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Abstract

La0.67Sr0.33MnOz (LSMO) thin films were synthesized by means of metal-organic decomposition on the substrates including

amorphous quartz, (1 0 0) Si chip, (1 0 0) MgO single crystal and polycrystalline Al2O3 ceramic plate. The structure and magnetotran-

sport properties of the films were characterized. X-ray diffraction spectra show that all samples are polycrystalline with (2 0 2) preferred

orientation. All films present metal–insulator transition and enhanced magnetoresistance (MR) effect below metal–insulator transition

peak temperature (Tp). At room temperature (RT) low-field magnetoresistance effect (LFMR) and linear change of resistivity under

applied field are exhibited by all the films. These magnetotransport properties were first ascribed to the porous structural characteristics

in the films observed by atomic force microscope. Furthermore, the LSMO film synthesized on (1 0 0) MgO substrate presents a bit

different magnetic properties and magnetotransport from the other samples, including broad ferromagnetic–paramagnetic transition

zone, lower Tp and weaker LFMR at RT. However, for the samples synthesized on the other substrates, the LFMR effect is very similar

to each other and their MR ratio reaches near 5% under 10 kOe field. Thus the substrate effect of LSMO film on (1 0 0) MgO is more

intensive than that of the other samples.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

La0.67Sr0.33MnO3 (LSMO), as one kind of perovskite
manganites, has been intensively researched for two decades
because of its colossal magnetoresistance (CMR) properties
[1–3], large magnetocaloric effect [4] and perfect temperature
dependence of resistance (TCR) [5]. Especially, LSMO pre-
sents high spin polarization and then becomes one research
focus of so-called spintronics [6]. Considering the application
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requirement on devices such as highly sensitive magnetic
sensors, magnetic random access memory, etc., the research
on LSMO films is vital. Usually, LSMO films are epitaxial
or polycrystalline. On the one hand, most of epitaxial LSMO
films are synthesized on single crystalline substrates such as
(1 0 0) LaAlO3 or (1 0 0) SrTiO3 whose lattice constants are
close to that of LSMO [7,8]. High CMR ratio is shown by
the epitaxial LSMO films. On the other hand, compared to
epitaxial LSMO films, the polycrystalline LSMO films with
some certain structural defects such as grain boundaries or
oxygen-deficient would bring forth the so-called large low-field
MR (LFMR) effect [9–11]. Namely, MR ratio would change
steeply over low field range below Curie temperature (TC),
which is significant for the application of LSMO films. The
spin-polarized intergrain tunneling and the spin-dependent
rved.
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scattering at interfaces or grain boundaries are ascribed to
LFMR effect [9–11]. Thus structural defects play very impor-
tant roles in the magnetotransport of polycrystalline LSMO.

LSMO thin films have been mainly prepared by pulsed
laser deposition (PLD) [12], magnetron sputtering [13],
molecular beam epitaxy [14] and metal-organic chemical
vapor deposition (MOCVD) [15]. All these methods
require large, complex and expensive equipment. In con-
trast, solution deposition methods for oxide films such as
sol–gel and metal-organic decomposition (MOD) as con-
venient and economical techniques have been used to
synthesize LSMO films [16,17]. Moreover for the sake of
controlling the application cost, the use of cheap substrates
such as amorphous quartz, ceramics and silicon wafer
should be considered while synthesizing the LSMO films.
At the same time, the effect of substrates on structure and
magnetotransport should be investigated.

Once we have reported the MOD growth of La0.67Sr0.33
MnOz films on amorphous quartz substrates under different
annealing temperature and compared their structural char-
acteristics and magnetotransport properties [17]. In this
article, we would like to further report the MOD synthesis
of La0.67Sr0.33MnOz films on other substrates including
(1 0 0) silicon chip, (1 0 0) MgO single crystal and polycrys-
talline Al2O3 ceramics besides on amorphous quartz. The
structural characteristics and magnetotransport properties of
the samples are characterized and compared in detail.

2. Experimental

Before MOD process, the four kinds of substrates were
made from amorphous quartz, (1 0 0) Si wafer, (1 0 0) MgO
single crystal plate and polycrystalline Al2O3 ceramic plate.
The size of each substrate was 1 cm� 1.5 cm. All substrates
were cleaned by ultrasonic cleaner and dried in an oven. For
the MOD experiment, the starting solutions, LaO1.5, MnO1.5

and SrO, were purchased from Symetrix Corporation in
Japan. Their molar concentrations were 0.1–0.5 mol/l.
According to the nominal composition of La0.67Sr0.33MnOz,
the above starting solutions were mixed in such a way that
the molar ratio of La:Sr:Mn was consistent with 2:1:3. Here,
the oxygen composition is marked as z because the MOD
annealing technique was conducted in air, which would result
in the minor deviation of oxygen and non-stoichiometric
oxygen. The mixed solutions were used as precursor solu-
tions, spin-coated on the above clean substrates to form wet
films. Then the wet films were baked in air at 473 K for
10 min. In order to increase the film thickness, the above
process of preparing and baking gel films was repeated twice.
After the baking, the gel films were annealed in air at 993 K
for 50 min. After annealing all the samples were slowly
cooled down to room temperature (RT) by shutting off the
heat treatment system.

The samples were coded with LSMQ, LSMS, LSMM
and LSMC, corresponding to their substrates, amorphous
quartz, (1 0 0) Si chip, (1 0 0) MgO single crystal and
polycrystalline Al2O3 ceramic. Rutherford backscattering
spectra showed that the composition of the metallic
elements in the films varied from that of the corresponding
concocted solutions by about 5% and the thickness of the
films was about 1000–1200 Å. For all samples, the crystalline
structure was determined by X-ray diffractometer (XRD).
The surface morphologies were observed by atomic force
microscope (AFM). The magnetotransport properties were
measured by means of standard four-probe technique over a
temperature range from 77 K to RT while the probe current
was parallel to the longitudinal direction of the films and the
magnetic field was applied along the current direction. Finally,
the temperature dependence of magnetization of LSMQ and
LSMM were obtained from SQUID magnetometer.

3. Results and discussion

The XRD spectra of all samples are shown in Fig. 1.
First, a very strong peak is exhibited on the XRD spectra
of LSMM and LSMS, which should be the diffracting
peak of (1 0 0) MgO and (1 0 0) Si substrates. Secondly,
several indexed peaks in the XRD spectra of the samples
except LSMC reveal the typical polycrystalline perovskite
structural characteristics and the (2 0 2) peaks are much
higher than the other indexed LSMO peaks, indicating the
(2 0 2) preferred orientation of the films. It should be
pointed out that, although the LSMM sample presents
polycrystalline characteristics, epitaxial LSMO film on
(1 0 0) MgO substrate could be still prepared by other
techniques such as magnetron sputtering [18] and dipping–
pyrolysis process [19]. Thirdly, for LSMC sample, the
XRD spectra show multiple peaks, reflecting complex
polycrystalline structure of Al2O3 ceramic substrate. How-
ever, the (2 0 2) peak of LSMO film could be still
identified. Finally, the 2y data of (2 0 2) peaks of all
the samples are 32.8501, 32.8081, 32.7501 and 32.6201,
corresponding to LSMQ, LSMS, LSMM and LSMC,
respectively. Since these 2y data of (2 0 2) peaks are close,
it could be deduced that the difference of lattice constants
among the samples is slight. Usually for La1�xSrxMnO3

materials, the lattice structure is firstly determined by x,
the content of Sr [20]. The above XRD results indicate
that, for the polycrystalline LSMO samples synthesized by
MOD technique, different substrates would slightly change
the lattice constants of the LSMO films.
The 5 mm� 5 mm AFM images of the surface morphol-

ogy of all the polycrystalline LSMO films except LSMC
are displayed in Fig. 2. It can be observed that, for each
sample, near round particles were grown smoothly and
uniformly on the substrate. The size of the particles ranges
from 200 nm to 300 nm. At the same time, the structure of
each film seems a bit porous, meaning the films are not
dense and the grain boundaries are weakly linked. In
general the surface morphology characteristics are similar
to each other for these samples regardless of the different
substrates. Furthermore, the surface root mean square
(RMS) roughness is 8.2 nm for LSMQ, 9.3 nm for LSMS
and 10.4 nm for LSMM, indicating that LSMM presents



Fig. 1. XRD spectra of all LSMO films on different substrates.
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higher RMS and its grain size should be larger. Specially,
for LSMC sample, the surface of ceramic substrate is very
coarse and AFM operation conducted on the sample is
very difficult. The quality of the AFM images is very poor.
So the AFM image of LSMC is not shown in Fig. 2.
Certainly it could be still believed that there should also
exist porous structural characteristics for LSMC sample.

Fig. 3 exhibits the temperature dependences of magne-
tization under 50 Oe after zero field cooling (ZFC) for
LSMQ and LSMM samples. Both of the two samples
present typical ferromagnetic–paramagnetic transition.
However the ferromagnetic–paramagnetic transition zone
for LSMQ is steep and for LSMM is relatively broad.
Despite of the obvious difference of ferromagnetic–
paramagnetic transition zone, the Curie Temperature
(TC) for the two samples is close. For LSMQ, TC is
335 K and for LSMM, 330 K, about 30 K lower than that
of single crystal La0.67Sr0.33MnO3 [21], which should
originate from the oxygen-deficient of the samples [11].

Usually for the magnetic behavior of epitaxial LSMO
thin films, especially ultra thin films, the effect of the film
stress or strain caused by substrates could not be neglected
[22–24]. The ferromagnetism of the film or the pattern of
temperature dependence of magnetization would change
more or less with the degree of compressive or tensile
strain of the film. For the LSMQ and LSMM samples,
although they are polycrystalline and the thickness of the
LSMO films is beyond 100 nm, the effect of film stress or
strain on the magnetic behavior might also be considered.
The broad ferromagnetic–paramagnetic transition zone for
LSMM indicates that the effect of MgO substrate is more
intensive than that of amorphous quartz substrate.
Majumdar et al. [24] also observed broad ferromagnetic–
paramagnetic transition zone for the 400 nm-thickness LSMO
film on (1 0 0) MgO single crystal, which was just ascribed to
the film strain.
For all the samples, their temperature dependences of

resistivity under zero field and MR ratio under 8 kOe field
from 77 K to RT are plotted in Fig. 4. MR ratio is defined
as (r0�rH)/r0� 100%, where r0 is the resistivity under
zero field and rH is the resistivity under applied 8 kOe
field. First, the resistivity–temperature dependence of each
sample under zero field shows only one peak, namely the
typical metal–insulator transition peak. The data of metal–
insulator transition peak temperature (Tp) are 227 K,
232 K, 187 K and 242 K for LSMQ, LSMS, LSMM and
LSMC, respectively. It could be noticed that Tp of LSMQ
and LSMM is far lower than TC obtained from Fig. 3.
Furthermore, the Tp data of LSMQ, LSMS and LSMC are
close. For LSMM, Tp is lowest, which is lowered from
40 K to 55 K than the other samples. Secondly, the MR
ratio of each sample under 8 kOe field monotonously
increases with the temperature decreasing from RT to
77 K, and no MR peak appears near Tp, exhibiting a
strong enhanced MR effect over the temperature range
below Tp. This kind of magnetotransport behavior is
unlike that of the single crystal LSMO [20] or epitaxial
LSMO film [21], for which the MR would decline steeply
when the temperature decreases from Tp. Thirdly, the
difference of MR ratio of the samples could be noticed.
At 77 K, the MR ratio of LSMM is highest, reaching 17%.
For LSMC sample, the MR ratio is lowest, 10%. How-
ever, at 297 K (RT) the MR ratio for LSMM is lowest, 2%
and for the other three samples is similar, about 4%.
In general, the above results indicate that samples

present similar pattern of temperature dependence of
magnetotransport. In our previous research [17], the effect
of structural characteristics on the magnetotransport of



Fig. 3. Temperature dependences of magnetization under 50 Oe field after

zero field cooling for LSMQ and LSMM samples.

Fig. 4. Temperature dependences of resistivity under zero field and MR

ratio under 8 kOe field for all the LSMO films.

Fig. 2. 5 mm� 5 mm AFM images of surface morphology of LSMQ (a),

LSMS (b) and LSMC (c).
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LSMO films synthesized on amorphous quartz under
different annealing temperature has been discussed. For
those samples, AFM images showed that their structure
was a bit porous. These structural defects could cause
weak-linked grain boundaries, where the alignment of
spins becomes easy and thus strong enhanced MR beha-
vior occurs below metal–insulator transition temperature [25].
The defects of porosity were intrinsic structural characteristics
of those samples and were not sensitive to the grain size of
LSMO film. Thus the magnetotransport behaviors would be
dominated by structural defects of porosity. In this paper, the
common structural characteristics for the samples is also
porous regardless of the different substrates, as discussed
above, which should be also responsible for the magnetotran-
sport behaviors shown by Fig. 4. Especially for LSMM
sample, the effect of substrate of MgO should be considered
additionally, which might be responsible for the lowest Tp.
The more similarity of magnetotransport of LSMQ, LSMS
and LSMC further reveals the less effect of their substrates.
The field dependences of resistivity of all samples were

investigated at RT (about 297 K). As shown in Fig. 5, for
each sample, when the applied field H is scanned from
þ10 kOe to �10 kOe and back, the normalized resistivity
rH/rmax changes linearly over wide field range. Here, rmax



Fig. 5. Resistivity normalized to its maximum for all the LSMO films at 297 K (RT) as a function of applied field which is changed from þ10 kOe to

�10 kOe and back.
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is the maximum resistivity that would not appear at zero
field but near the coercive field of the film due to the
hysteresis effect of resistivity as mentioned below. For all
samples, the enlarged normalized resistivity-field depen-
dence curves below 600 Oe are simultaneously embedded
in Fig. 5. Low-field MR (LFMR) behavior and hysteresis
of resistivity is observed in the embedded curves. The
mechanism of the LFMR effect has been theoretically
explained by Hwang et al. in detail [21]. Polycrystalline
structure plays key role in the low-field MR effect, which
would be dominated by the spin-polarized tunneling
between grains. For our samples, the other kind of
structural defects of porosity would devote to the LFMR
effect. Furthermore, only when the polycrystalline CMR
materials keep ferromagnetism below Tc, LFMR would
occur. On the one hand, our samples present LFMR effect
at RT. On the other hand, the hysteresis of resistivity
reflects the close correlation between magnetotransport
and magnetization. Near the coercive field the maximum
resistivity would appear. So the occurrence of LFMR
effect at RT for LSMQ and LSMM sample meets the fact
that their TC is beyond RT, and then it could be inferred
that the LSMS and LSMC samples also present ferromag-
netism and their TC is also above RT, just like LSMQ and
LSMM samples. Especially, for LSMM sample, the
LFMR effect at RT is relatively weaker than the other
samples. For LSMQ, LSMS and LSMC samples, their
LFMR effect is similar and they present more pretty linear
change of resistivity or MR with applied field scanning
between �10 kOe to 10 kOe. The MR ratio of these
samples under 10 kOe field reaches about 5%, twice that
of the LSMM sample. These magnetotransport character-
istics further demonstrate the more intensive substrate
effect of LSMM sample than that of other three samples.
It is worth pointing out that, for all the samples except

LSMM, their magnetotransport properties including simi-
lar resistivity-field dependences, pretty linearity of MR and
considerable MR ratio at RT, should be significant to the
application for LSMO films synthesized by low cost
technique under the uses of simple MOD routine and the
cheap substrates including amorphous quartz, silicon
wafer and ceramic plates.

4. Conclusion

In summary, LSMO thin films were synthesized by
means of MOD on different substrates. The XRD spectra
show that all the samples are polycrystalline with (2 0 2)
preferred orientation. The porous structural characteristics
of the samples play key roles in the mechanism of
magnetotransport of the samples, leading to the enhanced
MR behavior below metal–insulator transition peak tem-
perature (Tp) and LFMR effect. For LSMM samples, the
facts of broad ferromagnetic–paramagnetic transition
zone, lower Tp and weaker LFMR at RT reveal more
intensive substrate effect of LSMO film synthesized on



X. Zhu et al. / Ceramics International 38 (2012) 6405–64106410
(1 0 0) MgO single crystal. Furthermore, at RT the
resistivity of all the samples except LSMM presents pretty
linear change under applied field range and MR ratio gets
to near 5% under 10 kOe field. The above magnetotran-
sport properties show that MOD provides a low cost
method for preparing applicable LSMO films on cheap
substrates including amorphous quartz, silicon wafer and
ceramic plates.
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