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Abstract. Ferromagnetic La0.7 Sr0.3 MnO3−δ (LSMO) epitaxial thin films of single-crystal quality with very
smooth surfaces are grown on SrTiO3 (100) substrates by on-axis rf magnetron sputtering. We find that the
resistivity and the spontaneous magnetization for these 180 nm thick films are nearly equal to those of single
crystals after thermal annealing. On the other hand, the Curie temperature TC is no higher than 270 K, a
value far below the bulk one, which is quite unusual. As a clue to this riddle, we note a strong correlation
between the lattice constant for these films and the amount of oxygen vacancies in the case of LSMO, an
oxygen-nonstoichiometric oxide. From this, we conclude that the sustained coherent epitaxy takes place to
match the lattice mismatch of 0.8% by incorporating a limited amount of oxygen vacancies, which relaxes the
film in-plane stress while functions to significantly reduce TC .

1 Introduction
The La0.7 Sr0.3 MnO3−δ (LSMO) system is a perovskitetype ferromagnet with the highest Curie temperature TC
of 370 K at δ ∼ 0 [1]. The ferromagnetism of this material derives from the double exchange interaction [2,3],
and hence the ferromagnetic transition is accompanied
by a metal-insulator transition. At temperatures near
the transition, LSMO exhibits a significantly large magnetoresistance, which has been attracting interest in
its potential application to sensors [4] and other electronic devices [5–8]. In addition, perfect spin polarization
associated with the double exchange interaction is also
attractive for the spin-tunneling devices [5,6,8–10]. These
features have been stimulating many researches into thin
film preparation of this material.
Now, an increasing number of researchers into thin film
preparation employ the pulsed-laser deposition method
(PLD) [11,12], an effective method for the thin film growth
of oxides and other complex compounds [5,7,13,14].
Indeed, this method has been quite successful in the
growth of high-quality thin films for high-Tc cuprates [15].
On the other hand, the sputtering method, while effective for many purposes and for many materials, has a
problem in the case of oxide film deposition. This problem
is known as the resputtering effect [16,17], in which the
substrate surface is bombarded by negative ions, mostly
O− , produced at the cathode surface. This effect results
in a reduced deposition rate and an altered film composition. In an extreme case, no deposition is obtained. This
drawback is, however, circumvented by a number of techniques, such as off-sputtering [18], off-center sputtering
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[19], or hollow cathode sputtering [20]. It can be circumvented also in on-axis sputtering, as the present study
shows, providing complex oxide thin films of high crystal
quality. However, there is an unclarified problem that a
certain physical property, such as TC , for these thin films
is greatly suppressed compared with that of bulk single
crystals.
In this paper, we report epitaxial growth of LSMO thin
films on SrTiO3 (100) single crystal substrates by on-axis
rf magnetron sputtering under conditions suppressing the
resputtering effect. The thin films grown at 820 ◦ C are
of crystal quality comparable with that of bulk single
crystals with very smooth film surfaces despite the lattice mismatch of 0.8%. On the other hand, the value for
TC of ∼270 K remained far below the bulk value even
after thermal annealing in oxygen though the resistivity
and the spontaneous magnetization were almost equal to
the bulk values and the films are of high crystal quality.
We interpret these unusual results in terms of a two-fold
role played by the oxygen vacancies both in sustaining
coherent epitaxy and in suppressing TC . This behavior
of oxygen vacancies in epitaxial growth is characteristic
to oxygen-nonstoichiometric oxides like LSMO, where the
oxygen content varies relatively freely depending on the
oxygen partial pressure and the temperature the specimen
experienced [21,22].

2 Experimental
2.1 Sputtering configuration and conditions
The rf sputtering equipment used by us employed a
magnetron cathode 4 inch in diameter with concentric permanent magnets underneath. The inner circular magnet
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was 35 mm in diameter and the outer ring magnet had
80 mm in inner diameter. Corresponding to these concentric magnets, a ring erosion area of approximately 4
and 8 cm in inner and outer diameters, respectively, was
formed on the surface of the target.
The substrate was placed 4.5 cm directly above the
center of the target so as not to confront the erosion area.
The substrate was heated by radiation from a spirally
wound Kanthal wire through transparent fused quartz.
The surface of the Kanthal wire was thoroughly oxidized
in air for about 1 day by passing an electrical current
before use in vacuum. Thus a substrate temperature Tsub
as high as 820 ◦ C was attained.
The substrates used were SrTiO3 (STO) (100) single
crystals with a size of 10 × 10 × 0.5 cm3 . The sputtering
atmosphere was a mixed gas of 70% Ar and 30% O2 , and
the sputtering pressure we finally adopted was 11 Pa. The
rf power was fixed at 3 W/cm2 . After the growth, LSMO
films were spontaneously cooled as they were either in
vacuum or in 9.3 × 104 Pa O2 . The latter cooling process
belongs to the so-called in situ annealing. Some of the
grown films were annealed in a tubular furnace at 900 ◦ C
for 2 h in O2 (post-annealing). The O2 flowing rate was
1 l/min and the pressure was approximately 105 Pa.
2.2 Sputtering targets
For sputtering targets, appropriate mixtures of La2 O3 ,
SrCO3 , Mn2 O3 of 99.9% purity were mixed and ground
in an automated motar for 40 min and calcined in air at
1200 ◦ C for 12 h. The reactants were pulverized, then
ground and calcined again under the same conditions.
This process was repeated two times. Then the powders
were mixed with 4 wt% of 10 wt% polyvinyl alcohol water
solution, ground for 20 min, and granulated by passing
them through a sieve of 420 µm opening. The granular powders were pressed at about 2 MPa into a plate
110 mm in diameter and approximately 6 mm high using
a mould, then rubber-pressed hydrostatically at 200 MPa,
and finally sintered at 1500 ◦ C for 20 h in flowing O2 . The
targets thus obtained were La-Sr-Mn-O mixed complex
compound oxides. The target composition finally adopted
was [La]:[Sr]:[Mn] = 0.7:0.34:1.27, which was compensated
for Sr and Mn.
2.3 Measurements
Film thicknesses were determined with a stylus profilometer at a step made by etching an LSMO film with a mixed
acid of 40% HCl+40% HNO3 +20% H2 O. The deposition
rate was 18 nm/min and the thickness of the LSMO films
dealt with in this paper was 180 nm.
Film compositions for La, Sr, and Mn were estimated
by energy-dispersive spectroscopy (EDS). X-ray diffraction (XRD) and reflection high-energy electron diffraction
(RHEED) were used to characterize the surface structure
and epitaxy for the grown films.
Magnetizations were measured with a SQUID magnetometer (MPMS, Quantum Design Inc.) under an applied
magnetic field of 0.5 T parallel to the film surface. The
contribution from the substrate was subtracted based on

measurements done on a blank substrate. Electrical resistivities were measured by the four probe method in the
temperature range from 10 K to 400 K on a 0.3 × 1.8 mm2
linear strip made by chemical etching.

3 Results
3.1 Film compositions
The EDS analysis showed that the atomic ratios of
[Sr]/[La] and [Mn]/[La] tend to decrease from the target
values by approximately 10% and 20%, respectively. When
the compensated target of [La]:[Sr]:[Mn]=0.7:0.34:1.27
was used, the film compositions became close to
La0.7 Sr0.3 MnO3−δ . Fine composition adjustment was carried out by controlling the sputtering pressure so as to
reduce to the minimum the amount of precipitates, which
necessarily result on the film surface due to composition
deviation from the cationic stoichiometry at high growth
temperatures, as done in references [23,24]. No appreciable change in the cationic composition was observed when
Tsub was varied within the range from 650 ◦ C to 820 ◦ C.
3.2 Epitaxial growth
Figure 1 shows a typical XRD pattern for an as-grown
LSMO thin film grown at Tsub = 820 ◦ C under the optimal condition mentioned above. The pattern exhibits only
(l00) peaks, indicating the growth of the LSMO (100)
plane. Moreover, the FWHM value of the (200) peak is
0.13◦ and the Kα2 peak is clearly discernible, both of
which show that the film is of high crystal quality.
Figure 2 shows an RHEED pattern for such an LSMO
film. The streaky pattern implies that the film surface is
very smooth in a large area of the order of a few mm at
least, and the background halation in the RHEED photo is
indicative of the Kikuchi pattern. These results show that
the LSMO films have grown on STO (100) epitaxially and
that the films are of crystal quality comparable with that
of bulk single crystals, i.e., the number of defects such as
dislocations are greatly reduced in these films. Almost no
precipitates were observed on the film surface. When we
take into consideration the streaky RHEED pattern and
the high growth temperature of 820 ◦ C, it is highly probable that the atomic migration on the surface is enhanced
and the LSMO films were grown in the layer-by-layer
mode as in the case of PbTiO3 on STO [25].
3.3 Lattice constant
In the present study, the crystal structure of the LSMO
films is regarded as pseudocubic, as is the case for
thin films of nearly cubic materials. In the case of
La0.7 Sr0.3 MnO3 , its crystal structure is rhombohedral
with a tilting angle of 60.35◦ [26], very close to 60◦ , which
suffices to give the basis to the above assertion.
The inset into Figure 1 shows a plot for the out-ofplane lattice constant as a function of Tsub for as-grown
LSMO epitaxial films, showing that the lattice constant
decreases with increasing Tsub , being 3.91 Å for Tsub =
650 ◦ C and 3.87 Å for 820 ◦ C. Clearly, the lattice constant

30301-p2

M. Lmouchter and M. Suzuki: Eur. Phys. J. Appl. Phys. 94, 30301 (2021)

3

Fig. 1. A typical XRD pattern observed for an
La0.7 Sr0.3 MnO3−δ epitaxial thin film grown on STO (100) at
820 ◦ C. The inset plots the lattice constant observed vs the
substrate temperature.
Fig. 3. Temperature dependence of electrical resistivity (ρ − T )
for La0.7 Sr0.3 MnO3−δ epitaxial thin films grown on STO (100):
as-grown at Tsub = 650 ◦ C, 700 ◦ C, 770 ◦ C, and 820 ◦ C; postannealed at 900 ◦ C in 105 Pa O2 for 2 h (Tsub = 820 ◦ C), and
in situ annealed in 9.3 × 104 Pa O2 (Tsub = 820 ◦ C).

Fig. 2. A typical RHEED pattern observed for an
La0.7 Sr0.3 MnO3−δ epitaxial thin film grown on STO (100) at
820 ◦ C.

is rather elongated when Tsub is less than ∼800 ◦ C. It
should be also noted that the lattice constant for Tsub =
820 ◦ C is a little smaller than the value of 3.875 Å for
the bulk LSMO [26]. This may indicate that the ratio
[Sr]/([La]+[Sr]) for the film is less than 0.3 [26]. Otherwise, it may indicate that the out-of-plane compressive
strain remains associated with the in-plane tensile stress
generated by the interface between the substrate and the
epitaxial film. We discuss later, based on the transport
and magnetic properties, that the lattice constant for the
LSMO epitaxial films is strongly related to the existence
of oxygen vacancies.
3.4 Transport and magnetic properties
Figure 3 shows the temperature T dependence of electrical resistivity ρ for the LSMO epitaxial films grown at

various Tsub from 650 ◦ C to 820 ◦ C. As Tsub increases,
the ρ − T curve for the as-grown films changes from semiconductive to partially metallic behavior with a peak. The
peak structure seen for Tsub ≥ 770 ◦ C indicates the metalinsulator transition which accompanies the ferromagnetic
transition in LSMO. In combination with the inset into
Figure 1, Figure 3 implies a strong correlation between the
lattice constant and ρ. LSMO films grown at or lower than
770 ◦ C are likely to be deficient in hole carriers (i.e. Mn4+
ions). Therefore, the elongation of the lattice constant is
thought to be closely relevant to the deficiency of hole
carriers, which comes from oxygen vacancies. Since the
ferromagnetism of LSMO is based on the double exchange
interaction, TC has also a strong correlation with the
lattice constant, as discussed in the following section.
Although ρ is metallic at low temperatures for the asgrown film of Tsub = 820 ◦ C, its value of 6 × 10−4 Ωcm
is still one order of magnitude larger than the value of
5 × 10−5 Ωcm for bulk single crystals [1]. This implies
that the film has a reduced hole concentration, which
is explained in terms of the existence of a considerable
amount of oxygen vacancies. Indeed, as seen in Figure 3,
when such films were annealed in flowing O2 at 900 ◦ C,
ρ decreased to a value of 6 × 10−5 Ωcm, which is nearly
equal to the bulk value, implying that the oxygen vacancies are mostly removed. In Figure 3, it is also noteworthy
that when the epitaxially grown LSMO films were cooled
in situ in 9.3 × 104 Pa O2 , ρ at 10 K decreased to
9 × 10−5 Ωcm. This implies that even the epitaxial films
can release a good amount of oxygen atoms when they are
cooled in vacuum. Namely, the as-grown LSMO films are
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Fig. 4. (a) Temperature dependence of magnetization (M − T )
for La0.7 Sr0.3 MnO3−δ epitaxial thin films grown on STO (100):
as-grown at Tsub = 650 ◦ C, 700 ◦ C, 770 ◦ C, and 820 ◦ C; postannealed at 900 ◦ C in 105 Pa O2 for 2 h (Tsub = 820 ◦ C), and in
situ annealed in 9.3 × 104 Pa O2 (Tsub = 820 ◦ C). (b) Fractional
density distribution f of TC as calculated using the method
described in the footnote of Section 3.4. The solid curves are
least square fits using the normal distribution function, whose
peak position has been adopted as TC .

oxygen-deficient. Thus, it is thought that the LSMO epitaxial films in the present study contain a varying amount
of oxygen vacancies, depending on Tsub and the treatment
carried out after the growth. Therefore, the systematic
change in ρ shown in Figure 3 is brought about as the
amount of oxygen vacancies decreases systematically.
Figure 4a shows the T -dependence of magnetization M
for the same epitaxial LSMO films shown in Figure 3.
It is seen that all the as-grown LSMO films undergo a
ferromagnetic transition, though no trace of the transition
was seen in the ρ − T curves for the LSMO films grown
at a Tsub of 700 ◦ C or lower. Therefore, it is likely that
ferromagnetic regions exist as small isolated islands in
these films.
For the films grown at a Tsub of 770 ◦ C or 820 ◦ C, a clear
transition is seen in M − T . However, the transitions are

rather broad, suggesting that the films consist of regions
of distributed TC . In order to evaluate the representative TC value for the most of regions, we have derived
the fractional density distribution f as a function of TC
based on the mean field theory,1 as shown in Figure 4b,
where peak positions are adopted as the values for TC . For
the as-grown films, TC increases from ∼100 K to ∼260 K
as Tsub increases from 650 ◦ C to 820 ◦ C, and at the
same time, M (10 K) increases from 0.3 to 2.8 µB /Mn.
A comparison between the behaviors of ρ − T in Figure 3
and M − T in Figure 4a suggests that, as Tsub increases,
ferromagnetic, i.e., metallic, islands nucleate, then their
sizes increase, and finally connect totally with others,
forming a structure like stripes. Therefore, the present
experimental result is consistent with the inhomogeneous
model envisaged for underdoped manganates [27] and
cuprates [28].
The effects of post- and in situ annealing on the T dependences of ρ and M are also shown in Figure 3 and
Figure 4a, respectively. By post-annealing at 900 ◦ C, the
peak position of the ρ − T curve shifted toward higher
temperatures and ρ(10 K) decreased by almost one order
of magnitude to a value of 6 × 10−5 Ωcm, which is
almost equal to the bulk value of 5 × 10−5 Ωcm [1].
By in situ annealing, on the other hand, it turned out
that ρ decreased by a factor of 0.17 while its peak position remained at nearly the same temperature. From this
result, it is presumed that oxygen atoms were released
inhomogeneously while the films were being cooled in
vacuum after the growth, and that it occurred preferentially in the regions neighboring the oxygen-deficient ones.
Therefore, TC remained almost unchanged in a part of
the film, while ρ increased by almost one order of magnitude in the other part where oxygen atoms were removed.
This may imply, as an extreme inhomogeneous case, that
oxygen-deficient LSMO films are composed of small ferromagnetic islands with less oxygen vacancies and other
surrounding regions with more oxygen vacancies. It is also
probable that this inhomogeneity is accompanied by the
presence of oxygen vacancy clusters proposed in rare-earth
perovskite-type oxides [29].
It is also seen in Figure 4a that the value for M at
low temperatures increased to 3.63 µB /Mn after postannealing, a value close to the bulk value 3.7 µB /Mn.
However, TC increased only slightly from 260 to ∼270 K,
a value far below that of the bulk. The reason for this is
suggested in the following section.

4 Discussion
4.1 Film growth in on-axis sputtering
From the present results, it follows that the resputtering
effect can be mitigated to a large extent both by sputtering under a moderately high pressure of 11 Pa and
1 Let m(T, T ) be the spontaneous magnetization at T for a ferC
romagnet with a transition temperature TC in the mean field model,
f (TC ) the fractional distribution
R of TC , M (T ) the T dependence of
magnetization. Then M (T ) = m(T, TC )f (TC )dTC holds. f (TC ) can
be obtained by solving this integral equation numerically.
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by placing a substrate in an area apart from the part
confronting the target erosion area. Because such a high
pressure as above increases the scattering rate of the sputtered atoms, composition deviation inevitably results from
the difference between the scattering angles of heavier La
and those of lighter Sr or Mn. It also causes a radial distribution of the thickness and the composition outside the
circular central area of 2 to 3 cm in diameter [30]. In this
circular area, the composition is nearly uniform, and it is
in this area that we placed the substrate.
Since the lighter Mn and Sr atoms are scattered at
larger angles than La, the Mn and Sr contents tend to
be deficient in the LSMO films when sputtered under
such conditions as above. Therefore, we compensated the
target with Mn and Sr in order to obtain the cationic stoichiometry in the film composition. In this way, we were
able to attain epitaxial growth of LSMO films by on-axis
sputtering.
It should be also noted that the deposition rate of
18 nm/min in the present sputtering experiments is rather
large when compared with that of PLD or off-axis sputtering. According to Gavaler et al. [18], the oxide film in
the sputtering process is primarily oxygenated by radical oxygen produced at the target surface. If this is the
case, radical oxygen is less sufficiently provided at a high
growth rate, since the collision rate for the radical oxygen
atoms increases.2 Then, such a high growth rate as above
may cause an increase in oxygen deficiency.
4.2 Lattice constant, oxygen vacancies, and sustained
epitaxy
The inset into Figure 1 shows that when Tsub is below
700 ◦ C, the out-of-plane lattice constant of the LSMO
epitaxial films is nearly equal to that of STO, 3.905 Å,
which is larger by 0.8% than the LSMO bulk value. It
becomes close to the bulk value only when Tsub is higher
than ∼800 ◦ C. Since a Tsub of ∼700 ◦ C is thought to be
sufficiently high for the deposited atoms to be thermalized
and migrate on the film surface to form the LSMO crystal
structure at the thermal equilibrium, it is interesting to
know why the lattice constant is so larger than the bulk
value even when the thickness is as large as 180 nm.
It is naturally thought that STO is a suitable substrate material for the epitaxial growth of LSMO thin
films, because STO and LSMO are of the same perovskite
crystal structure with similar elements at corresponding
cation sites. This gives rise to a strong interface affinity
between the LSMO epitaxial film and the STO substrate.
As a result, the LSMO film grows epitaxially and coherently3 in spite of a mismatch of 0.8% under tensile strain
with the in-plane lattice constant elongated to that of
STO. However, this occurs only at the initial stage of the
epitaxial growth when the film is very thin, say, 10 nm
thick or so.4
2

As the growth rate increases, the atomic fluence increases and the
number of collisions between radical oxygen atoms and other sputtered
atoms increases, reducing the arrival rate for lighter oxygen atoms.
3 By ‘coherently’ we mean that the in-plane lattice constants are the
same and dislocations are absent.
4 In the case of YBaCuO films grown on MgO, for example, the
strain in the YBCO film is relieved when the thickness increases beyond

5

The critical thickness, above which the influence of the
interface diminishes, is usually thought to be much smaller
than 180 nm even in the case of LSMO [32] as long as
only the interface affinity and the in-plane compressive
stress are concerned. This is because the in-plane compressive stress, normally existent in the film crystal structure,
becomes dominant over the tensile stress exerted by the
interface when the film thickness becomes several tens of
times the lattice constant. Then, it is quite interesting to
know the reason why the elongated lattice remains unrelieved when the thickness becomes as large as 180 nm or
even larger.5
One probable solution to this puzzle is the role of
oxygen vacancies introduced into the film during the
epitaxial growth. Since LSMO is a kind of oxygennonstoichiometric complex compounds [22], as is the
case for YBa2 Cu3 O7−δ [34], it can incorporate a varying amount of oxygen vacancies. When an oxygen ion
is absent at an oxygen site, the repulsive force increases
among the cations around that site, which works to relieve
the compressive stress partially and retain the lattice elongation. This is typically the case for the YBa2 Cu3 O7−δ
system, where the unit cell volume increases with the oxygen vacancy content [35]. It is this mechanism that gives
rise to a scenario in which oxygen vacancies are properly introduced into the growing film so that the LSMO
lattice constant is close to that of STO. If this happens,
the coherent epitaxial growth of the LSMO film is sustained even after the initial stage, yielding films with an
elongated in-plane lattice constant up to a film thickness
greater than 180 or even 300 nm.
When Tsub is ∼800 ◦ C or higher, the out-of-plane lattice constant is nearly equal to the bulk value, as seen
in the inset into Figure 1. This can be possible if oxygen
vacancies in the LSMO epitaxial films are located so as
to reduce the in-plane compressive stress but not the outof-plane stress.6 Accordingly, we presume that the LSMO
epitaxial films grown at 820 ◦ C contain a certain amount
of oxygen vacancies even though the out-of-plane lattice
constant is nearly equal to the bulk value.
4.3 Effect of thermal annealing
By post-annealing, ρ(10 K) and M (10 K) became nearly
equal to the corresponding values for bulk LSMO [26],
while TC increased only marginally from ∼260 K to
∼270 K, which is far below the bulk value of 370 K. This
implies that the post-annealing does not simply lead to
the thermal equilibrium in the case of LSMO epitaxial
films grown on STO.
For the reason of this significant reduction in TC , we can
name the tensile strain effect, Sr composition deviation,
or the oxygen vacancy effect. For the first effect, even
approximately 10 nm by incorporating cracks in the film, resulting in
cube-packed surface morphology [31].
5 Associated with the present result, it is noted that in the case of
La1.85 Sr0.15 CuO4 superconducting epitaxial films grown on STO, the
critical thicknesses are 700 nm on (100) and 500 nm on (110) [33], which
are much larger than the thicknesses in the present case.
6 This can take place if oxygen atoms are removed selectively from
the MnO2 planes parallel to the film surface.

30301-p5

6

M. Lmouchter and M. Suzuki: Eur. Phys. J. Appl. Phys. 94, 30301 (2021)

if it remains as much as in the case of 20 nm-thin epitaxial LSMO films, TC would not decrease to lower than
330 K [32]. Therefore, solely the tensile strain effect is not
sufficient to explain the result. The effect of deviation in
Sr composition is also limited, because the decrease in TC
is estimated to be no larger than 20 K if the phase diagram for LSMO is consulted [26]. Therefore, the oxygen
vacancy effect is the most probable cause of this significant
reduction in TC .
When one oxygen is removed from LSMO, two electrons
are left behind, eliminating two holes. Thus, the oxygen
vacancies reduce the number of Mn4+ ions. Furthermore,
the removal of oxygen ions from the oxygen sites eliminates the double exchange interaction between Mn3+ and
Mn4+ ions. Within the framework of the mean-field theory [36], TC is roughly proportional to the product of
the number of Mn4+ and the average exchange interaction energy for the chain of Mn3+ – O2− – Mn4+ . In this
respect, it follows that oxygen vacancies reduce TC more
pronouncedly than the conductivity and the spontaneous
magnetization.
Next, the elongation of the in-plane lattice constant
due to the oxygen vacancies is also responsible for the
reduction in TC . According to the theory by Anderson
and Hasegawa [3], the exchange interaction energy reduces
with the decrease in the transfer integral between d electrons at Mn sites. Clearly, the transfer integral decreases
exponentially with the increase in the distance between
Mn sites. Therefore, TC decreases further with the oxygen
vacancies also in this respect.
Thus a certain amount of oxygen vacancies still remains
even after the post-annealing, reducing TC pronouncedly.
However, its density is limited because ρ at low T is as
small as that of a single crystal. Since oxygen vacancies in
the MnO2 planes parallel to the surface function to reduce
the in-plane compressive stress and to sustain coherent
epitaxy, the present experimental results imply that the
in-plane lattice elongation, rather than the tensile strain,
sets in very stably in the LSMO epitaxial films when the
oxygen vacancies are introduced by a proper amount into
the epitaxial films.
It is worth mentioning the reason why ρ and M at
low T are similar to those for the bulk single crystals
despite the much lower TC for the post-annealed LSMO
film. It appears that M (T ) would increase with the oxygen
vacancies since the number of Mn3+ (2µB ) increases while
that of Mn4+ (1.5µB ) decreases. However, it is not necessarily the case and M (T ) decreases gradually with the
increase in the density of oxygen vacancies for the reason
which follows. The spontaneous magnetization is determined by the number of spin-aligned Mn4+ and Mn3+
ions in the region where holes are itinerant. In regions
near oxygen vacancies, holes are absent because an oxygen vacancy interrupts the hole transport and further it
plays effectively a role of +2e charge, all of which reduce
the double exchange interaction. Therefore, the increase
in the hole-absent area due to oxygen vacancies causes
rather a gradual decrease in M (T ), which is reflected on
the present result.
As for ρ at low T , we should take into account the inhomogeneous distribution of oxygen vacancies as mentioned

above. Because of this inhomogeneity, electrical current
flows predominantly in the highly conductive regions,
where oxygen vacancies are scarce. Therefore, no large
increase in ρ obtains as long as the oxygen vacancy
concentration is limited.
Finally, it is also worthy of mentioning that in order to
relax the whole lattice strain and to remove the oxygen
vacancies almost completely, it is necessary to introduce
crystal defects like edge dislocation arrays or even microcracks. Another means is to introduce a buffer layer, which
functions to relieve effectively the tensile strain as in the
case of the high-Tc superconductor YBa2 Cu3 O7−δ [31],
or to use a substrate material with a much less lattice
mismatch like NdGaO3 or LaSrAlO4 [32] with the aid of
artificial radical oxygen source.

5 Conclusions
We have grown LSMO epitaxial thin films of single-crystal
quality with very smooth surfaces on STO (100) substrates despite the lattice mismatch of 0.8%. The films,
180 nm thick, thus grown have the resistivity and the
spontaneous magnetization nearly equal to those of bulk
single crystals after annealing under 105 Pa O2 , while TC
is no higher than 270 K, falling far below the bulk value.
These apparently unusual results are consistently interpreted in terms of the sustained coherent epitaxy in the
presence of a limited amount of oxygen vacancies, which
relaxes the film in-plane compressive stress while functions
to significantly reduce TC .
The authors would like to express their gratitude to Prof. S.
Nishino at Kyoto Institute of Technology for the RHEED measurements. This work was supported in part by the Mitsubishi
foundation.
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