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Ferromagnetic 1D oxide nanostructures grown from
chemical solutions in confined geometries

A. Carretero-Genevrier,*abc T. Puig,b X. Obradorsb and N. Mestres*b

This review summarizes the capabilities and recent developments of nanoporous polymeric template

systems directly supported on different substrates for the confined growth of epitaxial ferromagnetic

complex oxide 1D nanostructures. In particular, we describe the versatility and potentiality of chemical

solutions combined with track-etched polymers to synthesize (i) vertical polycrystalline La0.7Sr0.3MnO3

nanorods on top of single crystal perovskites, (ii) single crystalline manganese based octahedral

molecular sieve (OMS) nanowires on silicon substrates, and (iii) the epitaxial directional single crystal

OMS nanowires on top of fluorite-type substrates. The influence of the distinct growth parameters on

the nanostructural evolution of the resulting nanostructures and their magnetic properties is further

discussed in detail.

Key learning points
(1) Complex oxide nanostructure growth based on chemical solutions and track-etched polymer templates as nanoreactors.
(2) Confinement in high aspect ratio nanopores favors the nucleation of intermediate precursor phases.
(3) Different crystalline structures and morphologies are stabilized thanks to the epitaxial templating of different substrates.
(4) New polymorphs of known functional oxides under nanoscale confinement with enhanced magnetic properties.
(5) Crystalline structure and magnetic properties determined by complementary macroscopic and nanoscopic characterization techniques.

1 Introduction

Selective synthesis of integrated nanomaterials with controllable
morphology and composition represents an emerging research
area in nanoscience and nanotechnology because the intrinsic
properties of nanostructures are generally phase-, shape-, and
size-dependent.1–4 Additionally, confinement within nanometric
pores can significantly modify crystallization pathways and give
rise to new crystal polymorphs, particularly when the pore
dimensions and the critical size of an emergent nucleus are
similar. Under these circumstances, a delicate balance exists
among interface, surface and volume free energies and polymorph
stability selection may differ from the one in the bulk.5 Current
investigations in the field have demonstrated that confined

crystallization can be exploited to control polymorphism, for
instance in food and pharmaceuticals, and, importantly, to
modify the crystallization temperature of polymers.6–8 In the
particular case of production sectors such as food, pharmaceuticals,
agricultural chemicals, and fragrances, understanding and
controlling the occurrence of polymorphism within synthesis
processes become critical since specific activity is often determined
by a unique polymorph.

In the field of electronics, growing interest is devoted to
transition metal oxides, a class of electronic materials exhibiting a
wide range of electronic, magnetic and optical properties: i.e. high
temperature superconductivity, ferroelectricity, piezoelectricity,
ferromagnetism, multiferroicity, colossal magnetoresistance,
excellent catalytic properties and non-linear optical effects in
different morphologies.9–11 Specifically, research on manganese
oxides has been a hot topic among studies on transition metal
oxides since they exhibit a broad range of interesting physical
and chemical properties, which have large and potential appli-
cations in different areas including gas sensors, energy storage,
rechargeable lithium ion batteries, catalysis, molecular adsorption
and magnetism.12–17 Mixed valence manganese based perovskites
with a general formula R1�xAxMnO3 (where R is a trivalent rare
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earth cation and A is a divalent alkaline earth cation) have
attracted significant research attention owing to their unusual
electronic and magnetic properties. This class of perovskites is
rich in functional properties exhibiting numerous fundamentally
new phenomena like colossal magnetoresistance and charge and
orbital ordering.12 Further downsizing of these systems to a few
nanometers, allowing incorporating various finite size effects, will
yield several promising properties with great potential for device
applications. The subtle balance existing between electronic,
magnetic and lattice degrees of freedom in these materials can

be further unbalanced when working at the nanoscale, thus
providing new outstanding properties.18,19

Another important group of functional materials based on
manganese oxides have the general formula AxMnO2. These
derivative rutile-like structure materials, displaying porous
structures, open tunnels, and high surface areas, also have
Mn ions in the mixed-valence state which indeed determines
the final material properties. The building blocks of these
manganese oxides are MnO6 octahedra that share corners
and edges to form channel-like slabs that cross-link to
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ultimately build one-dimensional (1-D) tunnels. Interestingly,
these MnO2 derivative compounds have the capability to adapt
A-cations within the channel structure, therefore providing
charge balance and support to the tunnel framework. This
family of materials is also known as manganese oxide octahedral
molecular sieves (OMS).20 Recently, much effort has been devoted
to synthesize novel nanoscale manganese oxide OMS materials
in order to modify their physical and chemical properties, and
thus improve their performance as electrodes for batteries and
supercapacitors, and as redox catalysts.21–23

In the last few decades, 1D systems such as nanowires
(NWs), nanotubes, and nanorods have attracted great attention
due to their anisotropic optical, electrical, and magnetic properties,
which are of major importance for a variety of applications
(from sensing, to photonics, electronics and energy conversion
and storage). As a consequence, active research has focused on
the development of tailored strategies for the synthesis of 1D
materials.24–26 Although the epitaxial growth of semiconductor
NWs has been successfully accomplished through vapour–
liquid–solid (VLS) processes using metal catalysts,25,27 the
controlled synthesis of ternary and quaternary metal oxide
1D-nanostructures is notoriously more problematic due to the
difficulty in controlling the precursor reactions and final
homogeneous stoichiometry. Therefore, only limited success
has been achieved on few materials and to date the synthesis of
nanowires of multicomponent oxides has been a challenge.

The most commonly adopted techniques towards the synthesis
of 1D nanostructures of complex metal oxides are ‘bottom-up’
routes28 such as hydro/solvothermal synthesis,29,30 molten-salt
synthesis,31 solution based metal–organic decomposition,32,33

and electrospinning.34 In this context, the combination of
chemical solutions and template-inspired methodologies that were
pioneered by Martin in the early 1990s represents a convenient
and versatile method for generating 1D nanostructures.35

Originally, template assisted methods take advantage of templates
as physical scaffolds to shape the morphology of the desired
nanomaterials. Thus, synthesis of nanostructures based on
templates has been developed independently in different fields
of nanotechnology.36 For instance, electrodeposition onto nano-
porous templates is a very efficient method to grow metallic
nanowire field emitters37 and magnetic multilayer nanowires
with enhanced magnetoresistance.38 In this framework, porous
templates used so far include anodic aluminium oxide (AAO),
anodic titanium oxide (ATO), porous silicon (PS), and track-
etched (TE) polymers. One of the main drawbacks of using
template assisted methods for the synthesis of 1D nanostructures
relates to the ultimate template removal, which is a requirement
for many technological applications. However, polymer templates
display low decomposition temperatures, which enable their
easy elimination during growth processes when suitable thermal
conditions are chosen, as we will further discuss.

In this review, we present an overview of our work concerning
the growth of 1D manganese based oxide nanostructures
through the deposition of sol–gel precursor solutions combined
with a novel version of a track-etched polymer nanoporous
template that buffers the substrates. We will prove that polymer

template nanopores can be used not only as mere physical
spatial constraints, thus defining the shape and size of nano-
structures, but also as nanoreactors in which confined nuclea-
tion favours the stabilization of particular metastable seed
nanostructures. Further epitaxial stabilization of new vertical
polymorphs with enhanced ferromagnetic properties can then
be achieved by using different substrates, therefore supporting
the validity and generality of our methodology. We present the
studies conducted on specific ferromagnetic oxides as model
systems, even though this methodology can be further applied
to other different oxide materials. Indeed, the possibility of
generating vertical 1D nanostructures by taking advantage of
the good epitaxial relationship of similar crystallographic struc-
tures during the growth process makes it possible to extend this
procedure to other vertical functional oxide nanostructures.

In particular, using silicon substrates in the presence of alkaline
earth cations in the precursor solution is key to promote SiO2

devitrification into a-quartz during thermal annealing at relatively
low temperatures.39 The generated a-quartz nanocrystals act as
templates for the epitaxial growth of single crystalline oxide
nanowires of different compositions and structures, and more
importantly allow the direct integration on silicon substrates.40

Thus, our methodology exhibits great potential and offers new
routes to design novel mixed valence oxide compounds by chemical
routes with unique optical, electric, or magnetic properties.

2. Track-etched polymer template based
methodology

In this review we take advantage of combining chemical
solution deposition and the use of nanoporous polymer templates
to provide a general methodology capable of producing broad,
versatile complex oxide nanostructured systems. Fig. 1 schematically
displays an overview of the confined growth process of different
kinds of manganese oxide based nanostructures. Common to all
systems, the first step is based on the use of track etched polymer
templates prepared by irradiation of polyimide (PI) or polycarbonate
(PC) through heavy ions and posterior chemical development as
described elsewhere.41 Then, precursor solutions, which can be
tuned according to the different compositions, are used to fill the
polymer template nanopores using capillary force. Moreover, the
choice of the precursor solution was made by taking into account
several issues including the optimal control of the stoichiometry,
the solubility, availability and purity of materials. Thus, metallic
nitrates, which are completely soluble in water and possess long-
term stability, are the precursors of choice in most cases for the
preparation of different chemical solutions as described else-
where.40,41 In addition, we found that the capability of the precursor
solution to infiltrate into the template’s nanopores depends on the
rheological parameters such as viscosity or pH. These parameters
are fundamental to the synthesis of complex oxide nanostructures
assisted by nanoporous templates. Thus ethylene glycol (EG) heated
above 100 1C can be used to promote polymerization of EG in order
to reach the optimum viscosity and pH value of the precursor
solution required for filling the template’s pores. Moreover it is
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possible to include ethanol in the initial precursor solution
with the objective to enhance the template filling and further
optimal evaporation of the solvent.

Different thermal treatments under an oxygen rich atmo-
sphere are further applied in a tubular oven for the ultimate
phase formation and crystallization. The thickness of templates
can be tuned between 1 mm and 8 mm. Note that for the thicker
templates (>5 mm), the mechanical stability of polymer foils
allows their direct deposition on top of the substrate surface
and the subsequent filling of nanopores with the precursor
solution. In the case of thinner templates, PC and PI thin films
(1–2 mm), these can be obtained by spin coating followed by ion
irradiation and chemical development. However, the versatility
of the process allows obtaining vertical 1D nanostructures
irrespective of the polymer thickness. Therefore, here we provide
examples of crystalline OMS NWs on silicon substrates,42,43

obtained from thicker templates, and OMS NWs grown on top
of yttria stabilized zirconia (YSZ) substrates44 and polycrystalline
perovskite La0.7Sr0.3MnO3 (LSMO) nanorods grown on perovskite
SrTiO3 (STO) and LaAlO3 (LAO) substrates,45 obtained from
thinner polymer films.

3. Influence of the substrate on polymorph
stabilization

Once the polymer template is decomposed during thermal
treatment, the atomic structure of the substrate will act as a
second template for epitaxial growth. Thus, in this section we
will discuss the fundamental role of the substrate as a determinant
of the geometry and orientation of the grown nanostructured

oxides. In addition, surface quality of substrates is also a crucial
requirement for the deposition of the polymer template. There-
fore, good adhesion and wettability of the polymer template are
required in order to minimize the infiltration of the precursor
solution during the nanopore filling process.

3.1 Vertical polycrystalline LSMO nanorods on STO and
LAO substrates

Vertical polycrystalline LSMO nanorods are synthesized using
PC and PI nanoporous templates assisted by chemical solution
deposition on STO and LAO substrates.45 Here, we take advantage
of the similar perovskite structures of LSMO nanorods and
substrates to maintain the verticality of synthesized nanorods at
high temperatures. The difference in the lattice parameters
between LSMO and the substrates is minimal, yielding a nominal
tensile lattice mismatch of e B 0.9% for STO and a larger but
compressive magnitude of e B �2% for LAO substrates. Conse-
quently, filling the nanoporous track-etched polymer (B1 mm
thick) supported on STO and LAO substrates with the precursor
solution and performing a thermal treatment at 800 1C will result
in a final nanostructured perovskite substrate with vertical
nanorods of 1 mm high as summarized in Fig. 2.

Fig. 2 displays schematics of the different stages during the
formation process of La0.7Sr0.3MnO3 vertical nanorods on STO
or LAO substrates. First, nanopores are filled by capillary force
using a sol–gel based polymer precursor of LSMO (step (1) in
Fig. 2). Then, at a temperature between 500 1C and 600 1C the
polymer template is eliminated (see the corresponding thermo-
gravimetric analysis plots for PC and PI in the inset), giving
rise to vertically oriented amorphous nanorods according to
the composition of the precursor oxides (step (2) in Fig. 2).

Fig. 1 Schematics of the general methodology applied for growing 1D manganese based oxide nanostructures through the deposition of sol–gel precursor solutions
combined with a novel version of nanoporous track-etched polymer templates that buffer the substrates. (1) Nanostructuration of 1D perovskite oxide nanorods on
top of single crystal perovskite substrates. (2) Direct integration of single crystalline manganese based OMS nanowires with tunable composition and micro-porous size
on silicon substrates. (3) Self-assembly of epitaxial directional single crystal OMS nanowires on top of fluorite-type substrates.
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At temperatures above 700 1C, confined crystallization takes
place and vertically oriented polycrystalline LSMO nanorods
are further stabilized by the perovskite STO or LAO substrate
(step (3) in Fig. 2).

As observed in Fig. 3, LSMO nanorods stand right in the
positions that were previously occupied by the track-etched
polymer nanopores, thus imposing their original shape and
dimensions. Therefore, the polymer template acts in this case
as a scaffold for the nucleation and growth of the nanorods,
although it is further eliminated at temperatures above 600 1C.
Vertical nanorods can then be grown in a range of temperatures
between 700 and 800 1C under an oxygen atmosphere for
1–5 hours, depending on the pore diameter. X-ray diffraction
analysis (see Fig. 3b) shows that nanorods are polycrystalline
and thus can be indexed according to the standard rhombo-
hedral structure and space group R%3c of LSMO perovskite. The
average grain size estimated using a Debye Scherrer analysis is
65 nm. Additionally, LSMO nanorod grain size observed in field
emission scanning electron microscopy (FESEM) images
(Fig. 3c) confirms the Debye Scherrer analysis.

LSMO nanorods are ferromagnetic with Curie temperature
(Tc) values around B360 K, i.e. close to reported bulk LSMO

Fig. 2 Schematics of the different stages during the formation process of
La0.7Sr0.3MnO3 vertical nanorods on STO or LAO substrates. (1) Track-etched
nanoporous polymer template supported on an LAO or STO substrate filled with
the La0.7Sr0.3MnO3 precursor solution. (2) At mild temperatures (500–600 1C) the
polymer template decomposes as indicated by thermogravimetric analysis. Thus,
the surface was fully covered with vertical amorphous nanorods that retained the
position of initial pores. (3) At high temperatures (800 1C) the crystallization on
LSMO nanorods is promoted.

Fig. 3 (a) Tilted FEG-SEM image of La0.7Sr0.3MnO3 vertical nanorods grown on top of a (100)-STO substrate. LSMO nanorods have a diameter of 250 nm and a density
of 1 � 108 cm�2. The inset shows a FEG-SEM image of a PI nanoporous membrane with a pore size of 300 nm. (b) Associated X-ray integrated intensity, indicating the
LMSO rhombohedral phase and a grain size of B65 nm for the polycrystallites composing the nanorods. (c) FEG-SEM enlarged image of LSMO nanorods with
a diameter of 250 nm grown on top of a STO single crystal. The inset shows a FEG-SEM image showing details of the top view of LSMO nanorod grain size.
(d) Magnetization as a function of temperature at 50 Oe showing a Tc B 360 K for polycrystalline LSMO nanorods. The inset shows the hysteresis loop of LSMO
nanorods measured at 50 K, showing a magnetization saturation value of Ms = 90 � 10 emu g�1. (e) Profile scan analysis and statistical study of nanorod height.

Chem Soc Rev Tutorial Review

Pu
bl

is
he

d 
on

 0
3 

O
ct

ob
er

 2
01

3.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ite
 P

ie
rr

e 
et

 M
ar

ie
 C

ur
ie

 o
n 

03
/1

0/
20

13
 1

4:
50

:3
5.

 
View Article Online

http://dx.doi.org/10.1039/c3cs60288e


Chem. Soc. Rev. This journal is c The Royal Society of Chemistry 2013

values (see Fig. 3d). All these results prove the capability of the
chemical solution deposition method combined with track-etch
polymer templates for generating homogeneous nanostructured
surfaces with vertical LSMO nanorods displaying interesting
magnetic properties.

In addition, post annealing treatments can be further carried
out to investigate the nanostructural evolution of the grown
nanorods with temperature and time (see Fig. 4).

3.2 Structural evolution of vertical LSMO nanorods with
temperature

Strong evolution behaviour of LSMO polycrystalline nanorods
is observed after thermal activation at high temperatures, as
summarized in Fig. 4. Upon thermal treatment at 1000 1C,
vertical polycrystalline nanorods that have a high interfacial
energy due to their polycrystalline character re-crystallize into a
completely different nanostructure of lower energy (schematically
shown in Fig. 4a). Fig. 4b reveals that the polycrystalline nanorods
disappeared and instead, faceted nanopyramids with square bases
are formed at the same place where the LSMO nanorods were
initially located. The inset in Fig. 4c shows that the nanopyramids
are formed at the expense of the top polycrystalline material, and
that at this evolution stage some remaining polycrystalline
material lies on top of the nanopyramids.

During the diffusive transformation of LSMO nanorods into
faceted nanopyramids, a wetting layer expands underneath the
nanopyramids, thus covering the single crystalline substrate. High
resolution transmission electron microscopy (TEM) analyses can
be carried out to identify the nature of the wetting layer formed
during the nanostructure transformation (see Fig. 4b).

As observed in Fig. 4b, the 2D wetting film is a fully strained
LSMO layer with a rhombohedral structure (indexed by the
pseudocubic structure), which grows cube on cube on the STO
(or LAO) single crystals, (001)LSMO[100]//(001)STO[100]. The
thickness of the LSMO wetting layer varies depending on the
distance from the nearest nanopyramid, going from 20 to 5 nm.
All together, this proves that the material used to form the
wetting layer derives indeed from the original polycrystalline
nanorods.

High resolution TEM images of the nanopyramids reveal a
characteristic layered atomic structure with a spacing of
0.87 nm. This crystallographic plane is identical to that of the
(La,Sr)xOy oxide phase found from spontaneous outcrop in
LSMO thin films subjected to extended high temperature
oxygenation periods.46 Therefore, this is a new example of the
complex chemistry behind LSMO layers at high temperatures
(1000 1C), where LSMO epitaxial layers lose their stability and
preferentially segregate (La,Sr)xOy oxide nanostructures. All this
confirms that the La0.7Sr0.3MnO3 polycrystalline nanorods are
thermodynamically metastable nanostructures of high energy
(large interfacial grain boundary energy) that, under strong
thermal activation, kinetically transform into Mn-free oxide
epitaxial nanopyramids on top of a La0.7Sr0.3MnO3 epitaxial
wetting layer of variable thickness. Indeed, this system demon-
strates that, at the nanoscale, metastable structures can easily
evolve towards the equilibrium state when the mass transport
implicated in the process is small enough.

Magnetic characterization of LSMO epitaxial layers with
non-magnetic oxide nanopyramids displays a Curie temperature
of 350 K, which is characteristic of the LSMO rhombohedral
phase. Moreover the magnetic moment of 5 � 10�5 emu
obtained is within the expected range if one considers the bulk
magnetization of LSMO at 10 K in a layer thickness of 10 nm.
Additionally, magnetization loops at 100 K under in-plane
and out-of-plane configurations revealed an in-plane easy axis
magnetization of the epitaxial (100)-LSMO film (see Fig. 4d).
These results confirm that the segregated nanopyramids do not
apparently modify the macroscopic functional properties of the
LSMO film. We have, therefore, achieved a nanostructured
system composed of an epitaxial LSMO wetting layer with
epitaxial vertical nanopyramids grown on top and distributed
according to the nanopores of the polymeric template.

The composite system presented here, which is formed by a
metallic and magnetic LSMO layer with insulating and non-
magnetic oxides, can be further tested as a template for the
ulterior growth of nanostructured superconducting YBa2Cu3O7�x

films using chemical solutions.47 In this way, pinning forces can
be importantly enhanced by a factor of 2 and 4 at 3 T and 5 T,
respectively, at 77 K.

3.3 Direct integration of single crystalline OMS nanowires on
silicon substrates

Radically different nucleation and subsequent phase evolution
behaviour is appreciated when silicon substrates are used
for the synthesis of 1D nanostructures following our general
methodology described above (see Fig. 1). In this case, vertical

Fig. 4 (a) Schematics of the structural and morphological evolution of LSMO
polycrystalline nanorods as a function of temperature. The figure shows the
crystallization process at 1000 1C for 5 h for single crystalline (La,Sr)xOy nano-
pyramids on a LAO or STO substrate. (b) HRTEM images of an epitaxial (La,Sr)xOy

nanopyramid and the interface between the STO substrate and the LSMO film.
The insets show the FFT of both phases. (c) FEG-SEM image of a large area of
nanopyramids grown on a LAO substrate. The inset shows a FEG-SEM image
during single crystal nanopyramid formation, the remaining polycrystalline
material is still lying on top of the nanopyramid. (d) Magnetization loops at
100 K under in-plane and out-of-plane configurations revealed an in-plane easy
axis magnetization of the epitaxial (100) LSMO film.
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single crystalline OMS nanowires of different pore sizes and
compositions can be directly integrated on silicon substrates.
Note that silicon is the substrate of choice of the micro-
electronics industry, and thus great efforts are currently
devoted to combine the functionality of oxides with the perfor-
mances of semiconductor platforms for the development of
novel and more efficient device applications. However, further
incorporation of functional oxide nanostructures as active
materials in electronics critically depends on the ability to
integrate crystalline metal oxides into silicon structures. Here,
we take advantage of the recent development of soft chemistry
based routes to integrate a-quartz thin films on silicon substrates,39

which allows stabilizing and crystallizing OMS nanowires.
a-Quartz thin films can be obtained after thermally activated

devitrification of the native amorphous silica surface layer
assisted by the heterogeneous catalysis driven by alkaline earth
cations present in the precursor solution.40 Our innovative
growth method has allowed the synthesis of manganate
LaSr-2 � 4 OMS monoclinic nanowires with ordered arrange-
ment of the La3+ and Sr2+ cations inside the 1D-channels for the
first time.42,43

Fig. 5 shows a detailed scheme of the proposed mechanism
for the formation of OMS nanowires on top of silicon sub-
strates, based on the combination of soft chemistry routes and
confined epitaxial growth. Thermally activated crystallization of
the surface silica films at relatively low temperatures is induced
by heterogeneous catalysis of Sr2+ or Ba2+ cations present in the
precursor solution. In this case, the homogeneous distribution
of the catalyst cations required for the crystallization of quartz

is provided by the confinement of the precursor solution within
the template (step 1 in Fig. 5).

Previously we have demonstrated that the confinement
imposed by the polymer template in high aspect ratio nano-
pores has a determinant influence on the formation of e-MnO2

nanoparticles during the calcination of the precursor
solution.43 More specifically, confined nucleation in nano-
metric pores less than 500 nm in diameter might promote
better diffusion of the Mn and O atoms to finally crystallize in
the form of spherical e-MnO2. These e-MnO2 phase nano-
particles formed at low temperatures (B500 1C), step 2 in
Fig. 5, will serve as seeds for the further growth of manganate
nanowires at higher temperature treatments. The second essen-
tial ingredient for the growth of manganese oxide based OMS
nanowires on silicon is the role of the polycrystalline a-quartz
layer acting as an epitaxial template for the stabilization of the
nanowires. The quartz obtained on top of single crystalline Si
substrates consists of an a-quartz polycrystalline layer as a
consequence of the relatively low annealing temperatures used
in the crystallization process (i.e. 800 1C). This polycrystalline
a-quartz film renders the convenient interface lattice matching
to the complex oxide nanostructures for the epitaxial growth of
the manganate nanowires at 800 1C (step 3 in Fig. 5). Synthesis
of manganate structures requires sufficiently high tempera-
tures to enhance atomic mobility and thus, allows the diffusion
of the alkaline earth and rare earth cations into the empty
1D-channels of the e-MnO2 structure.

The mechanism of single crystalline OMS nanowire for-
mation is extensible to different NW compositions, as long as
Ba2+, Sr2+ or Ca2+ are present in the initial precursor solution as
devitrifying agents. Indeed, this confined heteroepitaxial growth
mechanism is observed for other compositions, obtained from
different alkaline earth based precursor salts. In this direction, we
have been able to grow single crystalline epitaxial nanowires
of hollandite (Ba1+dMn8O16), strontiomelane (Sr1+dMn8O16), and
quaternary oxide (BaSr)1+dMn8O16 on silicon substrates as dis-
played in Fig. 6.40 This work is also relevant to improve knowledge
on the geological mechanisms behind the formation of hollandite
type inclusions or intergrowths found in natural manganese
enriched quartz veins.48,49

For the sake of simplicity, in this section we will only discuss
in detail the structural and magnetic properties of single
crystalline LaSr-2 � 4 NWs.43 Fig. 7a shows nanowires formed
from a 7.6 mm thick PC template with 100 nm diameter pores
filled with the precursor solution after a high temperature
treatment of 800 1C for 5 h. As observed, the entire substrate
area (1 cm2) is covered with a high density of nanowires with
diameters in the range of 80–100 nm and lengths of up to 4 mm
randomly distributed on the silicon substrate. The electron
diffraction patterns along different zone axes and the X-ray
diffractograms can be indexed on the basis of a new monoclinic
unit cell for La0.7Sr0.3MnO3 with lattice parameters a = 13.8 Å,
b = 5.7 Å, c = 21.8 Å, and b = 1011, and with the long axis of the
nanowires along the b direction.42

The composition and crystalline structure of the interfacial
layer has been elucidated by means of X-ray diffraction (XRD)

Fig. 5 Schematics of the stages of the crystallization process for single crystal-
line OMS nanowires on silicon. (1) Track-etched nanoporous polymer template
supported on a SiO2/Si substrate filled with the chemical precursor solution
allowing a homogeneous distribution of Ba2+ or Sr2+ melting agents. (2) At mild
temperatures (500–600 1C) MnO2 nanoparticles are nucleated and stabilized due
to the confinement in high aspect ratio nanopores (see inset HRTEM images
showing the nucleation of MnO2 nanoparticles in confined precursor nanorods).
(3) Next devitrification of the SiO2 layer and nucleation of a-quartz take place at
the interface where epitaxial growth of OMS nanowires on the quartz is
promoted at high temperatures (800 1C).
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and TEM. Thus, Fig. 7d shows the profile matching refinement
of the X-ray diffractogram of LaSr-2 � 4 NWs, in good agree-
ment with the observed and calculated patterns when taking
into consideration the LaSr-2� 4 NW and a-quartz structures. A
bright field TEM image of LaSr-2 � 4 nanowires shows that
these are epitaxially grown on top of the a-quartz layer, as seen
in Fig. 7b. Fig. 7c displays a STEM image of the interface
between a single LaSr-2 � 4 NW highlighted in Fig. 7b taken
along the [010] zone axis and the a-quartz substrate. The fast
Fourier transform (FFT) consists of two separate sets of spots
that can be attributed to the [010]-zone axis of the LaSr-2 � 4
NW monoclinic structure (in blue) and to a-quartz at the [010]
zone axes (in green). The epitaxial relationship between the
LaSr-2 � 4 NW and a-quartz is (010) LaSr-2 � 4 [20�2]//(010)
a-quartz [�101]. Therefore, the results obtained in macroscopic
areas of the sample after XRD and local electron microscopy
patterns reveal the formation of a polycrystalline a-quartz
interlayer, which acts as a template for the epitaxial growth of
single crystalline manganese oxide based nanowires.

An aberration corrected Z contrast scanning electron micro-
scope (Z-STEM), which provides atomic resolution images with
atomic number contrast, can be further used to determine the
element distribution and chemical composition in different
projections of the crystal structure of individual nanowires
(see Fig. 7e). Fig. 7e presents an ADF high resolution image
of LaSr-2 � 4 NWs along the [100] zone axis, whereas Fig. 7f
displays an atomic resolution EELS line scan along the white
arrow in Fig. 7e. Accordingly, a model structure for the manganate
nanowires grown at high temperatures can be proposed, overlaid
on Fig. 7e, in which the La3+ (blue spheres) and Sr2+ (yellow
spheres) cations are ordered inside the 1-D channels defined by
the MnO6 octahedra chains.43 Since the proposed structure is very
similar to the RUB-7 type structure found in synthetic alkali

manganates, which also have a one-dimensional (2 � 4) tunnel
arrangement, we design our LSMO monoclinic nanowires as
LaSr-2 � 4 tunnel structured OMS nanowires.

3.4 Magnetic properties of LaSr-2 � 4 OMS nanowires

The complex phenomenon displayed by the manganese based
oxides as a function of their structural configuration makes the
investigation of the magnetic properties of these new mono-
clinic LaSr-2 � 4 nanowires (summarized in Fig. 8) highly
appealing. Magnetic hysteresis loops can be measured at
different temperatures between 10 K and 500 K for fields up
to 5 T. Fig. 8a displays the magnetization curves measured at
400 K while Fig. 8b shows magnified images of the central part
of the hysteresis loops. As a result, we observe that the nano-
wires show a ferromagnetic behavior at a temperature as high
as 400 K. In addition, the in-plane magnetization curve leads to a
saturated magnetization at a smaller magnetic field than the out-of-
plane curve, thus indicating that the direction perpendicular to the
long axis of the nanowires is a hard axis magnetization direction.

Fig. 8c evidences the temperature dependence of the mag-
netization, measured at an applied field of 1.5 T, for a poly-
crystalline perovskite LSMO sample and the monoclinic LaSr-2�
4 nanowires, both prepared from the same chemical precursors.
As observed, the magnetization of nanowires decreases more
slowly with temperature even though it remains relatively high at
500 K (B40% decrease from 4 K), thus indicating that the Curie
temperature of the monoclinic LaSr-2 � 4 nanowires is well
above 500 K, i.e. much higher than all the well-established values
reported so far for any perovskite manganite compound. This
remarkable increase in Tc is clearly an outstanding result that
proves the potentialities of our synthesis route.

To provide more evidence of the ferromagnetic behavior of
the nanowires, an estimated magnetization saturation value for

Fig. 6 FE-SEM images taken at interrupted intermediate temperature steps during the OMS nanowire formation on Si, together with the schematics of the growth
process. (a) Cross-sectional view FE-SEM image of the nanoporous polymer template (thickness 7.4 mm, pore size 200 nm) taken before infiltrating the nanopores with
the precursor solution. (b) FE-SEM image taken after the sample was heated up to 600 1C and quenched. Precursor oxide nanorods with the dimensions of the original
template nanopores are formed. At this temperature the polymer template was decomposed. (c) Cross-sectional view FE-SEM image of the nanowires formed on top
of the Si substrate after thermal treatment at 800 1C. Low magnification and high magnification (in the insets) images of the final OMS nanowires obtained, i.e. (d) La–
Sr–Mn precursors (LaSr-2 � 4 OMS), (e) Ba–Mn-precursors (Ba1+dMn8O16), (f) Sr–Mn-precursors (Sr1+dMn8O16) and (g) Ba–Sr–Mn-precursors ((BaSr)1+dMn8O16).
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the LaSr-2 � 4 monoclinic phase at 10 K is 47 � 10 emu g�1 (see
Fig. 8d). Note that this value is of the same order as the bulk
LSMO perovskite saturation magnetization (90 emu g�1), there-
fore indicating the high ferromagnetic strength of this new
structure. The origin of the observed high temperature ferro-
magnetism of these LaSr-2 � 4 nanowires could lie on the
particular atomic arrangement of the manganese atoms in the
monoclinic structure. Indeed, the resulting interatomic dis-
tances in this structure may modify the exchange interaction
of Mn3+ and Mn4+ cations, stabilizing a ferromagnetic configu-
ration, and enhancing ferromagnetism.43

3.5 Oriented in-plane LaSr-2 � 4 nanowires on a fluorite type
substrate

In the last few years, special interest focused on self-assembled
oxide nanostructures has emerged. The tendency observed in

some oxides to grow arrays of uniform nanostructures gives
great potential for the implementation of new devices. How-
ever, good control over the growth direction of heteroepitaxial
nanowires has been a challenge so far.27 In this framework,
track-etched polymer templates can be used for the self-assembly
of nanostructures when single crystalline substrates with fluorite
structure are used.44

The growth procedure is schematically described in Fig. 9. In
this case, track etched polymer templates with a thickness of
2 mm are deposited by spin coating on top of a Gd doped-CeO2

(CGO) buffer layer. Note that CGO thin films are 20 nm thick
and are chemically deposited on top of (001)-(YSZ) substrates
(see Fig. 9). First, nanopores are filled by capillary force with the
precursor solution (step (1) in Fig. 9). Then, at a temperature
between 500 1C and 600 1C, the confined nucleation of e-MnO2

nanoparticles is attained, simultaneously with the polymer

Fig. 7 (a) Low magnification FEG-SEM image of LaSr-2� 4 NWs epitaxially grown on an a-quartz/Si substrate. The insets show an enlarged view of the LaSr-2� 4 nanowires.
(b) Low magnification HAADF image of LaSr-2� 4 NWs epitaxially grown on an a-quartz/Si substrate (800 1C for 5 hours). (c) HRTEM image of the interface between the quartz
layer and epitaxial LaSr-2� 4 NWs, viewed along [010]. The insets show the FFT of both phases showing the epitaxial relationship between the LaSr-2� 4 NWs and the a-quartz
according to [20�2] LaSr-2� 4//[�101] a-quartz. (d) Profile matching refinement of the X-ray diffraction pattern of single crystalline NWs on the silicon substrate. Experimental
data: red points; calculated: continuous black line; allowed Bragg reflections: vertical green marks. The difference between the observed and calculated profiles is displayed at the
bottom (blue line). The inset shows the model structure proposed for the LaSr-2� 4 NWs. (e) ADF high resolution image of LaSr-2� 4 NWs along the [100] zone axis. A LaSr-2�
4 NW cell model is highlighted on ADF images, with yellow circles displaying the Sr column position, blue the La column position, and red and green circles the O and Mn
positions, respectively. (f) EELS line scan along the [010] direction of the monoclinic unit cell (white arrow) in (e). EELS spectra with positions of O K, Mn L2,3 and La M4,5 edges
highlighted. The image shows the characteristics of EELS atomic resolution from top to bottom. In white, the ADF signal acquired simultaneously with the EELS line scan. In red,
the O K image obtained by integrating the intensity under the O K edge after background subtraction. In blue, the La M4,5 image, and in green Mn the L2,3 image.
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template decomposition (step (2) in Fig. 9). At temperatures
above 1000 1C, the system evolves towards its equilibrium state
to form horizontal and oriented LaSr-2 � 4 nanowires (step (3)
in Fig. 9).

As observed in Fig. 9, after thermal treatment at 1000 1C in
an oxidizing atmosphere for 4 hours, LSMO nitrate precursors,
which are under confined conditions imposed by the polymer

template, evolve into continuous and well-defined nanowires.
These nanowires have a preferential growth direction of the
nanowire’s longitudinal axis parallel to the [110] and [�110]
directions of the CGO substrate. AFM images in Fig. 10a show
that the height of these nanowires is in the range 100–200 nm
and their main diameter is 150 � 30 nm. Moreover, the length
of oriented nanowires can be controlled by increasing the
growth time. For instance, after 10 hours at 1000 1C their
lengths reach several tens of micrometers (see Fig. 10a).

Scanning transmission electron microscopy (STEM) charac-
terization was performed by preparing a cross section of self-
assembled NWs, thus allowing us to look at the epitaxial NW
substrate interface from a side view. Fig. 10b displays an
annular dark field (ADF) Z-contrast image of one single LaSr-
2 � 4 NW cut perpendicular to its long axis lying on the CGO
buffer layer with the epitaxial relationship LSMO[010]//
CGO[1�10] viewed along the [30�1]-zone axis. The indexed
FFT spectrum in the inset of Fig. 10b reveals diffraction spots
from (020) and (206) LaSr-2 � 4 lattice fringes.44 The large
nominal lattice mismatch existing between both crystalline
structures suggests that the LaSr-2 � 4 nanowires may grow
on top of the CGO substrate following a domain matching
epitaxy scheme, which assumes that the misfit at the interface
is accommodated through the formation of domains with
integral multiples of lattice planes and also dislocation corres-
ponding to each domain.50 The orientation of LaSr-2 � 4
nanowires and the CGO substrate in ADF images of Fig. 10b
can be simulated in a 3D solid sphere model (see Fig. 3c) to
confirm the orientation of the LaSr-2 � 4 monoclinic unit cell
on top of fluorite.44

X-ray pole figure analysis shown in Fig. 10d confirms that
the self-assembled NWs on top of (001)-CGO substrates have
the monoclinic unit cell already reported for LaSr-2 � 4
ferromagnetic nanowires described above (see Fig. 7), and also
confirms the epitaxial relationship with the CGO substrate
[100]LaSr-2 � 4//[110]CGO and [010]LaSr-2 � 4//[1�10]CGO
observed using STEM analysis.

The small scale of the system made it impossible to perform
the magnetic characterization of these nanowires by means of a
superconducting quantum interference device (SQUID) mag-
netometer. However, the magnetism of these nanowires can be
measured using electron energy loss magnetic chiral dichro-
ism.44,51 Fig. 10e displays the two Mn L2,3 edges from two
conjugated spots in the nanodiffraction diagram (equivalent to
the two beam polarizations used in X-ray magnetic circular
dichroism measurements). The dichroic signal is then given by
the difference between these two spectra. Further evidence
comes from calculating the L3/L2 ratio for each spectrum, which
gives (4.3 � 0.1) and (3.5 � 0.1) for positions (+) and (�),
respectively. The dichroism experiments were performed at
room temperature, therefore the epitaxial LaSr-2 � 4 NWs were
proved to be ferromagnetic at least up to 300 K. Interestingly,
magnetic oxide nanowires are of particular interest as building
blocks for the development of future technologies like mag-
netic memories52 or new types of sensors and logic devices.53,54

In particular, planar nanowires have been investigated because

Fig. 8 (a) Hysteresis loops of the LaSr-2 � 4 NWs measured at 400 K for fields
applied parallel (filled symbols), and perpendicular (open symbols) to the sub-
strate plane. (b) Low field enlargement of the hysteresis loops measured at 400 K.
(c) Temperature dependence of field-cooled magnetization at an applied mag-
netic field of H = 1.5 T perpendicular to the substrate plane of the monoclinic
LaSr-2 � 4 NW sample and the perovskite powder reference sample. The discrete
black squares correspond to measurements performed at high temperature
using a vibrating sample magnetometer. (d) Hysteresis loop of LaSr-2 � 4 NW
nanowires measured at 10 K, showing a magnetization of saturation (Ms) of
47 � 10 emu g�1.

Fig. 9 Schematics of the stages of the crystallization process for self-assembled
single crystalline LaSr-2 � 4 NWs on the CGO buffer layer. (1) Track-etched
nanoporous polymer template supported on a CGO/YSZ substrate filled with the
La0.7Sr0.3MnO3 precursor solution. (2) At mild temperatures (500–600 1C) MnO2

nanoparticles are nucleated and stabilized due to the confinement in nanopores.
(3) At high temperatures (1000 1C) epitaxial growth of LaSr-2 � 4 NWs on the
CGO layer is promoted.
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of their potential use in domain wall devices proposed for data
storage52 and logic applications.55 In this context, the large-scale
assembly of magnetic nanowires with controlled orientation on
surfaces represents an important step towards integration into
practical devices.

4. Summary

In this review we have provided an overview showing that
confined heteroepitaxial growth using TE polymer templates
that directly buffer the substrate gives rise to different oxide
nanostructure formation. Importantly, the interplay between
chemical compatibility, lattice mismatch, crystallographic
structure, interface, and surface energies is fundamental to
nanostructure nucleation and further crystallographic phase
stabilization. For instance, a nitrate based La0.7Sr0.3MnO3 pre-
cursor solution will lead to different nanostructures depending
on the pore confinement, thermal treatment and the kind of
substrate used, as summarized in Fig. 11.

Fig. 11 displays a 3-axis diagram plotted in an equilateral
triangle to schematize the interplay between temperature, pore
confinement and the residual misfit of the substrate for the
evolution and crystallization of La0.7Sr0.3MnO3 precursor
nanorods (as an example). Thus, when the nanoporous polymer
template covers the surface of a perovskite substrate, i.e. (001)-
SrTiO3 or (001)-LaAlO3, the low residual misfit to perovskite
La0.7Sr0.3MnO3 will favor the growth of vertical polycrystalline
LSMO nanorods at mild temperatures (800 1C). Importantly,
the localization and size of the resulting nanostructure are
induced by the position of the original template nanopores.
Upon strong thermal activation (1000 1C) these nanostructures

suffer complete structural, morphological, and chemical trans-
formation that involves a segregation mechanism giving rise to
vertical single-crystalline (La,Sr)xOy nano-pyramids sitting on
a La0.7Sr0.3MnO3 epitaxial wetting layer. In the case of Si
substrates, the interaction of the alkaline or alkaline earth
cations present in the precursor solution with the native SiO2

top layer at high temperatures and under air conditions,
hastens devitrification, thus giving rise to a polycrystalline
a-quartz layer on the Si surface. At the same time, the confine-
ment of the material in pores of diameters below 500 nm
induces the nucleation of e-MnO2 nanoparticles inside the
LSMO precursor nanorods. The stabilization of these nano-
particles only takes place for certain kinds of substrates,
including the a-quartz layer mentioned above. This particular
behavior, which is only observed for thermal treatments above
500 1C, gives rise to the epitaxial growth of 1D LaSr-2 � 4
nanowires at 800 1C. In this case, the a-quartz crystals will act
as epitaxial templates inducing the nucleation and growth of
LaSr-2 � 4 OMS single crystalline nanowires. Interestingly,
these nanowires exhibit a new monoclinic crystallographic
structure that might be responsible for their high temperature
ferromagnetism with a Curie temperature above 500 K. Analo-
gously, directional growth of LaSr-2 � 4 nanowires is also
observed when a dissimilar crystallographic substrate is used,
i.e. fluorite like substrates such as gadolinium doped Ceria with
a mismatch larger than in perovskite substrates described above.
STEM analysis of these nanostructures shows that LaSr-2 � 4
nanowires are ferromagnetic, at least at room temperature.

In summary, the knowledge acquired concerning the growth
of manganese-based vertical complex oxides sets the basis for
the nanostructuring of new surfaces with novel vertical complex

Fig. 10 (a) 2D and 3D AFM images, respectively, of self-assembled LaSr-2 � 4 nanowires on top of CGO. (b) High resolution ADF Z-contrast image of the interface
between an epitaxial LaSr-2 � 4 nanowire oriented LSMO [010]//CGO [1�10] and the CGO buffer layer, viewed along [30�1]. The inset shows the corresponding FFT.
(c) 3D solid sphere model that shows the orientation of the LaSr-2 � 4 NW and CGO substrate along the [30�1] crystallographic direction. (d) XRD2 simulation of LaSr-
2 � 4 NWs grown on CGO substrates. Brown circles show the {001}CGO poles, red and blue circles represent experimental and theoretical reflections of the monoclinic
LaSr-2 � 4 NWs. (e) Mn L2,3 edges at 300 K in the two configurations (+) and (�) used for energy-loss magnetic chiral dichroism measurements, the difference is 0.06,
and has been magnified by a factor of 3 in the figure. r.m.s. of the noise, indicated by the error bars, is �15% of the difference.
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oxide nanostructures. This will entail using proper solution
based methods assisted by track-etched supported templates
that could be easily implemented in specific substrates, open-
ing therefore the possibility to new strategies for complex oxide
template generation in a single-step process.

In this direction, we have recently proven the potentialities
of this method to develop new single crystal complex oxide
nanowires with novel structural and physical properties.
Indeed, this demands modifying the chemical composition of
the initial precursor solution and exploiting the capabilities of
vertical confined amorphous nanorods as potential nanoreactors.
Thus, single crystalline vertical OMS nanowires with hollandite
structure and different compositions (Ba1+dMn8O16, Sr1+dMn8O16,
and (BaSr)1+dMn8O16) have been stabilized on silicon substrates.
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J. Arbiol, M. Varela, E. Ferain, J. Rodrı́guez-Carvajal,
T. Puig, N. Mestres and X. Obradors, J. Am. Chem. Soc.,
2011, 133, 4053–4061.

44 A. Carretero-Genevrier, J. Gazquez, C. Magen, M. Varela,
E. Ferain, T. Puig, N. Mestres and X. Obradors, Chem.
Commun., 2012, 48, 6223–6225.

45 A. Carretero-Genevrier, J. Gázquez, T. Puig, N. Mestres,
F. Sandiumenge, X. Obradors and E. Ferain, Adv. Funct.
Mater., 2010, 20, 2139–2146.

46 C. Moreno, P. Abellán, A. Hassini, A. Ruyter, A. P. d. Pino,
F. Sandiumenge, M. Casanove, J. Santiso, T. Puig and
X. Obradors, Adv. Funct. Mater., 2009, 19, 3672–3677.

47 J. Gutierrez, A. Llordes, J. Gazquez, M. Gibert, N. Roma,
S. Ricart, A. Pomar, F. Sandiumenge, N. Mestres, T. Puig and
X. Obradors, Nat. Mater., 2007, 6, 367–373.

48 N. Meisser, E. A. Perseil, J. Brugger and P.-J. Chiappero, Can.
Mineral., 1999, 37, 673.

49 W. Schreyer, A. M. Fransolet and H. J. Bernhardt, Contrib.
Mineral. Petrol., 2001, 141, 560.

50 J. Narayan and B. C. Larson, J. Appl. Phys., 2003, 93, 278–285.
51 P. Schattschneider, S. Rubino, C. Hebert, J. Rusz, J. Kunes,

P. Novák, E. Carlino, M. Fabrizioli, G. Panaccione and
G. Rossi, Nature, 2006, 441, 486–488.

52 M. Hayashi, L. Thomas, R. Moriya, C. Rettner and
S. S. P. Parkin, Science, 2008, 320, 209–211.

53 C. H. Kim, Y. Myung, Y. J. Cho, H. S. Kim, S. Park, J. Park,
J. Kim and B. Kim, J. Phys. Chem. C, 2009, 113, 7085–7090.

54 K. Goto, H. Tanaka and T. Kawai, Nano Lett., 2009, 9,
1962–1966.

55 D. A. Allwood, G. Xiong, C. C. Faulkner, D. Atkinson, D. Petit
and R. P. Cowburn, Science, 2005, 309, 1688–1692.

Chem Soc Rev Tutorial Review

Pu
bl

is
he

d 
on

 0
3 

O
ct

ob
er

 2
01

3.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ite
 P

ie
rr

e 
et

 M
ar

ie
 C

ur
ie

 o
n 

03
/1

0/
20

13
 1

4:
50

:3
5.

 
View Article Online

http://dx.doi.org/10.1039/c3cs60288e

