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1   Introduction 

Perovskite LaSrMnO3 (LSMO) with a rhombohedral 

crystal symmetry has a high carrier spin polarization. 

Here, it is of interest in spintronics devices as a spin 

source. (1) The phase diagram for LSMOs with various 

La and Sr compositions shows the presence of not only 

rhombohedral but also a variety of other crystal 

symmetries. Moreover, the electric and magnetic 

properties of LSMO depend on its crystal symmetry. (2 - 

9) The highest Curie temperature (TC) above room 

temperature (RT) with metallic conductivity is obtained 

for La0.6Sr0.4Mn1.0O3 processing a rhombohedral crystal 

symmetry. Therefore, adjusting the composition to 

achieve a rhombohedral structure is important in LSMO 

materials. (9) The previous reports mainly focused on the 

La/Sr composition dependence while fixing the Mn 

composition at 1.0. And also, the oxygen vacancy 

strongly influences on the structural, electric and 

magnetic properties. The X-ray absorption spectroscopy 

(XAS) is the one of the strong tool for estimating the 

oxygen vacancy. In this study, Mn-poor LSMO films 

were prepared on SrTiO3 (STO) (100) substrates by 

reactive radio frequency (RF) magnetron sputtering, and 

the effect of annealing temperature in air on their 

structure, magnetic properties was investigated by multi-

prove analysis.  

 
2   Experimental procedure 

LSMO films (50 nm) were grown on the STO (100) 

substrates by reactive RF magnetron sputtering (ULVAC 

Techno. Ltd). The sputtering chamber was evacuated to 

below 2  10-6 Pa. A La0.6Sr0.4Mn1.0Ox sintered target of 2 

inches in diameter was used. The sputtering power and 

substrate temperature (Ts) during sputtering were fixed at 

100 W and 650C, respectively. The total pressure 

(PAr+O2) of the Ar + O2 gaseous mixture was fixed at 

PAr+O2 = 0.4 Pa, where PO2 was 5%. These samples were 

annealed in air at temperatures between 650 and 950C 

for 2 hours. In the case of sputtering deposition method, 

the film composition becomes different from composition 

of sputtering target due to different in sputtering rate in 

each element. The composition of samples was 

multifaceted checked by inductively coupled plasma 

atomic emission spectroscopy (ICP-AES: SPS-4000, SII). 

The ICP-AES analysis revealed that the film composition 

was La0.55Sr0.08Mn0.37O3 which indicates a Mn-poor 

composition. There is no experimental report on the 

structural and magnetic properties of LSMO at this 

composition. The perovskite LSMO is complicated to 

assign the crystal symmetry because the crystal symmetry 

continuously changed by composition ratio. Crystal 

structure was multilaterally evaluated by XRD (Discover 

D8 equipped with 2D detector, Bulker Co Ltd) analysis 

and the EBSD attached to the SEM. The LSMO is 

complicated in magnetic properties because the its 

changed by not only composition ratio by also oxygen 

vacancy. The XAS and X-ray magnetic circular 

dichroism (XMCD) measurements was carried out to 

determine electric and magnetic properties of LMSO 

films. XMCD measurement was done at RT at the Mn L2, 

3 absorption edges. XAS were obtained by total electron 

yield (TEY) method. The background was simply 

subtracted by liner fitting. The circularly polarized 

APPLE type undulators were used. (10) The degree of 

circular polarization (Pc) was Pc ~1. The magnetic field of 

10 kOe was applied to 55 degrees off normal from the 

film plane. Magnetization (M - H) curves and temperature 

dependence of magnetization (M - T) was measured using 

a superconducting quantum interference device (SQUID) 

magnetometer. 

 
3   Results and discussion 
A: SQUID and VSM measurements 

The TC of La0.7Sr0.3Mn1.0O3 increases by post-annealing 

in air due to the effect of oxygen supply and the 

promotion of crystallization. (11, 12) The Mn-poor 

LSMO films were annealed in air at various temperatures 

(Ta). Figure 1(a) shows the annealing temperature (Ta) 

dependence of magnetization of the Mn-poor LSMO 

films (50 nm) i.e., the M - H curves measured at RT.  

Figure 1(b) shows the M - T curves for the Mn-poor 

LSMO films. The M – H curves showed low remanence, 

and the saturation magnetization (Ms) increased by 

increasing the Ta. The TC increased at Ta = 650ºC, which 

is as same temperature as Ts of 650ºC of the as-made 

sample. The difference between the Ts and Ta lies in 

whether the heating was done in vacuum or in air. This 

indicate that annealing in air effectively supplies oxygen 

to the perovskite structure of the Mn-poor LSMO films. 

The TC of the Mn-poor LSMO films increased with 

increasing Ta and became TC higher than RT at Ta  

861C. This tendency of the TC is in agreement with the 

increase in the Ms by an increase in the Ta.  
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Fig. 1(a) Magnetization (M - H) curves of LSMO with 
various annealing temperatures (Ta), (b) temperature 
dependence of magnetization (M - T) for the samples 
annealed in air at various temperatures (Ta). Samples 
grown at PAr+O2 = 0.4 Pa were the ones annealed. 
 

B: XAS and XMCD measurements 

In order to investigate the electric and magnetic 

properties of Mn in the LSMO, XAS and XMCD 

measurements were carried out. Figure 2(a) shows the 

XAS, and 2(b) XMCD spectra of the Mn L2,3 edges, and 

2(c) element-specific hysteresis loops at 643 eV for the 

LSMO film (70 nm) grown epitaxially on the STO 

substrate at Ta = 861C. In Fig. 2(a), the XAS spectra for 

the opposite directions of the external magnetic field are 

denoted as µ+ and µ-, respectively. The XAS spectra were 

applied at an inclination of 55° to the nominal direction 

because at this inclination, the noise caused by the 

reversed electron during the TEY method is reduced. The 

XAS peak was clearly split into 641 and 643 eV, and the 

peak at 641 eV was relatively stronger than that obtained 

for the stoichiometric La0.7Sr0.3MnO3 films. (13, 14) The 

reasons for the increase in the intensity of the peak 

observed at 641 eV are the oxygen vacancy (formation of 

divalent Mn), (15, 16) epitaxial strain, (17) and 

dimensional effect. (17) The thickness of the LSMO film 

was found to be 70 nm, and the epitaxial strain and 

dimensional effect could be excluded for the surface 

sensitive XAS measurement. Although the sample was 

post-annealed in air, it can be concluded that the oxygen 

vacancy still remained and a divalent Mn was formed. 

The XMCD spectrum was obtained by the subtraction of 

µ+ from µ-. [Fig. 2(b)] The elemental specific hysteresis 

loops were measured at 643 eV where showed relatively 

large XMCD intensity. [Fig. 2(c)] The influence of the 

reversed electron can not be neglected near zero magnetic 

field; the noise level was large. The elemental specific 

hysteresis loop clearly shows that the sign of the XMCD 

changed with a change in the direction of the external 

magnetic field. The XMCD spectrum of LSMO films 

obtained here was consistent with that obtained in 

previous studies. (16, 17) These XAS and XMCD 

measurement address the electric state of oxygen and it 

seems the oxygen vacancy was existed in LSMO films. 

The magnetic moment of Mn is also similar to the M – H 

curve measured by SQUID indicates the total magnetic 

response as a function of external field is represented by 

Mn moment. These kinds of important information can be 

obtained only by using the elemental specific XMCD 

technique. 

 

 
Fig. 2 (a) Mn L2,3 edge XAS spectra of an epitaxial LSMO 

film on STO substrate, right (+) and left (-) handed 

circularly polarization, (b) XMCD spectrum + - -. (c) 

elemental-specific hysteresis loops at 643 eV. External 

magnetic field was applied at 55-degrees off-normal from 

the film plane.   

 

C: XRD measurements 

Figure 3(a) shows the 2 theta - chi maps for the 

samples annealed at Ta = 650C, 3(b) 2-theta-scan 

profiles at chi = 0, and 3(c) schematic illustration of 

epitaxial relation of the LSMO on STO substrate. At chi = 

90, XRD spots corresponding to the (111), (212), and 

(313) were observed along the 2 theta direction. These 

spots correspond to the monoclinic / orthorhombic 

structure; and almost disappeared in the 2 theta-chi XRD 

maps at annealing temperatures higher than 650C. From 

the 2 theta profiles at chi = 0, it can be seen clearly that 

the weak XRD peaks were located at higher angles 

associated with STO, which is usually identified as a 

(036) rhombohedral structure of LSMO. (18) The number 

of XRD peaks were small when compared with the bulk 

rhombohedral LSMO because of the epitaxial growth and 

the lack of oxygen vacancies. A shift in the XRD peaks to 
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lower values can be attributed to oxygen vacancy in the 

rhombohedral structure of LSMO. (19, 20) This existence 

of oxygen vacancy is consistent with the XAS result. It 

can be seen from the XRD patterns that the STO and 

rhombohedral LSMO peaks are located close to each 

other, making it difficult to distinguish between the two.  

 

 
Fig. 3  (a) 2 theta-chi XRD maps (b) 2-theta scan profiles 

at chi = 0 for the samples annealed in air at 861C for 2 

hours. (c) Schematic illustration of epitaxial relation of 

the rhombohedral LSMO on STO substrate. 

 

D: EBSD measurements 

In order to confirmed the multilateral crystal symmetry 

after the annealing, the inelastic scattering method of 

EBSD was used. EBSD is an effective analytical method 

for the determination of crystal symmetry of complex 

oxide materials. (21, 22) The diffraction depth of EBSD 

is a few nanometers owing to which it excludes 

information on the crystal structure of the substrate. As 

mentioned in the XRD part, the rhombohedral LSMO has 

a crystal symmetry similar to that of the STO substrate; 

therefore, exclusive information on the crystal structure 

of the STO substrate can be an accurate evaluation of the 

crystal structure of LSMO. The EBSD method is useful to 

determine the crystal symmetry of the LSMO films 

having a variety of crystal symmetries, which change 

continuously with composition. Electron diffraction was 

carried out over a wide area on the surface of the film. 

Figure 4(a) shows the EBSD image and 4(b) fitting result 

using a rhombohedral symmetry for the sample annealed 

at 920C for 2 h. We also tried to fit the EBSD patterns to 

tetragonal and monoclinic crystal symmetry; however, the 

EBSD patterns could not be fit. The EBSD profile of the 

non-stoichiometric Mn-poor LSMO film was almost 

perfectly identified by a rhombohedral structure as shown 

in Fig. 4(b). From the EBSD results, it can be considered 

that the XAS peak at 641 eV was not appeared by the 

segregation and formation of MnO during the annealing 

process. (23) Because the EBSD patterns did not show 

any evidence of the cubic pattern. MnO is not a magnetic 

material; therefore, the XMCD results also support these 

derived relations. Hence, it can be concluded that the 

relatively large intensity of the XAS peak at 641 eV was 

due to the oxygen vacancy in the non-stoichiometric Mn-

poor LSMO film having a rhombohedral crystal 

symmetry. The XRD profiles to out-of-plane also 

included the information of the STO substrate; therefore, 

it becomes complicated as shown in Fig. 3. EBSD could 

exclude the information from substrate and then it 

showed clear differences among these complexes 

perovskite structures. Upon heat treatment in the air, the 

TC of the stoichiometric La0.7Sr0.3Mn1.0O3 increases. It 

should be noted that the Mn-poor non-stoichiometric 

LSMO films could exhibit almost as same 

characterization such as high Tc and metallic conductivity 

when the samples were annealed in air. Furthermore, a 

systematic investigation of the Mn composition 

dependence of LSMO on XAS is necessary in order to 

understand the relationship between the oxygen vacancy 

and the magnetic property. 

 

 
Fig. 4  (a) Electron-backscatter diffraction (EBSD) image 

for the LSMO annealed at 961C for 2 hours (b) and 

EBSD image fitted by rhombohedral crystal symmetry 

(SG: R3c). 

 
 
4   Summary 

LSMO films were epitaxially grown on the STO (100) 

substrates by RF magnetron sputtering. The samples were 

then annealed in air at temperatures in the range of 650 - 

950C. The composition of the Mn-poor LSMO films was 

determined by ICP-AEP analysis. The 2-theta/chi XRD 

and EBSD analyses confirmed that the crystal symmetry 

of the Mn-poor LSMO films was rhombohedral structure. 

For the samples annealed in air, the TC increased with 

increasing Ta, and reached a value higher than RT at Ta  

861C. The transition of the crystal symmetry of the Mn-

poor LSMO films affects the magnetic transition. It is 

expected that the Mn-poor rhombohedral LSMO with a 

TC above RT can find application as a high spin-polarized 

electrode. Finally, it should be noted that these multi-

prove analysis effectively understand the materials 

science; especially, elemental specific measurement has 

important role in this study. 
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