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The magnetoelectric transport behavior with respect to the thicknesses of ultrathin Lag ¢Stg ;MnOs3
films is investigated in detail. The metal-insulator phase transition, which has never been observed
in bulk Lag¢SrgMnOs, is found in ultrathin films with thicknesses larger than 6 unit cells.
Low-temperature resistivity minima appeared in films with thicknesses less than 10 unit cells. This
is attributed to the presence of quantum interference effects. These data suggest that the influence
of the weak localization becomes much pronounced as the film thickness decreases from 16 to 8
unit cells. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4873337]

Advances in the investigation of complex oxide hetero-
structures and interfaces have been promoted by continuously
improving growth and detection techniques.'™ The disconti-
nuity of the crystal structures and electric field at the interface
of complex oxides bring about interesting theoretical issues
and experimental phenomena, such as the emergence of a
high-mobility two-dimensional electron gas at the interface of
two insulators® and the appearance of ferromagnetism at the
interface of two non-ferromagnetic materials.® Possessing the
properties of magnetism, colossal magnetoresistance (CMR),
and half-metallicity,”® doped manganite is more interesting
when it is in two dimensional form. For the application of
doped manganite, one key aspect is the magnetotransport
behavior that influences their performance in magnetic tunnel-
ing junctions based on manganite films.” In particular, the
presence of magnetic and electric dead layers has attracted
much attention though their physical origin is still
unknown.'®'? In this work, we investigated the structure and
magnetotransport behavior with respect to the thicknesses of
ultrathin Lag ¢Stp ;MnO5; (LSMO) films. Metal-insulator phase
transitions, which have never been observed in bulk LSMO,
were found in ultrathin films of thickness larger than 6 unit
cells (uc). Low-temperature resistivity minima appeared in the
films with thicknesses less than 10 uc. This is attributed to the
stronger effect of the quantum interference in ultrathin films.
Through analyzing these data, we can further understand the
transport properties in the framework of the interface effects
and the restrained out-of-plane dimension in ultrathin manga-
nite films.

The growth of LagoSrg;MnOj epitaxial films on
single-crystalline SrTiO5; (001) (STO) substrates were car-
ried out by a laser molecular beam epitaxy (LMBE) system
with an in situ reflective high energy electron diffraction
monitor. Detailed growth conditions and structure analysis
have been reported in our previous work.'> The as-grown
films were annealed in oxygen atmosphere at 900 °C for 4 h
to complement oxygen vacancies formed during deposition.
The crystal structures of the as-grown and annealed films
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were identified by high-resolution Synchrotron X-ray dif-
fractometry using the BL14B1 beam line of Shanghai
Synchrotron Radiation Facility (SSRF). As shown in Fig. 1,
the results from the synchrotron-based X-ray diffraction
(SXRD) show that the c-axis lattice constant of the as-grown
films decreases from 4.003 to 3.928 A, while the c-axis lat-
tice constant of the annealed films decreases from 3.859 to
3.833 A when the film thickness decreases from 200 to 10
uc. The concentration of oxygen vacancies and their crucial
influence on the structural and magnetic properties of the
LSMO films have been thoroughly discussed previously.'?
Figure 2 shows the high-angle annular-dark-field
(HAADF) and annular-bright-field (ABF) micrographs of the
as-grown and annealed LSMO films using an ARM-200F
(JEOL, Tokyo, Japan) scanning transmission electron micro-
scope (STEM) operated at 200 kV with a CEOS Cs corrector
(CEOS GmbH, Heidelberg, Germany) to cope with the
probe-forming objective spherical aberration. The attainable
resolution in ABF images is better than 80 pm. This resolves
individual oxygen atomic column with an illumination semi-
angle of 25 mrad and the corresponding collection angle of
12-25 mrad. Since the HAADF contrast is proportional to
1.7th power of the atomic number; the different contrast of
La and Sr provides exact chemical information and location
of the interface. Moreover, the contrast of ABF micrograph
is proportional to Z'? and is extremely sensitive to light
atoms, so oxygen vacancies can be detected at atomic
scale,w_15 which is very difficult to achieve by other meth-
ods. Good epitaxy and sharp interfaces of both the as-grown
and annealed LSMO films can be readily seen from the cor-
responding line profile. The abrupt contrast at the interface
reveals undetectable intermixing in these samples. The varia-
tion of c-axis lattice constants of both the as-grown and
annealed LSMO films is also confirmed by STEM images.
The lattice constant of the annealed film is much smaller
than that of the as-grown film. Since it was revealed that
c-axis lattice constant varied with the variation of oxygen
content in manganite films,'®'” the annealing treatment we
performed can greatly reduce oxygen vacancies in the
as-grown films, leading to a contraction of the lattice of
LSMO films. The c-axis lattice constants of the as-grown

© 2014 AIP Publishing LLC
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FIG. 1. SXRD patterns of the as-grown (a) and annealed (b) LSMO films with thicknesses of 200, 100, 50, 16, and 10 uc. The red arrows in (a) point at the
(002) diffraction peaks of the LSMO films. The red curves in (a) are Gaussian fitting curves of the (002) diffraction peaks of the LSMO films with thicknesses
of 16 and 10 uc. Thickness-dependent c-axis lattice constants of the as-grown (c) and annealed (d) LSMO films are deduced from the SXRD data.

and annealed LSMO films both decrease when the film thick-
ness drops from 200 uc to 10 uc. This is unlikely the conse-
quence of the epitaxial strain from STO substrates, because
the lattice constant of the as-grown film is larger than that of
STO substrates while the lattice constant of the annealed
film is smaller than that of STO substrates. In our previous
study,”? ABF images show that oxygen vacancies existing
around surfaces are much more than those close to interfa-
ces. We have attributed this distribution of oxygen vacancies

FIG. 2. (a) HAADF and (c) ABF micrographs of the as-grown LSMO film
with thickness of 16 uc taken by an aberration-corrected STEM. The differ-
ent contrast of La and Sr provides exact chemical information and location
of the interface indicated by the white and red arrows. (b) HAADF and (d)
ABF micrographs of the annealed LSMO film with thickness of 16 uc.

to the extraction of oxygen from STO substrates around the
interfaces. Oxygen vacancies in thinner films are more likely
to be filled up since they are closer to the interfaces and sub-
strates. Therefore, the decrease of c-axis lattice constant with
decreasing thickness should be attributed to less oxygen
vacancies in thinner LSMO films.

The in-plane lattice constants can also be extracted from
STEM images of the as-grown and annealed LSMO films.
From the comparison of the STEM images of the films with
thickness of 16 uc, the in-plane lattice constant of the as-
grown film varies from 4.08 A to 3.91 A from near the sur-
face to around the interface, while that of the annealed film
remains 3.91 A with undetectable variation. These results
indicate that the decrease of oxygen vacancies caused by
annealing can reduce both the out-of-plane and in-plane lat-
tice constants, and the entire lattice consequently. Moreover,
the variation of the in-plane lattice constant of the as-grown
film can be well explained by the distribution of oxygen
vacancies revealed by our previous work.'> Therefore, the
almost invariant in-plane lattice constant of the annealed
film demonstrates that oxygen vacancies near the surface
was filled up to a great extent by annealing. Unlike the out-
of-plane lattice constant, the in-plane lattice constant shows
little change as the film thickness varies, which means the
influence of epitaxial strain on the in-plane lattice constant is
much smaller than that of oxygen vacancies.

Electrical measurements of the annealed LSMO films
with thicknesses varying from 16 to 6 uc were carried out by
a physical property measurement system (PPMS) (Quantum
design). In Fig. 3(a), it is clearly seen that our annealed ultra-
thin films exhibit metallic conduction below the metal-
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FIG. 3. (a) Temperature-dependent resistivity of the annealed films with
thicknesses varying from 16 to 6 uc. (b) Thickness-dependent resistivity at
10K of the annealed films. (c) Temperature-dependent resistivity of the
annealed films with thicknesses varying from 10 to 8 uc under low tempera-
ture. The arrow indicates variation of the resistivity minimum.

insulator transition (MIT) temperatures, which is quite dif-
ferent from the insulating conduction of bulk LSMO with a
Sr doping level of 0.1 mole ratio.'® The MIT temperature of
the annealed LSMO films decreases while the resistivity
increases rapidly when the film thickness decreases from 16
to 8 uc (Fig. 3(b)). In accordance with the variation of mag-
netic Curie temperature of the annealed LSMO films in Ref.
13, the transition temperature from ferromagnetic metallic to
paramagnetic insulating phases can reach as high as 320K,
showing great potential in room-temperature application.
The variation of the MIT temperature is due to the increasing
influence of the interface with decreasing film thickness on
the compressive epitaxial strain of the films lattice by the
substrate.'” The metallic phase and a MIT are present in
films with thickness as low as 8 uc, but the resistivity of the
ultrathin film with the thickness of 6 uc increases dramati-
cally beyond the detection limit of PPMS when the tempera-
ture drops down to 200K, corresponding to the fact that no
detectable sign of the ferromagnetic metallic phase is present
at this thickness."?
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FIG. 4. (a) Temperature-dependent magnetoresistance under a magnetic
field of 10 kOe of the annealed films with thicknesses varying from 16 to 8
uc. (b) Temperature-dependent magnetoresistance under a magnetic field of
50 kOe of the annealed films with thicknesses varying from 16 to 8 uc. (c)
Maximum of magnetoresistance of the annealed films with thicknesses vary-
ing from 16 to 8 uc.

Furthermore, for LSMO films with thicknesses less
than 10 uc, the resistivities reach unusual minima below
50K (Fig. 3(c)). The existence of low-temperature resistiv-
ity minima in manganites has been observed by several
groups, which was interpreted in terms of the quantum in-
terference effect (QIE).?°2> The QIE has two different
sources: (1) electron-electron (e-¢) interactions and (2)
weak localization.”® It was pointed out that these two sour-
ces may both act in high-quality manganites: for thick films
and bulk material that behave like three-dimensional elec-
tron systems, the e-e interactions are more likely to domi-
nate; for thin films that behave like two-dimensional
electron systems, the weak localization is more likely to
dominate.”” The temperature of the resistivity minimum
increases with decreasing thickness from 10 to 8 uc in Fig.
3(c), which means the QIE is more remarkable in thinner
LSMO films.

To clarify the two sources of the QIE in our films, mag-
netoresistance (MR) measurements with the magnetic field
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perpendicular to the film surfaces were taken. The MR is
defined as

Ry —Ry
S

MR ; ey

in which Ry is the resistivity under the magnetic field of H,
and R, is the zero-field resistivity. As shown in Fig. 4, the
absolute peak value of MR, under the magnetic field of 10
kOe and 50 kOe, respectively, becomes large when the film
thicknesses decrease from 16 to 8 uc. For the thinnest LSMO
films with the thickness of 8 uc, the low-temperature nega-
tive MR is quite remarkable compared to the thicker films.
Noticing that the low-temperature MR would be positive for
spin splitting and orbital effects if e-e interactions dominate,
it seems that the magnetic field suppression of weak localiza-
tion is responsible for the negative MR in our annealed
LSMO ultrathin films.??> Thus, as the film thickness of the
annealed LSMO films decreases from 16 to 8 uc, the influ-
ence of the weak localization becomes much pronounced.

In conclusion, we systematically studied the structural
and magnetotransport properties of LSMO ultrathin films
with thicknesses varying from 16 to 6 uc. Good epitaxy and
sharp interfaces are indicated by STEM. Along with the
ferromagnetic-paramagnetic phase transition, the metal-
insulator transition, which cannot be observed in bulk
LSMO, emerges in the annealed ultrathin films as the thick-
ness drops down to 8 uc (about 3.2nm). Furthermore, the
low-temperature resistivity minima appear in the LSMO
films with thicknesses less than 10 uc. This is attributed to
the stronger effect of the quantum interference in thinner
films. Our results indicate that the intriguing transport prop-
erties of the ultrathin LSMO films are strongly affected by
the restrained out-of-plane dimension, and that the influence
of the weak localization becomes much pronounced as the
film thickness of the annealed LSMO films decreases from
16 to 8 uc. This could be further exploited for devices based
on ultrathin films of perovskite-type oxides.
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