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a b s t r a c t

La0.67Sr0.33MnOz (LSMO) thin films were prepared by means of metal–organic decomposition on amor-
phous quartz substrates under different annealing process. X-ray diffraction spectra show that proper
crystallization temperature of the films is beyond 873 K and all samples annealed at 953 K or above
present polycrystalline structure with [2 0 2] preferred orientation. Higher annealing temperature or
longer annealing time lead to growth of larger grain. Regardless of the difference of grain size, all
polycrystalline films present similar and steady magnetotransport properties, such as enhanced magne-
toresistance (MR) effect below metal–insulator transition temperature and approximate MR ratio under
same applied field, which were ascribed to the porous structural characteristics in the films observed by
1.15.−z
8.55.−a

eywords:
SMO film
etal–organic decomposition

tructure
agnetotransport

an atomic force microscope. Additionally, at room temperature the resistivity of each polycrystalline film
presents linear change over wide range of applied field and get MR ratio near 5% under 10 kOe field.

© 2009 Elsevier B.V. All rights reserved.
. Introduction

As one kind of colossal magnetoresistance (CMR) manganites,
or almost two decades La0.67Sr0.33MnO3 (LSMO) has been draw-
ng intensive interest on account of its high spin polarization and
xcellent magnetotransport properties such as high MR ratio near
oom temperature (RT) which is critical to its applications on highly
ensitive magnetic sensors, magnetic random access memory, etc
1–4]. Structural characteristics of the CMR materials play very

mportant roles in the magnetotransport properties. Unlike single
rystal materials, polycrystalline materials would present the so-
alled large low-field MR effect. Namely, CMR ratio would change
teeply over low-field range below Curie temperature, which is

∗ Corresponding author at: School of Urban Development and Environmental
ngineering, Shanghai Second Polytechnic University, 2360 Jinhai Road, Shanghai
01209, PR China. Tel.: +86 21 50215021x8536; fax: +86 21 50217725.

E-mail address: zhuxiangrong71@126.com (X. Zhu).

925-8388/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2009.08.151
correlated with the spin-polarized intergrain tunneling and the
spin-dependent scattering at interfaces or grain boundaries [1–3,5].
In addition, for polycrystalline CMR materials with porous struc-
tural characteristics, the porosity would weaken the link between
grains and then result in an enhanced MR behavior [6]. Namely,
over the temperature range below metal–insulator transition, the
CMR ratio would still increase with decreasing temperature when
a magnetic field is applied.

Hitherto LaxSr1−xMnO3 thin films have been mainly pre-
pared by pulsed laser deposition (PLD) [7,8], rf or dc sputtering
[9,10], metal–organic chemical vapor deposition (MOCVD) [11] and
molecular beam epitaxy [12]. All these methods require large, com-
plex and expensive equipment. In contrast, solution deposition
methods for oxide films such as sol–gel and metal–organic decom-

position (MOD) do not need large equipment, and the routine of
preparing films by these methods is relatively simple. Once we
have reported the successful MOD growth of La0.67Ca0.33MnOz and
La0.67Ba0.33MnOz films and discussed their structural characteris-
tics and CMR properties in detail [13,14].

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:zhuxiangrong71@126.com
dx.doi.org/10.1016/j.jallcom.2009.08.151
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Table 1
The MOD annealing process corresponding to coded sample.
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[�0 − �H]/�0 × 100%, where �0 is the resistivity under zero field and
�H the resistivity under applied field. Here, H is 8 kOe. Fig. 3 shows
that all samples present similar magnetotransport properties. First,
the resistivity–temperature dependence of each sample under zero
Sample code LSM0 LSM1 LSM2

Annealing process 873 K, 50 min 953 K, 50 min 993 K, 50 min

Usually the structural characteristics of CMR films are deter-
ined by the preparation technique such as the deposition
ethods, working pressure, substrate temperature and the type

f substrates. Recently Sahu [10] has studied the effect of substrate
emperature ranging from 600 ◦C (873 K) to 750 ◦C (1023 K) on the
tructural, magnetic and transporting properties of La0.7Sr0.3MnO3
lms on Si (1 0 0 ) prepared by dc magnetron sputtering. The results
evealed that all films presented metal–insulator transition near
50 K and the films deposited at 650 ◦C (923 K) have the best crys-
alline quality and the highest Curie temperature (TC) of 300 K.

In this article, we reported the MOD growth of La0.67Sr0.33MnOz

lms on amorphous quartz under different annealing process and
nvestigated their structural characteristics and magnetotransport
roperties. Here, the oxygen composition is marked as z because
he MOD annealing technique was conducted in air, which would
esult in the minor deviation of oxygen.

. Experimental

In our MOD experiment, the starting solutions, LaO1.5, MnO1.5 and SrO, were
urchased from an agency of Symetrix Corporation in Japan. Their molar concentra-
ions were 0.1–0.5 mol/l. According to the nominal composition of La0.67Sr0.33MnOz ,
he above solutions were mixed in such a way that the molar ratio of La:Sr:Mn was
onsistent with 2:1:3. The mixed solutions were used as precursor solutions, which
ere spin-coated on clean amorphous quartz substrates to form wet films. Then

he wet films were baked in air at 473 K for 10 min. In order to increase the film
hickness, the above process of preparing and baking gel films was repeated twice.
fter the baking, the gel films were annealed in air under different conditions.

For the sake of studying the effects of annealing process, two groups of sam-
les were prepared. As listed in Table 1, for samples LSM0, LSM1, LSM2, LSM3 and
SM4, which constituted Group 1, the annealing temperature was raised from 873 K
o 1073 K with the same 50 min annealing time. For samples LSM5 and LSM6, their
nnealing temperature was 993 K, same as LSM2, and the annealing time was pro-
onged to 80 min and 100 min separately. LSM2, LSM5 and LSM6 constituted Group
. It should be noticed that LSM2 belonged to either Group 1 or Group 2. After anneal-

ng all the samples were slowly cooled down to room temperature (RT) by shutting
ff the heat treatment system.

LSM2 was chosen as one typical sample for conducting measurement of Ruther-
ord backscattering spectra, which showed that the composition of the metallic
lements in the film varied from that of the corresponding concocted solutions
y about 5% and the thickness of the films was about 1200 Å. For all samples, the
rystalline structure was determined by an X-ray diffractometer (XRD). The surface
orphologies were observed by an atomic force microscope (AFM). The magneto-

ransport properties were measured by means of standard four-probe technique
ver a temperature range from 77 K to RT while the probe current was parallel to
he longitudinal direction of the films and the magnetic field was applied along the
urrent direction.

. Results and discussion

Fig. 1 shows the XRD spectra of all LSMO samples. First, com-
ared to those of other samples, the XRD spectrum of LSM0 displays
nly one very weak [2 0 2] peak, implying that the crystallization
f the film would become difficult below 873 K annealing temper-
ture. The several indexed peaks in the XRD spectra from LSM1 to
SM6 reveal the typical polycrystalline perovskite structural char-
cteristics. Secondly, the [2 0 2] peaks are much higher than the
ther indexed peaks, indicating the [2 0 2] preferred orientation of
he films, which is similar to the La0.67Ba0.3MnOz films on amor-
hous quartz grown by MOD [13]. Thirdly, for Group 1 samples, the

trength of [2 0 2] peaks from LSM1 to LSM4 presents an increasing
endency. For Group 2 samples, the strength of [2 0 2] peaks suc-
essively increases from LSM2, LSM5 to LSM6. These results imply
he grain size of the films would become larger when the annealing
emperature is raised or the annealing time is prolonged. Finally,
LSM3 LSM4 LSM5 LSM6

1033 K, 50 min 1073 K, 50 min 993 K, 80 min 993 K, 100 min

for all samples except LSM0, the positions of main peaks [2 0 2] are
very close, located near 32.85◦ (2�), indicating that the samples
have very similar lattice constants. In fact, for La1−xSrxMnOz, the
lattice structure is determined by x, the content of Sr [15]. Thus for
the polycrystalline samples from LSM1 to LSM6, different annealing
process would not change the lattice constants.

The 5 �m × 5 �m AFM images of the surface morphology of all
polycrystalline LSMO films 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. Furthermore, the surface root mean
square (RMS) roughness of each sample presents regular change.
On the one hand, for Group 1 samples, the size of surface RMS
roughness increases with annealing temperature, from 6.8 nm for
LSM1 to 9.3 nm for LSM4. On the other hand, for Group 2 samples,
under the same 993 K annealing temperature the size of surface
RMS roughness becomes larger with longer annealing time, from
8.2 nm for LSM2 to 9.3 nm for LSM6. The surface roughness of the
film reflects the grain size. Thus the above results further indicate
that, the grain size of the films would increase with annealing tem-
perature or annealing time, as discussed in XRD results, which is
consistent with the classical principles of crystallization kinetics.

The measurement of magnetotransport properties was con-
ducted for all samples except LSM0 because LSM0 hardly presents
polycrystalline structure and exhibits almost entirely insulator
property. For samples LSM1 to LSM6, the temperature depen-
dences of resistivity under zero field, 8 kOe field and corresponding
MR from 77 K to RT are plotted in Fig. 3. MR ratio is defined as
Fig. 1. The XRD spectra of all LSMO films under different annealing process.



X. Zhu et al. / Journal of Alloys and Compounds 488 (2009) 437–441 439

Fig. 2. The 5 �m × 5 �m AFM images of surface morphology of all polycrystalline LSMO films. (a) LSM1, (b) LSM2, (c) LSM3, (d) LSM4, (e) LSM5 and (f) LSM6.

Fig. 3. Temperature dependences of resistivity under zero field, 8 kOe field and corresponding MR for the polycrystalline LSMO films under different annealing process.
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Table 2
The data of metal–insulator transition temperature Tp of each La0.67Sr0.33MnOz film.
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Sample code LSM1 LSM2 LSM3 LSM4 LSM5 LSM6

Tp 227 K 227 K 252 K 257 K 242 K 237 K

eld shows only one peak, namely the typical metal–insulator tran-
ition peak. The data of transition peak temperature Tp are listed in
able 2. For Group 1 samples, the Tp of LSM4 is highest, 257 K and
f LSM1 is lowest, 227 K. For Group 2 samples, the Tp of LSM5 and
SM6 is just 10–15 K higher than that of LSM2, which means higher
nnealing temperature or longer annealing time lead to higher Tp.
he difference of Tp might result from the grain size effect [10].
t should be pointed that, for LSMO, its Curie temperature TC is
lways dozens of Kelvin higher than room temperature [1]. So the
p of each sample is far lower than TC by 100 K more or less. Under
pplied 8 kOe field, the resistivity is decreased and the temperature
f resistivity peak becomes a bit higher than corresponding Tp. Sec-
ndly, the MR ratio of each sample under 8 kOe filed monotonously
ncreases with the temperature decreasing from RT to 77 K, and no

R peak appears near Tp, exhibiting a strong enhanced MR effect
ver the temperature range below Tp. Thirdly, the difference of MR
atio of the samples is not significant. At 77 K, the MR ratio of the
amples varies from 10% to 14%, and at 297 K (RT) MR ratio is close to
%. Except the differences of the Tp, the above results reveal steady
agnetotransport properties of the samples despite their grain size

aused by different annealing process.
The magnetotransport properties of our samples are quite dif-

erent from those of La0.7Sr0.3MnO3 films reported by Sahu [10].
irst, the La0.7Sr0.3MnO3 films present approximate Tp range to our
amples. However, for these samples, besides the metal–insulator

ransition peak, another resistance peak appears over the tem-
erature range from 200 K to Tp. Secondly, the MR-temperature
ependence of each La0.7Sr0.3MnO3 film displays a MR peak near Tp.
nhanced MR behavior just occurs over lower temperature range
rom about 170 K to 100 K. Thirdly, for the La0.7Sr0.3MnO3 films,

ig. 4. Resistivity normalized to its maximum for the polycrystalline LSMO films at 297 K
ack.
mpounds 488 (2009) 437–441

the MR ratio is quite different from each other under same applied
field. In general, there exist obvious differences of magnetotrans-
port properties among the above La0.7Sr0.3MnO3 films.

The great difference of magnetotransport properties between
our samples and above La0.7Sr0.3MnO3 films might originate from
the different structural characteristics between the two kinds of
samples. As reported by Sahu [10], interfacial layers in the grain
boundaries are observed by scanning electronic microscope (SEM)
in the La0.7Sr0.3MnO3 films, which play key roles in spin-dependent
tunneling or scattering [16,17]. The contribution of interfacial lay-
ers to spin-dependent tunneling or scattering are sensitive to
grain size, which would lead to sensitive magnetotransport prop-
erties to grain size controlled by substrate temperature during the
dc magnetron sputtering. Similar strong effects of grain size on
mangetotransport properties were also observed in polycrystalline
La0.8Sr0.2MnO3 [18]. For our samples, the AFM images show their
structure is a bit porous. These structural defects of porosity could
cause weak-linked grain boundaries, where the alignment of spins
becomes easy and thus strong enhanced MR behavior occurs below
metal–insulator transition temperature [6]. It can be deduced that,
defects of porosity are intrinsic structural characteristics of our
samples and are not sensitive to the grain size. The magneto-
transport behaviors would be dominated by structural defects of
porosity. Thus for our samples, the magnetotransport properties
become similar and steady regardless of the differences of grain
sizes.

The field dependences of resistivity of the polycrystalline
La0.67Sr0.33MnOz films were also investigated at RT (297 K). As
shown in Fig. 4, for each sample, when the applied filed H is
scanned from +10 kOe to −10 kOe and back, the normalized resis-
tivity �H/�max changes linearly over wide field range. Here, �max
is the maximum resistivity that would not appear at zero field but
near the coercive field of the corresponding film due to the hystere-
sis effect of resistivity as mentioned below. It could be calculated
that under 10 kOe field, the MR ratio of each sample is near 5%. For
LSM2, the enlarged normalized resistivity-field dependence curve

(RT) as a function of applied filed which is changed from +10 KOe to −10 kOe and
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elow 600 Oe is simultaneously embedded in Fig. 4. Considerable
ow-field MR behavior and hysteresis of resistivity is observed in
his embedded curve. According to the study by Hwang et al. [1], the
ow-field MR effect occurs when the polycrystalline CMR materials
eep ferromagnetism and would decline from low temperature to
igh temperature. Since the TC of LSMO is dozens of Kelvin higher
han RT, the appearance of low-filed MR effect at RT could be under-
tood. The hysteresis of resistivity reflects the close correlation
etween magnetotransport and magnetization. Near the coercive
eld the maximum resistivity would appear [19]. Additionally, it is
orth pointing out that, the similar MR-field dependences of all the

amples at RT further reveal the steady magnetotransport proper-
ies resulting from the porous structural characteristics despite of
he different annealing process, and the linearity of MR over wide
ange of magnetic filed and considerable MR ratio at RT should be
ignificant to the application for LSMO films.

. Conclusion

In summary, La0.67Sr0.33MnOz thin films were synthesized by
eans of MOD under different annealing conditions. The XRD spec-

ra showed that proper crystallization temperature for the films
as beyond 873 K and all the samples annealed at 953 K or above
ere polycrystalline with [2 0 2] preferred orientation. The porous

tructural characteristics in the samples are shown by AFM. Differ-
nt annealing condition just mainly led to the change of grain size.
he structural defects of porosity played key roles in the mechanism
f magnetotransport, leading to the enhanced MR behavior below
etal–insulator transition and steady magnetotransport proper-

ies, regardless of different grain size of the samples. Moreover, at

T the resistivity of all the polycrystalline samples presents lin-
ar change over wide applied field range and get MR ratio near 5%
nder 10 kOe field. The above steady magnetotransport properties
eveal that MOD provides with a valuable method for preparing
pplicable La0.67Sr0.33MnOz films.
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