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Abstract. We have fabricated by an in situ process (La1−xSrx)yMnO3 epitaxial thin films by Molecular
Beam Epitaxy using a low partial pressure (∼=2 × 10−5 torr) of O2+5% ozone. Reflected High Energy
Electron Diffraction analysis has been performed during the growth process to check the structural prop-
erties of the films. The samples have not been subjected to any in situ or ex situ post deposition annealing
procedure. Thin films on different substrates (SrTiO3, LaAlO3, NdGaO3) and with different thickness have
been fabricated to compare the transport properties and investigate the effects of the epitaxial strain. For
compositions around x = 0.3, Metal-Insulator (MI) transitions at temperature as high as TMI = 340 K
have been observed in thin films few nanometers thick. Resistivity versus temperature curves measured on
samples deposited in the same run onto different substrates, have shown clear effects related to the epi-
taxial strain. These results are very promising for a deeper understanding of the physical mechanisms at
work in manganites and in view of the future fabrication of manganite-based heterostructures for electronic
applications.

PACS. 75.47.Lx Manganites – 81.15.Hi Molecular, atomic, ion, and chemical beam epitaxy

1 Introduction

The room temperature Colossal MagnetoResis-
tance (CMR) manganites, with chemical formula
La1−xAxMnO3 (A=Ca, Sr, Ba) have been extensively
studied in the last years, for their interesting physical
properties also in view of several possible applications.
Thin films of these compounds have been produced
and investigated to analyse the dependence of their
magnetotransport properties on different physical pa-
rameters [1]. The subtle interplay of the spin, charge
and orbital degrees of freedom operating in manganites,
causes their phase diagrams to be extremely rich and
appealing for many studies and applications. As an
example, the strong electron-phonon coupling mediated
by the Jahn-Teller distortion of the MnO6 octahedra,
is expected to make manganites extremely sensitive to
the hydrostatic pressure and to the substrate-induced
biaxial strain [2], opening the door to the possibility of
controlling their magnetotransport properties via the
choice of suitable substrates and thicknesses. A large
amount of studies about this issue has been performed on
manganite epitaxial thin films and seemed to confirm this
possibility [3]. However, the main role of biaxial strain
in determining the magnetotransport properties of the
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manganite thin films has been recently questioned [4],
indicating other parameters such as the actual doping
level and the presence of cation vacancies, to play a major
role. Therefore, in order to compare the performances
of manganite thin films with different epitaxial strain,
it is critical to deal with identical samples, to avoid the
presence of spurious effects that can hide the investigated
mechanisms.

More generally, in the case of manganites, the inti-
mate correlation among the many parameters determining
their properties and the richness of their phase diagrams,
poses a strong demand on the accurate control of the sam-
ples characteristics. A careful monitoring of structural and
compositional properties of manganite thin films is funda-
mental to discriminate about the role played by differ-
ent parameters, in order to determine the actual physical
properties and in view of possible microelectronic appli-
cations.

Different physical vapour deposition techniques
(Pulsed Laser Ablation (PLD), Sputtering, Molecular
Beam Epitaxy (MBE)) have been successfully used to fab-
ricate manganite films [5] with epitaxial structural prop-
erties and high Curie temperatures (above room temper-
ature).

Unfortunately, the most used deposition techniques
(PLD and Sputtering), are able to produce high quality
manganite thin films only by introducing in the deposition
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chamber oxygen partial pressures higher than 10−3 torr
and thus preventing the use of in situ structural anal-
ysis such as RHEED (Reflected High Energy Electron
Diffraction). Moreover, manganite thin films are often sub-
jected to an in situ, post deposition annealing procedure
at high temperature (around 900 ◦C) in the presence of
even higher (up to one atmosphere) oxygen pressures, to
obtain optimal magnetotransport performances [6]. This
annealing process poses severe limitation to the produc-
tion of electronic devices where very thin layers are needed
or where different layers of manganite materials have to
be deposited without interface interdiffusion.

MBE technique has proved to be able to produce as
grown epitaxial manganite thin films with optimal mag-
netotransport properties, without any post deposition an-
nealing. In MBE deposition process, low partial pressures
(10−6–10−5 torr) of pure ozone are employed, allowing the
real time control of structural properties of growing sam-
ples by RHEED [7]. On the other hand, ozone is a very
hazardous gas which is highly corrosive and needs partic-
ular care in the handling [8].

In this work, we report about the MBE fabrication
of (La1−xSrx)yMnO3 epitaxial thin films deposited at a
low partial pressure (∼=2 × 10−5 torr) of O2+5% ozone.
RHEED analysis were performed during the growth pro-
cess to check the structural properties of the films. As
grown epitaxial manganite thin films, few tens of nanome-
ters thick, have shown Metal-Insulator (MI) transitions at
temperature as high as TMI = 340 K, without any post
deposition annealing. The magnetotransport properties of
thin films deposited on different substrates have also been
measured and compared. The obtained results are very
promising for a better discrimination of the role played in
the physical properties by many different parameters, and
in particular by the epitaxial strain, and in view of future
possible applications of manganite thin films in microelec-
tronics.

2 Experimental

We deposited (La1−xSrx)yMnO3 epitaxial thin films by
MBE using a codeposition procedure in which the ele-
mental rates of La (e-beam evaporated), Sr and Mn (effu-
sive cells evaporated) were carefully controlled to obtain
the desired sample composition. Typical total deposition
rates were around 0.1 Å/s. A substrate temperature of
about 700 C◦ and a low partial pressure (∼=2× 10−5 torr)
of O2+5% ozone were used. The mixture of O2+5% ozone
gas was obtained using a commercial ozonizer, which does
not require any particular care in the handling. All the
pipelines and the valves connecting the ozonizer to the de-
position chamber were made of teflon and stainless steel.
A mass spectrometer controlled the atmosphere compo-
sition inside the deposition chamber. The growth process
were monitored by RHEED analysis. Samples on different
5×5 mm2 substrates (SrTiO3 (100) (STO), LaAlO3 (100)
(LAO) and NdGaO3 (110) (NGO) single crystals) and
with different thickness have been grown. The substrate
compounds have a perovskite structure (or a distorted one

in the case of NGO), which matches quite well the struc-
ture of La0.7Sr0.3MnO3 compound with pseudo-cubic bulk
value 3.873 Å. STO and LAO are cubic with respectively
a = 3.905 Å and a = 3.788 Å and NGO is orthorhom-
bic with pseudocubic lattice parameters a = 3.862 Å and
c = 3.854 Å. All the substrates were simultaneously intro-
duced in the deposition chamber and were positioned very
close to each other on the heated sample-holder to avoid
spread in the composition of the films. A (100) MgO single
crystal substrate was also used to carry out compositional
analysis after the deposition. The cationic stoichiometry
of the samples was controlled by Energy Dispersive Spec-
troscopy (EDS) analysis in a Scanning Electron Micro-
scope (SEM). X-ray Diffraction (XRD) analysis has been
performed on the produced samples after the deposition
to characterize their crystal properties. The XRD mea-
surements have been carried out at Cu Kα energy by us-
ing a standard two-axes diffractometer in Bragg-Brentano
focusing geometry (Rigaku D/MAX-6). A third axis, al-
lowing for the rotation of the samples around their surface
normal, was also present. X-Ray Reflectivity (XRR) mea-
surements have been carried out by a Bruker D8 diffrac-
tometer equipped with a Göbel mirror. The transport be-
haviour of the samples at different temperatures has been
measured using a standard four probe geometry.

3 Results

The low partial pressure (∼=2×10−5 torr) of O2+5% ozone
present in the vacuum chamber during the deposition, al-
lowed the growth monitoring of the films by RHEED anal-
ysis. Perfectly planar thin films, with surface roughness of
the order of the interatomic distances, are in principle ex-
pected to show sharp spotty RHEED patterns, related to
the intercepts of the reciprocal lattice rods with the Ewald
sphere. In actual experimental set up, the finite thickness
of the Ewald sphere and the diffusion of the reciprocal
rods can result in streaky RHEED patterns. The presence
of bulbous, somewhat diffuse, streaks patterns can also be
related to short in-plane coherence [9]. The RHEED pat-
tern shown in Figure 1a, for a typical (La1−xSrx)yMnO3

film deposited on STO, presents well defined streaks and
can be associated to the growth of thin films with surface
roughness of the order of the interatomic distances [10].
Moreover, in the inset to Figure 1a, the oscillations in the
intensity of the RHEED reflected spot during the deposi-
tion process are shown. Each of these oscillations is related
to the deposition of an atomic monolayer, allowing to con-
trol in real time the growth rate [11]. The final thickness of
the samples was varied by changing the total deposition
time. In some films, the streaky RHEED pattern, prob-
ably because of undesired fluctuations in the deposition
conditions, was lost after the first minutes of growth and
a spotty pattern, as shown in Figure 1b, associated to a
surface roughness higher than the interatomic distances,
appeared.

After the growth process was completed, the partial
pressure of O2+5% ozone in the deposition chamber was



A.Yu. Petrov et al.: As grown (La1−xSrx)yMnO3 thin films deposited by molecular beam 13

 

Fig. 1. a) RHEED image of a typical (La1−xSrx)yMnO3 thin films on STO. Streaks are clearly visible, indicating an atomically
flat surface of the investigated sample. Inset: Oscillations of the RHEED reflected spot. b) RHEED image measured on a
(La0.7Sr0.3)0.9MnO3 thin film deposited on STO. In this case, the presence of spots is associated to a surface roughness higher
than the typical interatomic distances.

kept constant at the value of 2×10−5 torr until the temper-
ature of the substrates reaches 100 C◦ (typically in about
30 minutes). The introduction of the low percentage of
ozone gas in the chamber during the fabrication process,
did not give appreciable signs of extra corrosion on the
most exposed parts of the MBE system (hot filaments,
effusive cells, e-beam crucible, heated sample holder). No
particular care was taken in handling and storing the pro-
duced samples in air.

Due to the employed deposition process which uses a
different source for each element to evaporate, the ratio be-
tween the stoichiometries of La+Sr and Mn, as controlled

by EDS analysis, was generally different from 1. There-
fore we quote the chemical formula of our thin films as
(La1−xSrx)yMnO3. Obviously, when y is different from 1,
the hole doping level of the system is related not only to
the value of x but also to the actual oxygen stoichiometry
which plays an important role in the carrier concentra-
tion [12]. The charge neutrality request allows, in princi-
ple, the determination of the oxygen content by knowing
x and y from the EDS analysis. On the other hand, the
accurate determination of the oxygen in thin film samples
is always very difficult and, moreover, the low accuracy
(around 5%) in the EDS measurements, imposes some
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uncertainty on the actual value of x and y. In spite of these
limitations, we have generally found a correlation among
the properties of the produced thin films and the compo-
sitional values, as determined by EDS, in good agreement
with previous data present in literature [13].

Small angle XRR measurements confirmed the per-
fect planarity of the films. In Figure 2a, XRR spectrum
for a (La0.7Sr0.3)0.6MnO3 thin film deposited on STO is
shown. From the period of the oscillations, a total thick-
ness of 448 Å is estimated, with a surface roughness of
4 Å, of the same order of magnitude as the interatomic
distances in manganites. This result is in agreement with
the RHEED analysis performed during the deposition pro-
cedure. Reflectivity measurements carried out on films
deposited for shorter time, (Fig. 2b), showed similar re-
sults for the surface roughness, with total thickness in
the range of few nanometers (60–90 Å). X-ray specular
theta-2theta diffraction analysis indicated perfectly epi-
taxial thin films, with peaks in the spectra only com-
ing from the (00l) reflections of the substrate and the
thin film lattices. By using asymmetric diffraction, the
in-plane film lattice parameters were found practically
identical to those of the used substrates. Film specular
reflections were very close to those of the substrate and
with a very low intensity. However, when the determi-
nation of the out-of plane lattice parameter was possi-
ble, it resulted elongated or shortened with respect to
the bulk values, in agreement with the in-plane lattice
strain induced by the substrate. In fact, La1−xSrxMnO3

epitaxial thin films, with composition close to x ∼= 0.3,
are known to grow with tensile strain on STO substrates,
with compressive strain on LAO and almost without strain
on NGO [3,14]. Consequently, La0.7Sr0.3MnO3 compound
grown in form of thin films does not exhibit a rhombohe-
dral cell as in the bulk form [15] but a tetragonal one [16].
Moreover, the strength of the strain is generally related
to the lattice mismatch between the substrate and the
bulk material to be deposited. If we define the in-plane
lattice mismatch by m = (asubstrate − abulk)/asubstrate,
in the case of La0.7Sr0.3MnO3 on STO m is equal to
+0.81% (+ indicating in-plane tensile strain), while for
La0.7Sr0.3MnO3 on LAO m = −2.2% (– being associated
to in-plane compressive strain) [17]. Therefore, we expect
to observe values of the out-of-plane La0.7Sr0.3MnO3 lat-
tice parameter slightly smaller than the pseudo-cubic bulk
value (3.873 Å) [17] for films deposited on STO and larger
than the bulk for films on LAO. In Figure 3, XRD spectra
for (La0.7Sr0.3)1.3MnO3 films, deposited on LAO (Fig. 3a)
and NGO (Fig. 3b), are shown. Both films were grown
together during the same deposition run and their thick-
ness, (Fig. 2b), is about 90 Å. As indicated by arrows in
the figures, peaks of the films close to those coming from
the (002) LAO and the (004) NGO reflections [18], are
clearly visible at angles slightly smaller. They can be as-
sociated to values of the out-of-plane axis equal to 3.92 Å
and 3.88 Å for film grown on LAO and NGO respectively.
Thin films deposited in the same deposition run on STO
did not show a peak well separated from that of the sub-
strate. No peaks different from those of the substrates were

Fig. 2. a) Normalized small angle X-ray reflectivity
measurement as a function of the incident angle for a
(La0.7Sr0.3)0.6MnO3 thin film deposited on STO (lower curve);
the upper curve is the theoretical fit assuming a film thickness
of 448 Å and an average surface roughness of 4 Å. b) Normal-
ized small angle X-ray reflectivity measurement as a function
of the incident angle for a (La0.7Sr0.3)1.3MnO3 thin film de-
posited for a shorter time on NGO (lower curve); the upper
curve is the theoretical fit assuming a film thickness of 87 Å
and an average surface roughness of 3 Å. Experimental and
theoretical curves are shifted one respect to the other for a
better comparison between the two curves.

detectable on films deposited on STO, LAO and NGO,
having thickness lower than about 90 Å. Typical full width
at half maximum of the rocking curve for the (002) reflec-
tion (inset to Fig. 3a) was about 0.1◦, another indication
of the high quality of the samples. The φ-scan measure-
ments around the (103) asymmetric reflection, shown in
Figure 4, performed on the same film in Figure 3a, points
out the fourfold symmetry characteristic of the perovskite-
like structure.

In Figure 5a, a typical behaviour of the electrical re-
sistivity versus the temperature ρ(T ) curve for a sample
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Fig. 3. X-ray diffraction spectra for (La0.7Sr0.3)1.3MnO3 thin
films about 90 Å thick grown on two different substrates:
a) around the (002) reflection for the film grown on LAO; in-
set: rocking curve around the (002) reflection of the film. b)
around the (004) reflection for the film grown on NGO. The
arrows indicate peaks coming from the films. Both angular in-
tervals are 6.5 degrees large for a better comparison between
the two spectra.

Fig. 4. φ-scan measurement around the (103) reflection of
87 Å thick (La0.7Sr0.3)1.3MnO3 thin film deposited on LAO
substrate.

Fig. 5. a) Electrical resistivity ρ versus the temperature T
curve for a typical (La1−xSrx)yMnO3 thin film on STO about
400 Å thick. b) Electrical resistivity ρ versus the temperature T
curve for a typical (La1−xSrx)yMnO3 thin film on STO around
90 Å thick.

with a thickness of about 400 Å is shown. The transi-
tion from the high-temperature semiconductive to the low-
temperature metallic behaviour is observed at the tem-
perature TMI = 340 K. The resistivity value in the zero
temperature limit, ρ = 1 mΩ cm, is very close to values
measured on single crystals with x values close to 0.3, con-
firming the epitaxial quality of the films [19]. We point out
that all the measured samples are as-grown films, which
have not been subjected to any post deposition in situ or
ex situ annealing process. In Figure 5b it is shown the
ρ(T ) curve for a film around 90 Å thick with MI tran-
sition temperature TMI = 330 K. These values are very
close to those observed on bulk La1−xSrxMnO3 samples
with x = 0.3 [20], and are a little surprising in as-grown
very thin films with a not-optimised cationic stoichiome-
try. On the other hand, as outlined before, we point out
the high non-accuracy of the EDS measurements and the
important role that could be played by the oxygen stoi-
chiometry in determining the actual doping level present
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in the system. This role can be even enhanced in the case
of thin films forced to grow with (La+Sr)/Mn ratios dif-
ferent from 1.

Oxygen stoichiometry plays a key role also in deter-
mining the relaxation of the lattice strain in manganite
thin films [21–23]. In the case of La0.7Sr0.3MnO3, it has
been observed that the out-of-plane lattice constant on
LAO substrates is decreased, while that on STO and NGO
substrates is increased, with increasing the oxygen partial
pressure during film growth by PLD [22]. The annealing
in high oxygen pressure has been shown to produce the
same effect, decreasing the out-of-plane lattice constant
of La0.7Sr0.3MnO3 films on LAO substrates [23].

We have also measured the ρ(T ) curves for epitaxial
thin films grown in the same deposition run on differ-
ent substrates (STO, LAO, NGO), to study the effects
of the epitaxial strain on the MI transition and the metal-
lic phase. In order to explain transport properties results
only in terms of different epitaxial strains, it is funda-
mental to rule out spurious effects and to be assured of
identical characteristics of the films, such as composition,
doping level and thickness. In the case of our as grown
films, obtained in the same deposition run without any
post deposition annealing, this request is satisfied at the
best. ρ(T ) results obtained on three films simultaneously
deposited on NGO, Figure 6a, on STO, Figure 6b, and
on LAO, Figure 6c, clearly indicated the effects of the
strain on the MI transition temperature. The composition
of the films in Figure 6 is (La0.7Sr0.3)0.8MnO3 and their
thickness is around 90 Å. The MI transition temperature
for the film on NGO is TMI = 281 K, while for the film
on STO it is TMI = 265 K and for that on LAO it is
TMI = 243 K. Moreover, the resistivity of the film grown
on NGO (about 1 mΩ cm) is the lowest, and those of the
films on STO and LAO are about one order of magni-
tude higher in the low temperatures limit. These results
are in good agreement with the expectations based on the
strength of epitaxial strain induced by the three kind of
substrates employed, and, to our knowledge, are the first
observed on as grown epitaxial films, without using pure
ozone and with thickness below 100 Å.

As proposed by Millis and co-workers [24] the impor-
tance of the strain on the magneto transport properties of
manganite films can be discussed in terms of two different
effects. The uniform compression can increase the electron
hopping probability, thus reducing the importance of the
electron-lattice coupling. The opposite will happen in case
of uniform expansion. Due to this “bulk” contribution,
TMI variations can be either positive or negative depend-
ing on the nature of the biaxial strain if compressive or
tensile. However, the second important strain effect is the
biaxial distortion which increases the Jahn-Teller splitting
of the eg electron levels. In this second case, the electrons
can become much more localized and the TMI variations
can be only negative. Consequently, the magneto trans-
port properties will change as a function of the strain de-
pending on which of the two effects is predominant. Our
results show that a major role in the determination of
the ρ(T ) behaviour is played by the strength of the strain

Fig. 6. Electrical resistivity ρ versus the temperature T curves
for a series of (La0.7Sr0.3)0.8MnO3 thin films, around 90 Å
thick, deposited on a) NGO, b) STO and c) LAO.

present in the system, with the type of strain (compressive
or tensile) being less important. More work is in progress
to confirm these data and to study the ρ(T ) behaviour in
the presence of an externally applied magnetic field.

The transport properties of the produced films have
been periodically checked, and, independently by the care
taken in their storing, resulted to be very stable, without
appreciable changes over a period of about one year.

4 Conclusions

We have produced as grown (La1−xSrx)yMnO3 epitax-
ial thin films using a MBE technique in which only low
pressure of O2+5% ozone, in the range of 10−5 torr, was
present in the chamber during the deposition process. All
the fabricated samples were not exposed to any in situ
or ex situ annealing process after the growth. The films
have been deposited on different substrates to measure
and compare the structural and the transport properties of
series of samples with different epitaxial strain obtained in
the same deposition run. The structural properties of the
films were analysed by RHEED analysis and XRD mea-
surements and pointed out the production of high quality
epitaxial films with surface roughness of the order of the
interatomic distances and out-of-plane crystalline param-
eters influenced by the biaxial strain induced by the sub-
strates. As grown samples, only 90 Å thick, have shown
MI transition temperatures as high as 330 K, with resis-
tivity values in the low temperatures limit very close to
those observed on single crystals. Measurements of the
ρ(T ) behaviour of thin films grown on different substrates
in the same deposition run, clearly indicated the effects of
the epitaxial strain on the MI transition temperature and
the metallic phase. At a first glance, the strength of the
biaxial strain seems to play a more important role with
respect to the sign (tensile or compressive) of the strain.
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The production of as grown epitaxial
(La1−xSrx)yMnO3 thin films with room tempera-
ture TMI transition using a deposition technique which
allows the in situ control of the structural properties
without introducing in the chamber highly corrosive
gases and not requiring any in situ or ex situ annealing
procedure, is of particular interest for carrying out more
accurate studies about the influences of several param-
eters on the behaviour of manganite films. Moreover,
the availability of a deposition procedure able to obtain
as-grown manganite very thin films with atomically flat
surfaces and high MI transition temperatures, will open
new possibilities for microelectronic applications in which
the production of multilayered systems is needed.
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