure, the LFMR shows a hysterisis behavior indicating a percolative transport in the ferromagnetic layer via the insulating Al2 O3 barrier, which could be responsible for the considerably high value of the MR (∼ 39%) at the low temperature of 10 K (ﬁg. 4) [13]. To understand the eﬀect of the insulating Al2 O3 barrier on the electronic transport of the LPSMO/Al2 O3 /LPSMO heterostructure, we have studied the current-voltage (I -V ) characteristics of this system using the standard four-probe technique, which showed similar behavior for both negative and positive applied voltages. It was observed that, the heterostructure exhibits a nonlinear I -V behavior (inset of ﬁg. 5), which may be attributed to either a distorted metallic-oxide–type behavior or to the quasiparticle tunneling via pairs of localized states or spin-ﬂip scattering at the grain boundary [14–17]. To conﬁrm the cause of non-linearity in the I -V behavior of heterostructure, we have ﬁtted the conductance-vs.-voltage curves at diﬀerent temperatures for the heterostructure in the Simmon’s model
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Fig. 5: Conductance vs. voltage plots at diﬀerent temperature of the LPSMO/Al2 O3 /LPSMO heterostructure.



given by dI/dV = a + bV n ; where a, b and n are constants depending on magnetic ﬁeld and temperature (ﬁg. 5) [17]. The values of n at temperatures below TIM (84 K and 150 K) are greater than 1.4, which indicates that the spinﬂip mechanism at the Al2 O3 barrier could be responsible for the non-linearity in the I -V characteristics [16]. To further evaluate the application aspects of the heterostructure, we have calculated the temperaturedependent resistivity sensitivity, quantiﬁed by a term called temperature coeﬃcient of resistance (TCR) −1 ], and compared it with that [TCR(%) = R1 dR dT × 100 K of the LPSMO thin ﬁlm. Figures 6(a) and (b) show the temperature variation of TCR for the LPSMO ﬁlm and the LPSMO/Al2 O3 /LPSMO heterostructure, respectively. The value of the maximum positive TCR of ∼ 1.49% K−1 at 269 K for the LPSMO ﬁlm becomes more than double (3.47% K−1 ) at 180 K for the heterostructure, a property which may be useful for temperature sensor applications [18]. Furthermore, it is desirable to obtain large magnetic ﬁeld sensitivity (quantiﬁed as the ﬁeld dR × 100 T−1 ) for coeﬃcient of resistance, FCR(%) = R1 dH ﬁeld sensor applications. We have plotted in ﬁgs. 6(c) and (d), the ﬁeld-dependent FCR for both the LPSMO ﬁlm and the heterostructure. The FCR values are large for the heterostructure as compared to those for the pure LPSMO ﬁlm. In the multilayer, a maximum FCR of ∼ −20% at 220 K in a ﬁeld of 0.5 tesla could be a useful parameter for applications as magnetic ﬁeld sensors [18]. Conclusion. – To conclude, in the present studies, it is shown that, in the LPSMO/Al2 O3 /LPSMO/STO heterostructure, the spin-dependent scattering through the insulating barrier improves the magnetotransport and temperature and ﬁeld sensing properties of manganites. In the heterostructure, the sandwiched insulating Al2 O3 barrier between the two ferromagnetic LPSMO layers is responsible for the scattering of carriers which



Fig. 6: ((a) and (b)) TCR vs. temperature and ((c) and (d)) FCR vs. ﬁeld for the 50 nm LPSMO thin ﬁlm and the heterostructure, respectively.



can be controlled by the external applied ﬁeld resulting in high MR values compared to those in the LPSMO thin ﬁlm. The appearance of hysterisis in the MR at low temperatures in the heterostructure can be interpreted to be due to the percolative transport via the insulating barrier. The TCR value becomes almost double in the heterostructure as compared to that in the LPSMO ﬁlm. The ﬁeld sensitivity of ∼ −20% of the heterostructure in an applied ﬁeld (0.5 tesla) could be highly useful in its application as ﬁeld sensor. ∗∗∗ The authors DGK and JHM are thankful to DAEBRNS, India (No. 2003/34/20/BRNS/1944) for the ﬁnancial support of this research work. Thanks are also due to Dr V. Ganesan, UGC-DAE CSR, Indore for AFM studies. REFERENCES [1] Jin S., Tiefel T. H., McCormack M., Fastnatcht R. A., Ramesh R. and Chen L. H., Science, 264 (1994) 413. [2] Von Helmolt R., Wecker J., Holtzapfel B., Schultz L. and Samwer K., Phys. Rev. Lett., 71 (1993) 2331. [3] Gary Prinz A., Science, 282 (1998) 1660. [4] Goyal A., Rajeshwari M., Shreekala R., Lofland S. E., Bhagat S. M., Boettcher T., Kwon C., Ramesh R. and Venkatesan T., Appl. Phys Lett., 71 (1997) 2535. [5] Park J. H, Vescovo E., Kim H. J., Kwon C., Ramesh R. and Venkatesan T., Phys. Rev. Lett., 81 (1953) 1953. [6] Kwon C., Kim K. C., Ronson M. C., Gu J. Y., Rajeswari M., Venkatesan T. and Ramesh R., J. Appl. Phys., 81 (1997) 4950.
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