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ABSTRACT: Hole-doping into the Mott insulator LaMnOj results in a
very rich magneto-electric phase diagram, including colossal magneto-
resistance and different types of charge and orbital ordering. On the
other hand, LaMnOj; presents an important catalytic activity for oxygen
reduction, which is fundamental for increasing the efficiency of solid-
oxide fuel cells and other energy-conversion devices. In this work, we
report the chemical solution (water-based) synthesis of high-quality
epitaxial thin films of LaMnO;, free of defects at square-centimeter
scales, and compatible with standard microfabrication techniques. The
films show a robust ferromagnetic moment and large magnetoresistance
at room temperature. Through a comparison with films grown by pulsed
laser deposition, we show that the quasi-equilibrium growth conditions
characteristic of this chemical process can be exploited to tune new
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functionalities of the material.
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B INTRODUCTION

Chemical methods for thin-film deposition are an affordable
and versatile alternative to physical deposition techniques
(pulsed laser deposition, sputtering, molecular beam epitaxy,
etc.).'~* In particular, deposition from a solution is preferred to
avoid the use of high-vacuum chambers, and, a priori, is suitable
for coatings over large areas and complex-shaped objects.

Among the chemical methods based on a liquid precursor,
spray deposition and sol—gel are the most widely used.* The
first one involves the generation and deposition on a heated
substrate of aerosols from the liquid bath. On the other hand,
the sol—gel process requires the hydrolysis of organometallic
salts to form a colloidal sol, condensation into a gel, and a
subsequent thermal annealing to crystallize the inorganic film.
An important advantage of this technique is that it is suitable
for film deposition by spin and dip coating.’

However, in spite of the obvious advantages, chemical
methods show some serious drawbacks when compared to
physical deposition techniques: (1) poorer control of the
thickness and stoichiometry, (2) larger interface and surface
roughness; and resulting from these two, (3) difficult
fabrication of homogeneous films and multilayers over large
areas. Consequently, these problems limited the applicability of
chemical deposition methods for the study of the subtle
phenomena that occur at clean interfaces with a broken
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symmetry (spin, orbital, etc.), or their use in highly demanding
applications (tunnel junctions, etc.).”

In an important step forward in this direction, some of us
recently demonstrated the possibility of fabricating hetero-
epitaxial bilayers and functional tunnel junctions by a polymer
assisted chemical deposition method (PAD).*® This chemical
method, originally introduced by Jia et al,"
applied to grow complex oxide films,"' ™"

was successfully
nitrides,"*'> and
carbides.'®

In this study, we address the PAD synthesis of high quality
epitaxial thin films of LaMnQOj, over large areas. This oxide is a
Mott insulator which gives rise to a very rich electronic and
magnetic phase diagram after hole doping, being the parent
7 On the other hand,
it has been recently identified as one of the most suitable
catalysts for electrochemical oxygen reduction reactions'® and
for the oxidative removal of toluene.'® Therefore, it will be very
important the development of affordable techniques for
deposition of LaMnOj thin films, with a large surface/volume

- a1
phase to colossal magnetoresistive oxides.

ratio, and free of defects over large areas.
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Here, we address for the first time all the relevant chemical
aspects of the PAD process, to achieve homogeneous
depositions of LaMnO; (below 20 nm thick) at cm?® scales,
compatible with standard microfabrication techniques, and very
reproducible. We demonstrate that the quasi-equilibrium
growth regime characteristic of this chemical method can be
exploited, in conjunction with epitaxial strain, to tune the
functionality of the material. Particularly, we show that a robust
ferromagnetism and magnetoresistance can be induced at room
temperature in thin films of LaMnOj synthesized by PAD.

B EXPERIMENTAL SECTION

For the deposition of LaMnO; (LMO) thin films, individual solutions
of La and Mn nitrates were dissolved in water with ethyl-
enediaminetetraacetic acid (EDTA, 1:1 molar ratio), and polyethyle-
nimine (PEI, 1:1 mass ratio to EDTA). The electrostatic interaction of
the protonated amino groups of PEI with the [EDTA-Metal]"”
complex is crucial for a successful deposition of an homogeneous
film. PEI is a polymer in which primary, secondary, and tertiary amines
with different pK,, are present in different amounts depending on the
degree of branching. Therefore, the pH, the degree of branching,
molecular weight, and size distribution of polymeric molecules will
play a very important role in this process. To make this a fully
reproducible and scalable method, we performed a detailed character-
ization of the polymer and determined the influence of these
parameters in the quality of the films. The degree of branching and
molecular weight distribution of different commercial PEI was
determined by '*C, '"H NMR and size exclusion chromatography.
The thermal decomposition of the polymer was followed by
thermogravimetric and IR analysis. A complete description of these
analyses is given in the Supporting Information.

Very importantly, we have identified small polymeric fractions (= S
kDalton) of highly branched structures, which present very different
physical and chemical properties (particularly a much smaller
solubility) to larger and less branched PEI molecules. These are
present in all commercial PEI, due to the synthetic method used to
prepare these polymers, and therefore it is imperative to remove them
before spin-coating deposition, in order to avoid the formation of
defects in the final film. Therefore, the solutions were purified by
ultrafiltration using 10 kDalton filters, as detailed in the Supporting
Information

Once purified, the individual solutions were mixed according to the
desired final stoichiometry, and concentrated to & 120 mM. The total
cationic concentration of the solution determines the final thickness of
the film, in a range from ~ 4 nm (60 mM) to ~ 30 nm (200 mM).
The solutions were spin-coated on (001) SrTiO; (STO) substrates
and annealed at 950 °C for 1h, in air.

B RESULTS AND DISCUSSION

X-ray 20—® scans of the LMO films present only the (hhO0)
peaks in an extended range, confirming that all samples
prepared in this work grow perfectly oriented with respect to
the substrate (Figure 1). High-resolution reciprocal space
mapping (RSM, Figure 1) and ¢)-scans (Supporting Informa-
tion, Figure S12) confirm a perfect epitaxial matching.
Epitaxial growth was further investigated by high-resolution
TEM in cross section lamellae prepared from the films. The
results are shown in Figure 2a) for a thin film of LMO (18 nm
thick) on STO. The films grow along the [110] direction,
parallel to the [001] direction of the STO substrate, with a very
smooth interface between the film and the substrate. This
quality was observed for all the lamellae prepared, with an
excellent homogeneity of the film over the whole substrate.
The comparison with a sample grown by pulsed laser
deposition (PLD, Figure 2b), with the same nominal
composition, shows that a similar crystalline quality and
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Figure 1. (a) X-ray 26— and (b) reciprocal space maps of LaMnO,
thin films (~ 18 nm) deposited on (001) STO by PAD. The
orthorhombic (220) peak in the LMO film is equivalent to the (002)
in the LMO pseudocubic setting. (c) X-ray 26— and (d) reciprocal
space maps for identical films of LaMnO; deposited by PAD in
GdScO; (110). In this case, the orthorhombic (332) peak is the
equivalent to the pseudocubic (103) in the (110) orientation.

Figure 2. High-resolution cross-sectional TEM image of a LaMnO,
film deposited on SrTiO; (001) by (a) PAD and (b) PLD. The growth
direction is determined from the Fourier transform on each layer
(middle panels).

interface roughness can be achieved by both methods. This is
surprising, given their very different growth modes: the
stoichiometric transfer of material from a target during PLD
is characteristic of the nonequilibrium nature of the ablation
process, and kinetic aspects are crucial during nucleation and
growth of the crystalline film.*® On the other hand, PAD
implies a growth mode close to thermal equilibrium, and the
material might find different ways of relaxing the stress imposed
by epitaxial matching to the substrate. Therefore, important
differences in the chemical and physical properties of a priori
equivalent materials may be found depending on the growth
technique.

LaMnO; is particularly suitable to study this possibility, as its
structural and magnetoelectric properties are very sensitive to
minute deformations of the lattice or chemical composition.
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Figure 3. (a) Temperature dependence of the resistivity for a LMO film (= 18 nm) deposited on (001) STO by PAD. The resistivity for an identical
film deposited in orthorhombic (110) GdScO; by PAD and for a film of LMO deposited in STO by PLD, are also shown. (b) Magnetoresistance at
310 K for the PAD film on STO shown in panel a. (c) Temperature and (d) field dependence of the magnetization for this film. The solid circles

(®) in panel c show the result after a postannealing in O,.
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Figure 4. (a) Photograph of an 18 nm thick film of LaMnO,, deposited by PAD on 1 in. diameter SrTiO; (001). (b) Photograph of the same film
after patterning 324 Hall bars by photolithography and lift-off. (c) SEM image of a lithographed Hall bar. The dimensions of the channels are 100 X
500 um. Distributions of (d) ¢ axis lattice parameter and (e) electrical resistivity.

Bulk LMO is orthorhombic (Pnma, a < b < c), with a
cooperative Jahn—Teller (JT) distortion that sets below Ty ~
600 °C. This stabilizes the d,* orbital in the ab plane (c/a <
\/ 2, O’-Pnma), introducing a FM (AF) interaction in-plane
(out-of-plane) which is the origin of the A-type AF structure in
this compound.”’ The degree of orthorhombicity decreases
very fast as Mn*" replaces the JT active Mn*" in LMO (through
partial replacement of La*" by Ca’, as in La,_,Ca,MnO;, for
example)*” and the cell becomes pseudotetragonal for x >
0.25%* (Figure S17 in the Supporting Information). Therefore,
epitaxial growth of LMO on top of cubic STO introduces a
strongly anisotropic compression in the ab plane. This is very
expensive from an energetic point of view, as the tetragonal
symmetry imposed by the substrate is incompatible with the in-
plane ordering of d,* orbitals. Therefore, a tendency to nucleate
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the nonstoichiometric La;  MnOj; phase is expected to relax
this stress if the film is grown in thermal equilibrium.

Indeed, EDX analysis show that the films deposited by PAD
on (001) STO present a final composition La,MnO3, with x &
0.92, with spontaneous segregation of La,0; (Figures S$13 and

~
~

S14, Supporting Information). An amount of La vacancies
24% of Mn*" (holes) into the
lattice and, hence, to destroy the cooperative static JT

~
~

8% is enough to introduce
distortion. This severely reduces the orthorhombic distortion
with respect to stoichiometric LMO, allowing an epitaxial
growth without paying such a huge elastic energy penalty.
These films are metallic and ferromagnetic at low temperatures,
with magnetotransport properties similar to Ca-doped system
but with a much higher Curie temperature and a metal insulator
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transition temperature Ty; ~ 350 K, resulting in a large
magnetoresistive effect at room temperature (Figure 3).

The value of Ty in La-deficient samples is particularly large,
similar to that found in La,/3Sr;;;MnO3, and much larger than
in the stoichiometric Ca-doped systems.'”** This fact
resembles the effect of a lower disorder at the A-site of the
per(z);fksite, with respect to the equivalent sample with &~ 24%
Ca.

The effect of oxygen nonstoichiometry was studied by
annealing the samples in flowing oxygen at 400 °C for 1 h. The
effect over the Curie temperature and magnetic moment is very
small (Figure 3c). Also, Mn vacancies should decrease the
magnetic transition temperature.”® Therefore, in this case the
presence of oxygen and Mn vacancies do not seem relevant to
explain the results.

We have also deposited thin films of LMO by PAD on
GdScO; (110) substrates. These substrates are orthorhombic
with pseudocubic in-plane lattice parameter a = 3.973 A. Then,
the effect of epitaxial stress induced in a layer of LMO should
be negligible (Figure lc,d). As expected from the previous
discussion, we observed that in this case the films are
stoichiometric, with transport properties similar to these
prepared by PLD (Figure 3).

Note that PLD implies high-temperature deposition
(typically around 850 °C), significantly larger than Tjy.
Therefore, epitaxial growth of the stoichiometric phase will
not be hampered by the lattice distortion imposed by the JT
orbital ordering, and the samples are under compressive stress
at room temperature and show semiconducting behavior
(Figure 3) and Ty = 150 K, similar to the bulk (Supporting
Information).

These results show that chemical methods could be exploited
to access compositions and properties of the phase diagram of a
given system difficult to reach by physical deposition methods.
Therefore, both approaches are complementary for the
synthesis of materials with new or improved functionalities.

Finally, to demonstrate the scalability of the method, we
deposited a continuous, 18 nm thick conducting layer of LMO
on a 1 in. substrate of (001) STO (Figure 4). Random X-ray
diffraction experiments in 44 different areas (spot size, 150
um?) reveal a very narrow distribution of lattice parameters, ¢ =
3.871(2) A, which demonstrate an extremely good crystalline
homogeneity (Figure 4d). The lack of defects in this film was
further corroborated by optical measurements (ellipsometry) in
35 different points uniformly distributed around the layer, also
showing an exceptional homogeneity of the film over the whole
area (Figure 5).

To demonstrate the electrical homogeneity, 324 Hall bars
were fabricated on the 1 in. diameter wafer by conventional
photolithography and consequent Ar* ion etching (Figure 4). A
second photolithography process was done to define six
contacts to each of the Hall bars, followed by sputtering of
50 nm of palladium (Pd) and lift-off in acetone. The results
show that the room-temperature conductivity of all of them is
in a very narrow range, p = 7.48(6) mQ cm (Figure 4e).

This degree of homogeneity over such a large area is
extremely difficult (if possible) to achieve with conventional
PLD or MBE deposition. The results are an important step
forward for the fabrication of homogeneous films of this
technologically important material by an affordable and
environmentally friendly method.
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Figure S. Ellipsometry measurements taken at 35 different points
distributed in a square matrix uniformly covering the whole wafer. The
measurements show little dispersion on composition and thickness,
confirming the excellent homogeneity of the optical properties of the
film.

B CONCLUSIONS

We have demonstrated that, after a careful optimization of the
relevant parameters, epitaxial thin films of multication oxides
can be deposited with an exceptional morphological, structural,
chemical, and electronic homogeneity over large areas and
compatibility with the requirements of standard micro-
fabrication techniques. Moreover, the growth regime of this
chemical method can be exploited to add further functionalities
to the deposited material because it is complementary to
physical deposition techniques.
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Details of the preparation of the solutions, complete character-
ization of the polymers, and structural and transport data of the
films. This material is available free of charge via the Internet at
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