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Abstract

Polycrystalline La0.7Sr0.3MnO3 manganite thin films were grown on silicon substrates covered by SiOx

amorphous native oxide. Unusual splitting of the manganite layer was found: on the top of an intermediate
layer characterised by lower crystalline order, a magnetic robust layer is formed. Curie temperatures of
about 325 K were achieved for 70 nm thick films. A strong room temperature XMCD signal was detected
indicating high spin polarisation near the surface.
� 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Spin-dependent electric transport is widely investigated nowadays due to the possibility of
building a new class of electronic devices which operate based on spin as the memory element
(spintronics) [1]. In this framework, silicon (Si) has a potential application due to its long spin
coherence time [2].

The spin injection process from a ferromagnetic reservoir at the interface to Si or any other
semiconducting materials (SC) is mainly controlled by the conductivity mismatch limitations
[3]. A consistent spin injection can be obtained either by using ferromagnetic semiconductors
(FS) [4] or by using complex metallic oxides. Good spin injection has been achieved using FS
as for example (Ga,Mn)As but their application is limited by the Curie temperatures still well
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below room temperature. Among the ferromagnetic oxides, colossal magnetoresistive half
metal oxide of composition La0.7Sr0.3MnO3 (LSMO) is a good candidate for spin injection
given its low carrier density (1021e1022 cm�3), high spin polarisation of charge carriers and
room temperature ferromagnetism (TC ¼ 370 K) [5]. The development of hybrid LSMO-Si
based spintronic devices requires good control of the magnetic properties and spin polarisation
of the LSMO thin films deposited on Si. While epitaxial LSMO thin films can be grown on
single-crystal oxide substrates with lattice-matching parameters, as for example SrTiO3

(STO), reports of LSMO thin films grown on silicon substrates are very limited in the literature.
Epitaxial LSMO thin films on Si have been mainly obtained by using buffer layer as STO and
YSZ [6,7] while polycrystalline films have been grown directly on the substrate or on amor-
phous SiOx [8].

The two cases are obviously characterised by different manganiteesubstrate interface prop-
erties. For understanding and controlling these interfaces the development of reliable technol-
ogies able to provide high quality ferromagnetic films in both polycrystalline and epitaxial
phase is required. In this article we investigate the spin polarisation properties and the crystal-
line structure of polycrystalline LSMO film grown on Si/SiOx.

2. Experiment

LSMO films were grown by pulsed plasma deposition (PPD) [9] under an oxygen pressure
of about 2 � 10�2 mbar. In this technique, the ablation process is due to a pulsed electron beam,
generated by an electron avalanche process, hitting on a stoichiometric target. Most of the ab-
lated material escapes in the form of molten nanodroplets or cluster with the conservation of the
stoichiometry in deposited films. Thin films were grown on silicon (100) substrates with a native
2 nm thick SiO2 top layer. Two substrate temperatures were considered: 680 �C and 740 �C.
All the samples were annealed in situ in a vacuum at 400 �C. The sample thickness was mea-
sured by the conventional alfa step technique.

The high resolution electron microscopy (HREM) and analysis were performed at 300 kVon
a JEOL JEM-3000F FEGTEM. The images were acquired digitally onto a Gatan model 794
(1k � 1k) CCD camera. Electron energy loss imaging (EELI) and spectroscopy (EELS) experi-
ments were performed with a Gatan imaging filter (GIF), equipped with a 2k 794IF/20 Mega-
Scan CCD camera. Data were acquired using part of the spectrum to reform the image of the
sample. This technique can be used to select energy losses corresponding to particular chemical
elements or states (compositional mapping). Energy dispersive X-ray spectroscopy (EDS) was
performed on an Oxford Instruments EDS with a super atmospheric thin window (SATW)
detector.

A comprehensive microstructural analysis has been carried out using scanning electron mi-
croscopy (SEM; Hitachi S4000) and atomic force microscopy (SMENA NT-MDT Moscow).

The magnetic properties were investigated by means of the magneto-optical Kerr effect
(MOKE). MOKE was detected in the longitudinal configuration with an HeeNe laser
(l ¼ 632.8 nm, P ¼ 5 mW). The polarised laser light was focused on the surface of the sample
placed in a sweeping external magnet field. Variation of the polarisation of the reflected light
depending on the magnetisation of the sample was detected as a function of the temperature.

X-Ray magnetic circular dichroism (XMCD) measurements were performed at beamline
D1011 of the MAX-II storage ring, located at the MAX-Laboratory for Synchrotron Radiation
Research in Lund, Sweden. The angle of incidence of the photon beam was set to 60 � relative
to the sample normal. The in-plane magnetisation of the LSMO films was set by applying
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a magnetic field pulse of about 200 G. The XMCD spectra were recorded with a fixed helicity
of the light and opposite magnetisation directions [10].

3. Results and discussion

For all the investigated samples, X-ray diffraction spectra (Fig. 1) are characteristic for the
rhombohedral phase. The films are not textured indicating a polycrystalline structure. By indexing
the LSMO peaks with pseudocubic indexes a lattice parameter of 3.84 � 0.02 Å is obtained. The
existence of other structural phases (orthorhombic, tetragonal or monoclinic) cannot be excluded
a priori from these measurement due to the relatively weak intensity of the diffraction peaks.

The cross sectional TEM analysis shows two distinct layers formed in the LSMO as shown
in Fig. 2. The contrast should be the result of one region being more dense than the other; con-
sequently the darker region has a higher crystalline order as seen by the enlarged image
(Fig. 2b). The lattice parameters deduced from the FFT of the HREM image are in good agree-
ment with those associated with the rhombohedral LSMO structure (a ¼ 3.8 � 0.2 Å). The el-
emental analysis shows that the LSMO layer is compositionally homogeneous and in spite of
the high deposition temperature there is no evidence for diffusion of Si into the LSMO layer
most likely prevented by the SiOx layer. On the other hand, some local oxygen diffusion
into the Si through the SiOx barrier has been observed. Moreover, no signature of chemical re-
action at the interface has been found and the SiOx layer remains quite distinct throughout. We
ought to exclude a temperature driven transition from a layer with very low spatial correlation
to a polycrystalline layer. Most likely the crystalline order of the transition LSMO layer is
mainly due to minor local compositional variations, i.e. O, La and/or Sr inhomogeneity. This
is confirmed by AFM measurements indicating that the morphology of the analysed films is
not dependent on deposition temperature. The same AFM measurements indicate that the
film surface is composed of grains with a mean diameter size of 100 nm (Fig. 3a). SEM microg-
raphy confirms this result as seen in Fig. 3b.

The magnetic properties of the surface and then of the upper crystalline LSMO layer were
investigated by both MOKE and XMCD. Fig. 4 shows the XMCD curve at T ¼ 130 K and
T ¼ 300 K obtained by taking the difference of X-ray absorption spectroscopy spectra at the
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Fig. 1. X-Ray diffraction pattern for 70 nm thick thin film deposited at 680 �C.
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L2,3 edge Mn energy with in-plane magnetisation parallel and anti-parallel to the helicity of the
circularly polarised light for the sample deposited at 680 �C. The angle of incidence of the pri-
mary beam allowed us to investigate the ferromagnetism up to 3 nm from the surface. The
LSMO at the surface is clearly ferromagnetic with an XMCD curve similar to those of epitaxial
LSMO films [5]. At room temperature, the XMCD signal is still present and, to the best of our
knowledge, this is the first experimental result of room temperature spin polarisation in man-
ganite deposited on silicon.

(b) 

(c) 

(a)

Fig. 2. HRTEM image of a cross-section of LSMO deposited at 680 �C. (a) HREM image taken at a magnification of

200k� (scale bar shown on image). The very dark and medium grey sections of the image are the LSMO, with the

epoxy glue on the left and the Si on the right. The white line at the junction between the Si and the medium grey region

is the SiO2 layer. The dark region has significantly more crystalline areas than the medium grey region. (b) HREM im-

age taken at a magnification of 1000k� (scale bar shown on image) to examine the interface between the two LSMO

layers. (c) FFT of the image shows the crystalline structure.

Fig. 3. (a) AFM topographic images of LSMO film grown at 740 �C. The granular structure of the sample becomes

clear at higher magnifications. (b) SEM image collected at 20 kV shows the granular structure. Bar scale on the image.
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The MOKE signal for all the investigated samples shows a hysteretic loop. The temperature
dependence of the MOKE signal for two substrate temperatures is shown in Fig. 5. The onset of
ferromagnetism is established above room temperature and the deduced Curie temperatures are
325 K and 310 K respectively. Effect of morphology and disorder at the grain boundaries
should be responsible for the different loop shapes.

The magnetic nature and the role in spin injection of the LSMO intermediate layer is still
unclear. Measurements of AC susceptibility indicate that only one ferromagnetic transition is
present. This is consistent with an LSMO layer characterised by short range correlated grains
without any substantial magnetic transition.

4. Conclusions

LSMO thin films with high ferromagnetic order at room temperature have been deposited
directly on Si substrates covered by native SiOx without any additional buffer layer. The
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Fig. 4. The XMCD curves of LSMO deposited at 680 �C collected at T ¼ 130 K (black line) and 300 K (grey line). The

curves were normalised to the integrated Mn L2,3 edge XAS intensity.
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Fig. 5. Longitudinal Kerr rotation measured for 70 nm thick film deposited at 680 �C(a) and 740 �C (b) collected at

different temperatures.
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amorphous SiOx layer induces the formation of a manganite intermediate layer of a few nano-
meters characterised by lower crystallographic order over which polycrystalline growth takes
place. The remarkable surface ferromagnetic properties found at room temperature without
any additional buffer layer makes them very interesting as a spin source in silicon based
technology.
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