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We investigated the effects of oxygen vacancies on the structural, magnetic, and transport properties of La,_.Sr,MnO; (x=0.1, 0.2,
0.33, 0.4, and 0.5) grown around a critical point (without/with oxygen vacancies) under low oxygen pressure (10 Pa) and high
oxygen pressure (40 Pa). We found that all films exhibit ferromagnetic behavior below the magnetic critical temperature, and
that the films grown under low oxygen pressures have degraded magnetic properties with lower Curie temperatures and smaller
magnetic moments. These results show that in epitaxial La,_.Sr;,MnQO; thin films, the magnetic and transport properties are very
sensitive to doping concentration and oxygen vacancies. Phase diagrams of the films based on the doping concentration and oxygen

vacancies were plotted and discussed.
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1 Introduction

Hole-doped perovskite manganese oxides, Re.4:MnO;
(where Re=rare earth and A=alkaline earth), exhibit a fan-
tastically rich variety of intrinsically related structural,
magnetic, and transport properties. These can be controlled
in various ways: doping x, temperature, magnetic field, elec-
tric field, and photo excitation [1-9]. This variety arises from

*Corresponding authors (KuiJuan Jin, email: kjjin@iphy.ac.cn; HaiZhong Guo, email:
hguo@iphy.ac.cn)

© Science China Press and Springer-Verlag Berlin Heidelberg 2017

delicate interactions among electronic, magnetic, orbital, and
structural degrees of freedom to deliver exotic, coexisting
magnetic and electronic phases. Desirable tunable proper-
ties, such as colossal magnetoresistance and half-metallicity
of LaSr.MnO; (LSMO, a prototype of the family of
Re;.AMnOs) are promising for multifunctional devices
[10-12]. The parent compound LaMnOs is an antiferromag-
netic insulator, but La,.Sr,MnOs exhibits fascinating phase
diagrams that include a well-known ferromagnetic phase
that spans a robust range of electronic densities [2,13,14].
For many potential technological applications, such as mag-
netoresistive sensors and magnetic random-access memory,

phys.scichina.com link.springer.com
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high-quality thin films and heterostructures are highly desir-
able. In particular, thin films and heterostructures provide
the possibility of externally modifying their properties by
epitaxial strain, and thus potentially generating novel proper-
ties at the interfaces, opening a new perspective for a variety
of important experimental investigations [15-17].

In epitaxial manganite thin films, the epitaxial strain can
be induced by the film growth parameters, including lattice
mismatch, film thickness, oxygen content, and doping con-
centration. The phase diagram of LSMO shows that its elec-
trical and magnetic properties are strongly dependent on the
Mn nominal valence, which in turn is strongly correlated with
the doping concentration [2,13,14].

Additionally, oxygen vacancies, which are introduced in
perovskite oxide thin films and heterostructures during depo-
sition, play a crucial role in regulating the properties of ox-
ide films and heterostructures [18]. Two main aspects gov-
ern the effects of oxygen vacancies on the properties of oxide
films and heterostructures. On the one hand, oxygen vacan-
cies can regulate the properties of oxide films and heterostruc-
tures to bring out novel phenomena, properties, and various
possibilities for multifunctional device applications [19-22].
On the other hand, oxygen vacancies induce degraded ferro-
magnetism and transport properties in perovskite manganite
films and heterostructures [23-25]. It was reported that oxy-
gen vacancies and cation off-stoichiometry would be induced
in LSMO films with oxygen pressure below 26 Pa, resulting
in the degraded ferromagnetism and insulating states [26].

To address the effects of oxygen vacancies and doping con-
centration on material properties, La; .Sr,MnO; films with
different Sr doping concentrations (x=0.1, 0.2, 0.33, 0.4, and
0.5) were grown under low oxygen pressure (10 Pa, LP) and
high oxygen pressure (40 Pa, HP). We also fixed the other
film growth parameters of lattice mismatch, film thickness,
and substrate temperature to obtain further insight on the ef-
fects of the doping concentration and oxygen vacancies on the
lattice structure, magnetic, and transport properties of epitax-
ial LSMO thin films.

2 Experimental details

Epitaxial La;.Sry;MnOs; (x=0.1, 0.2, 0.33, 0.4, and 0.5)
thin films were grown on (001) SrTiOs (STO) single crys-
tal substrates by a laser molecular-beam epitaxial system
(Laser-MBE, Pascal) combined with a high-pressure re-
flected high-energy electron diffraction (RHEED) and a
laser diode substrate-heating unit at 800°C using an excimer
XeCl laser (1.5 J/cm?, 308 nm, 2 Hz). The two-dimensional
layer-by-layer growth mode was monitored by RHEED
oscillation. The crystalline quality and out-of-plane lattice
constant of the LSMO thin films were identified by high-res-
olution synchrotron X-ray diffractometry (SXRD) at the
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BL14B1 beam line of the Shanghai Synchrotron Radiation
Facility (SSRF), using a 1.24 A X-rays with a Huber 5021
six-axes diffractometry. The magnetic and transport prop-
erties measurements were performed with a commercial
physical properties measurement system (PPMS, Quantum
Design Inc.).

3 Results and discussion

The SXRD 6-26 scan curves of the La;_.Sr,MnOs thin films
grown under oxygen pressures of 10 Pa (red) and 40 Pa (blue)
with different Sr dopings are shown in Figures 1(a)-(e).
Only (00/) reflections from the films and the substrates are
ob-served. No diffraction peaks from secondary phase or
randomly oriented grains are observed, indicating that all the
LSMO thin films were epitaxially grown along the c-axis
orientation with a good single phase. The doping-dependent
c-axis lattice constants deduced from the SXRD patterns are
shown in Figure 1(f) where it can be seen that the c-axis
lattice constants decrease with increasing Sr doping con-
centration. It is also obvious in the inset of Figure 1 that
the (002) reflection angle of the LSMO films grown under
10 Pa is smaller than that grown under 40 Pa. This result
indicates that the out-of-plane lattice constants of the LSMO
films with same Sr doping concentration grown under lower
pressures are larger than those grown under higher oxygen
pressures. Since oxygen vacancies exist in the LSMO films
grown with oxygen pressure below 26 Pa [26], we would
ascribe this expansion of the lattice constants of the LSMO
grown under 10 Pa to the effect of oxygen vacancies.

To investigate the effects of Sr concentration and oxygen
vacancies on magnetic properties of LSMO thin films, we
measured the temperature dependence of the magnetization
of the La;_.Sr,MnOs thin films grown under LP and HP with
different Sr doping concentrations. The temperature depen-
dence of macroscopic magnetization M(7) were measured
with an applied magnetic field of 100 Oe (zero-field cool-
ing (ZFC) and field cooling (FC)), as shown in Figures 2(a)-
(e). Comparing the LSMO films grown under LP and HP
with the same doping concentrations, it can be seen that the
HP LSMO films display the typical M(T) curves and sharp
paramagnetic-to-ferromagnetic phase transitions. Whereas,
M(T) curves of the LP LSMO films differ from typical ferro-
magnetic behavior by exhibiting degraded magnetic proper-
ties such as a broad paramagnetic-to-ferromagnetic crossover
with relatively small magnetization values.

We also plotted the doping dependence of 7c, para-
magnetic-to-ferromagnetic phase transition temperature
(Figure 2(f)). Here, Tc is defined as the temperature at which
(dM/dT) reaches the extreme value. It can be clearly seen
from Figure 2(f) that 7¢ reaches maximum around x=0.33 in
the HP LSMO films, and the T¢ of the HP LSMO films is lar-
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Figure 1 (Color online) SXRD 6-260 scan curves of the La;_.Sr,MnO; thin films grown under oxygen pressures of 10 Pa (red) and 40 Pa (blue) with different
Sr doping concentrations: (a) x=0.1; (b) x=0.2; (c) x=0.33; (d) x=0.4; (¢) x=0.5. (f) The doping-dependent c-axis lattice constants deduced from the SXRD
patterns.
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Figure 2 (Color online) Magnetizations versus temperature with an applied magnetic field of 100 Oe (zero-field cooling (ZFC) and field cooling (FC)) for the
La;«Sr:MnOs thin films with different Sr dopings: (a) x=0.1; (b) x=0.2; (¢) x=0.33; (d) x=0.4; (¢) x=0.5. (f) The doping-dependent magnetization deduced from
magnetizations versus temperature.

ger than that of the LP LSMO films with same doping con- that 7c does so around x=1/3 [27]. Even so, all the LP and
centration. It is well known that the ferromagnetic double HP LSMO films are ferromagnetic below 7¢ (i.e., they exhibit
exchange (DE) reaches maximum around x=1/3 (x=0.33) and ferromagnetic hysteresis loops at low temperature). The hys-
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teresis loops at 10 K are shown in Figures 3(a) (LP LSMO
films) and (b) (HP LSMO films). The relationships of the
Sr concentration and the coercive field (Hc), and the satura-
tion magnetizations (Ms) deduced from Figures 3(a) and (b)
are respectively displayed in Figures 3(c) and (d). Compared
to the HP LSMO films, the hysteresis loops of the LP LSMO
films are degraded and sheared with larger coercive fields and
smaller saturation magnetizations. For example, Hc is about
95 Oe and Ms is about 3.54us/Mn for the HP LSMO film for
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which x=0.33, which approaches the bulk value (11/3us/Mn)
[2]. However, Hc is about 465 Oe and Ms is about 0.66us/Mn
for the LP LSMO film for which x=0.33.

The magneto transport properties as functions of tempera-
ture and magnetic field were measured by a standard four-
point probe method using PPMS. The temperature depen-
dence of the resistivity of the LSMO films at 0, 3, and 5 T
are presented in Figure 4. Here it can be seen that the resis-
tivity found for the LP LSMO films are higher than for the
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Figure 3 (Color online) The magnetic hysteresis loops M(H) measured between —1 and 1 T fields at 10 K for different Sr concentrations of the La; .Sr,MnO;
thin films grown under LP (a) and HP (b); (c) the doping-dependent coercive fields (Hc) deduced from the magnetic hysteresis loops; (d) the doping-dependent

saturation magnetizations (Ms) deduced from the magnetic hysteresis loops.
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HP ones with the same Sr concentration at same tempera-
ture, from five orders of magnitude when x=0.1-0.33 to al-
most same order of magnitude when x=0.4 and x=0.5. The
three LP LSMO films for which x=0.1-0.33 exhibit insulat-
ing behavior, whereas the HP LSMO films for which x=0.1
and x=0.2 show a transition from high-temperature insulator
to metal, accompanied by the paramagnetic-to-ferromagnetic
occurring around 7¢, and the HP LSMO film for which x=0.33
displays a metallic behavior throughout the entire measured
regime. Both the LP and HP films for which x=0.4 exhibit a
transition from high-temperature insulator to metal with re-
sistivity at almost the same order of magnitude, although the
temperature of the metal-to-insulator transition (7») in the HP
LSMO film is slightly higher than in the LP one.

However, at half doping (x=0.5), both the LP and HP
LSMO films exhibit complex transport behavior. The tem-
perature-dependent resistivity of the LP and HP LSMO films
for which x=0.5 can be divided into three distinct regimes:
insulator at high-temperature regime transferring into metal
(Tp); at intermediate-temperature regime accompanied by
the paramagnetic-to-ferromagnetic transfer occurring around
Tc; and the transferrence to an insulator at low-temperature
regime while exhibiting a well-defined resistivity minimum
at Tmin. The Tp and Tmin determined from the transport mea-
surements at /=0 T are 41 and 252 K for the LagsSrosMnOs
grown under LP, and 60 and 242 K for the LagsSrosMnOs;
grown under HP. One can also see from Figure 4 that 7p
increases with the increasing applied magnetic field whereas
Twin decreases with the increasing applied magnetic field.

These complex transport behaviors in LagsSrosMnO;
films have also been observed in other manganite thin films
[28-30]. Vaz et al. [28] attributed the phase transition around
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Tmin to resonant phonon coupling between the substrate and
the LSMO film, because the Tmin of the LSMO/STO film
is close to the cubic-to-tetragonal transition of the STO
substrate. However, they couldn’t explain the same transport
phenomena observed in the LSMO/LSAT substrates. Phase
separation in manganites at heavy doping level is believed to
be one of the mechanisms that induce this complex transport
behavior [31].

The resistivity of the LSMO films decreases by applied
magnetic fields, which is well known as colossal magnetore-
sistance (CMR). The temperature dependence of magnetore-
sistance (MR) of LSMO thin films with different doping Sr
concentrations are shown in Figure 5, where the MR ratio
is defined as 100%x[R(0)-R(H)])/R(H). It can be seen from
Figure 5 that the magnitude of the magnetoresistance varies
across the films. The peak positions of the MR are close to T¢
and 7p, and they shift toward higher temperatures in the HP
films than the LP films with fixed doping levels. These results
well coincide with those of the M(T) data, which suggests that
the double exchange mechanism and oxygen vacancies play
crucial roles in manganite thin films.

Thus far, we have described the relationships between dop-
ing levels and oxygen vacancies and the magnetic and trans-
port properties. Now we discuss how these two important
factors directly affect these properties. In our previous work,
we discussed oxygen effects on electronic and magnetic prop-
erties [32]. The oxygen vacancies induce a weakening of the
Mn-O-Mn hybridized bond and an increase in the concentra-
tion of Mn** ions; they also impair the double exchange be-
tween Mn®" and Mn**. In these ways they lead to the transition
from metal to insulator and the degraded magnetic properties
inthe LaysSrisMnOs films. The parent compound LaMnOs
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Figure 5 (Color online) Temperature dependence of the magnetoresistance of LSMO thin films with different Sr doping concentrations under LP (a)-(e) and

HP (a')-(¢'). The magnetoresistance ratio is defined as 100%x[R(0)-R(H)])/R(H).
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is known as a charge-transfer insulator and antiferromagnet.
The gap is between the oxygen p-like state and the unoccu-
pied d-like upper Hubbard band. Sr doping induces holes in
the oxygen sites. As Sr doping increases, more holes appear
in the oxygen sites; the gap decreases and finally disappears;
and then the La,_.Sr.MnOQO; system transfers from insulator to
metal. And at the same time, Sr doping induces the some
Mn?** ions transfer to Mn*" ions and establishes an Mn**-O*
-Mn*" exchange interaction. At this point, the La;.Sr,;MnO;
system becomes ferromagnetism.

4 Summary

In this paper, we investigated the effects of doping level and
oxygen vacancies on the magnetic and transport properties
of La;_.Sr,MnOs films (x=0.1, 0.2, 0.33, 0.4, and 0.5) grown
under low oxygen pressure and high oxygen pressure. The
structural, transport, and magnetic properties were tuned by
the doping concentration and oxygen vacancies, which indi-
cated that the double exchange mechanism and oxygen va-
cancies play crucial roles in manganite thin films. A phase
diagram of the manganese films based on the doping concen-
trations and oxygen vacancies was established.
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