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Introduction

Recently there has been great interest in studying the magnetoresistive properties of the doped perovskite La 1-x R x MnO 3 (R=Ba, Ca, Sr, and Pb) [1][2][3][4].

These external-doped manganese oxides are known to be conducting and ferromagnetic below Curie temperature and exhibit colossal magnetoresistance (CMR) effect. The basic manganite LaMnO 3 is antiferromagnetic and insulating [5].

The substitution of lanthanum by divalent valency ions induces a mixed valency of Mn 3+ and Mn 4+ , which is responsible for the magnetic double exchange interaction and thus for the magnetoresistive properties [6].

Self-doped lanthanum manganites, represented by the general formula La 1-

x MnO 3 , are interesting because they exhibit similar properties as that of the external-doped manganites. In La 1-x MnO 3 , the lanthanum deficiency produces a mixed Mn 3+ /Mn 4+ valency similar to that in divalent substituted compounds, which could lead to the CMR effect. A magnetoresistance of 85% under 6T was obtained in La 0.7 MnO 3 films on LaAlO 3 prepared by pulsed laser deposition (PLD) with a substrate temperature of 993K [7]. Gupta et al. [8] reported a magnetoresistance of 55% under 4T in La 0.75 MnO 3 films grown by PLD on SrTiO 3 at 973K.

In order to understand the interplay of structure, magnetism and electronic transport of the manganese oxides, it is of great importance to study their microstructures. [9][10][11][12][13] Transmission electron microscopy (TEM) is a powerful tool for characterization of microstructures in materials. In the past few years TEM has been widely applied in the studies of CMR materials, and particularly in thin films of external-doped lanthanum manganites [13][14][15][16][17][18][19][20][21][22][23][24][25][26][27][28]. Van Tendeloo et al. [15] reported that La 0.7 Sr 0.3 MnO 3 films with a rhombohedral structure on LaAlO 3 were elastically strained but the stress was partially relaxed when the film thickness was over 30- 35nm. In La 1-x Ca x MnO 3 films on SrTiO 3 , a thin featureless and coherent layer with a thickness of about 50nm was found and subsequently a second thicker layer was grown featuring a columnar microstructure. This so-called featureless layer was also observed in La 0.7 Ca 0.3 MnO 3 on LaAlO 3 , and on top of this layer, oriented domains were found [21]. Comparing with the large amount of studies on the structures and microstructures of La 1-x R x MnO 3 films, there are fewer reports on those of La 1-

x MnO 3 films [29,30].

In this work, lanthanum-deficient La 0.8 MnO 3 (LMO) thin films on SrTiO 3 (001) (STO) were prepared by pulsed laser deposition with substrate temperatures of 873K and 1073K, respectively. Both films exhibit columnar growth morphologies and the columnar grain size is found to increase with increasing substrate temperature. In the film deposited with the substrate temperature of 1073K, there is only one rhombohedral phase, while in the film deposited with a substrate temperature of 873K, a coexistence of two phases, a rhombohedral one and an orthorhombic one, has been observed.

Experimental methods

LMO films were deposited from a ceramic target of La 0.8 MnO 3 on SrTiO 3 (001) substrate by PLD with substrate temperatures of 873K and 1073K, respectively. The deposition was performed with a KrF excimer laser (248nm, Lambda Physik). During deposition, a background oxygen pressure of 40Pa was maintained. The laser energy fluence and pulse repetition frequency were 1.5J/cm 2 and 5Hz, respectively. After deposition, the films were cooled down to room temperature under 10 5 Pa of oxygen at 20K/min. The thicknesses of the films were calculated according to the deposition time and verified by TEM. Cross-sectional specimens were prepared by mechanical thinning down to ~30µm followed by ion milling to electron transparency. TEM observations were performed in a JEM-2010F field emission gun transmission electron microscope operated at 200kV with a point resolution of 0.23nm. Low magnification TEM images were used to investigate the morphology of the films. Electron diffraction patterns and High-resolution electron microscopy were used to investigate the structure and microstructure of the films. The film composition (La/Mn) was determined using Rutherford backscattering spectrometry (RBS) and X-ray energy dispersive spectroscopy (EDS). The RBS results showed that the ratio of La/Mn is 0.80 in the films, the same as the target's. Series of EDS were acquired from different regions in the films and the results indicated that the ratio of La/Mn is 02 . 0 80 . 0 ± .

Results and discussion

Low magnification TEM images

Figure 1 shows the low magnification TEM images taken from the crosssectional samples of the two films. In both films, a thin featureless layer with a thickness of ~50nm was formed on the substrate and subsequently a second layer was grown featuring a columnar structure. The white contrast regions are columnar grain boundaries which are almost perpendicular to surface of the substrate. The columnar grain size is found to increase with increasing substrate temperature. This columnar growth morphology has also been observed in the external-doped films of La 0.7 Ca 0.3 MnO 3 prepared by PLD on SrTiO 3 [19] and La 0.8 Sr 0.2 MnO 3 prepared by PLD on LaAlO 3 [20].

[Insert figure 1 about here] 

Electron diffraction patterns and High-resolution electron microscopy

In the LMO film deposited with a substrate temperature of 873K, two types of electron diffraction patterns (EDPs) are frequently observed, as shown in Figure 2 from the cross-section sample of the film. 
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is the lattice parameter of the undistorted perovskite unit cell), which has been reported in La 1-x MnO 3+δ bulk before [31][32][33][34].

[Insert figure 2 about here] There are six possible orientation relationships between the LMO film and substrate, however, due to the pseudocubic perovskite unit cell of LMO, only three types of oriented domains can be observed in the film.

[Insert figure 3 about here]

The dimensions of each domain are so small that conventional selected area diffraction, even using the smallest aperture in ordinary TEM, may only give composite EDPs. To obtain EDPs from a single domain, we used nanodiffraction technique with the spot size of several nanometers. The columnar growth morphology is demonstrated to originate from mismatch between the film and the substrate by Zheng et al. [10], and the columnar structure is a method of relaxing the stress. In the La 0.8 MO 3 films on SrTiO 3 , the distance between {101} o lattice planes of La 0.8 MO 3 is 0.388nm [35], while the distance of the SrTiO 3 {010} planes is 0.3905nm. So the film is under an in-plane tensile stress when it grows epitaxially on the SrTiO 3 substrate. So that the columnar growth morphology is observed in both films prepared by PLD in the present work. During deposition, when the substrate temperature is higher, the mobility of atoms on the substrate is larger. So the columnar grain size is larger in the film deposited at 1073K than at 873K, which is consistent with the results reported by Wang et al. [11, 12].

Both 3 R c

rhombohedral structure and Pnma orthorhombic structure can be derived from the undistorted configuration of perovskite by tilting the MnO 6 octahedra with different tilt systems of a a a --and a b b + -- [36,37], respectively. In La 0.8 MO 3 film deposited with the substrate temperature of 873K, the stress in the region near the interface is larger than that far from the interface. This causes deformation of the MnO 6 octahedra in the film near the interface and changes La 0.8 MO 3 from the rhombohedral into the orthorhombic phase. Besides strain induced transformation, there is also thermally induced transformation from orthorhombic to rhombohedral, which has been reported in La 1-x MnO 3+δ bulk [31][32][33][34]. Shu et al. [34] reported that the crystal symmetry of orthorhombic La 0.95 MnO 3 bulk increases from orthorhombic to rhombohedral in temperature range of 373K-473K due to the depression of Jahn-Teller distortion. During the deposition of La 0.8 MO 3 film, the higher deposition temperature provides higher energy and atom The formation of oriented domains of Pnma structure has been largely

reported not only in La 1-x R x MnO 3 (R= Ca, Sr or vacancy) thin films [13][14][15][16][17][18][19][20][21][22][23][24][25], but also reported in A 1-x R x MnO 3 ( A=Pr or La; B= Sr or Ca) bulk materials [26,27].

Thus, it seems that the formation of oriented domains originates from the inherent pesudosymmetry of the strucutre itself rather than induced by the substrate.

However, Aarts et al. [13] reported that the type of oriented domains is dependant on the film thickness. As the film thickness increased from 5nm to more than 30nm, the microstructure of films turned from pure [001] oriented from mixed domains of

[001] and [110] orientation. Similar phenomenon has also been reported by Rao et al. [9] and Yang et al. [16]. Compared with previous reports, the coexistence of three types of oriented domains of orthorhombic structure in La 0.8 MO 3 film with the substrate deposition temperature of 873K is rationalized due to the inherent pesudosymmetry of the structure and the 400nm film thickness.

Conclusions

TEM has been used to characterize thin films of La 0.8 MO 3 prepared by PLD on SrTiO 3 substrates. Low magnification TEM images show that both films deposited with substrate temperature of 873K and 1073K follow the columnar growth morphology.

In the films deposited with a substrate temperature of 1073K, only rhombohedral phase has been observed. However, in the films with a substrate temperature of 873K, besides rhombohedral phase, another orthorhombic phase in the form of oriented domains have been observed. This can be explained by 

Figure 2 (

 2 a), (b) and (c) are a series of EDPs taken from a region at the film surface along different directions by tilting the specimen. It shows that LMO film surface belongs to rhombohedral structure with a space group of 3 R c and hexagonal lattice parameters, 2
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 23 Figure 2 (d), (e) and (f) are a series of EDPs taken from a region near the

Figure 4

 4 are the nanodiffraction patterns taken from different areas in a single columnar grain. Figure4(a) and (b) regions near the film/substrate interface and Figure4(c) was taken from a region far away from the film/substrate interface. Figure4(a) indicates a [010] oriented orthorhombic domain; Figure 4(b) indicates a of rhombohedral structure. The NBD patterns show that different types of orthorhombic oriented domains exist in column grains and in regions far from the interface the film displays rhombohedral structure. The existence of orthorhombic oriented domains both in the featureless layer and columnar grains shows that oriented domains are intermixed in three dimensions, which can be rationalized by their inherent pesudosymmetry. The domain boundaries seem diffuse and sometimes are high-index crystal planes. [Insert figure 4 about here] In the LMO film deposited with the substrate temperature of 1073K, the regions near the film/substrate interface and the regions far from the interface have the same type of EDP as shown in Figure 5(a), which indicates that the film belongs to rhombohedral structure of 3 R c space group. Figure 5(b) shows the Highresolution image of the LMO/STO interface in the film deposited with the substrate temperature of 1073K. Figure 5(c) is Fourier transformation pattern of the LMO part in Figure 5(b), which indicates that the interface between the film and the substrate has rhombohedral structure with 3 R c space group. Thus, the results of EDP and High-resolution image suggest that there is only rhombohedral phase in the LMO film deposited with the substrate temperature of 1073K.[Insert figure5about here]

  only rhombohedral phase can be observed in La 0.8 MO 3 film deposited with the substrate temperature of 1073K.
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 1 Figure 1. Low-magnification cross-section TEM images of LMO films deposited
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 2 Figure 2. Selected area electron diffraction (SAED) patterns of LMO film deposited
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 3 Figure 3. (a) High-resolution image of the LMO/STO interface for the film
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 4 Figure 4. Electron nanodiffraction patterns (NBD) taken from different parts of a
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 5 Figure 5. (a) SAED pattern of LMO film deposited with the substrate temperature
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