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ABSTRACT: Mesostructured nonsilicate materials, particu 
larly mixed metal oxides, are receiving much attention in 
recent years because of their potential  for numerous  
applications. Via the polymer templating method, perovskite 
type lanthanum strontium manganese oxide (La1−xSrxMnO3, 
LSMO, with x ≈ 0.15 to 0.30) with a continuous 3D cubic 
network of 23 nm pores is prepared in thin film form for the
first time. Characterization results from grazing incidence X
ray scattering, X ray photoelectron spectroscopy, Rutherford
backscattering spectrometry, and electron microscopy and
tomography show that the dip coated sol−gel derived films are
of high quality in terms of both composition and morphology and that they are stable to over 700 °C. Magnetic and
magnetotransport measurements demonstrate that the material with the highest strontium concentration is ferromagnetic at
room temperature and exhibits metallic resistivity behavior below 270 K. Besides, it behaves differently from epitaxial layers (e.g.,
enhanced low field magnetoresistance effect). It is also shown that carriers (electrons and holes) can be induced into the
polymer templated mesostructured LSMO films via capacitive double layer charging. This kind of electrostatic doping utilizing
ionic liquid gating causes large relative changes in magnetic susceptibility at room temperature and is a viable technique to tune
the magnetic phase diagram in situ.
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■ INTRODUCTION

Mixed valence manganese oxides with a perovskite type
structure constitute an important class of materials with
potential for applications in solid oxide fuel cells, magnetic
field sensors, information storage, and so forth.1−5 Here we
focus on lanthanum strontium manganese oxide
(La1−xSrxMnO3, LSMO), which is the most prevalent and
best studied mixed valence manganese oxide. LSMO can be
described as a solid solution between La3+Mn3+O3 and
Sr2+Mn4+O3 and is a strong electron correlated colossal
magnetoresistive (CMR) material.6−9 Because of the correla
tion between magnetic interactions and electronic transport
properties, the carrier density, and therefore the magnetization,
can be tuned via electrostatic doping utilizing either solid or
liquid electrolyte gating.10−16 It should be noted, nevertheless,
that depending upon the material class, in situ manipulation of
magnetization can also be achieved via interfacial strain

mediation or lithium insertion reaction.17−25 For applications,
tuning of physical properties is important, and these approaches
may lead to the development of new device concepts (e.g., for
next generation logic and memory). Assuming that the change
in carrier density in LSMO determines the magnitude of the
magnetization modulation, the specific surface area should play
a significant role.
In the present work, we show, to our knowledge for the first

time, that large pore mesoporous LSMO can be prepared as a
thin film by using an evaporation induced self assembly (EISA)
process.26−28 In the past two decades, this synthetic method
has proven particularly efficient for amorphous silica based
compounds and binary metal oxides.29−37 However, the



preparation of either cubic or hexagonal mixed metal oxides
with highly crystalline walls is known to be challenging in
general for a number of reasons, such as the lack of control over
both the hydrolysis and condensation rates and the
crystallization.
Here we make use of the excellent templating properties of

an amphiphilic poly(ethylene oxide) based block copolymer to
produce a series of thermally stable perovskite type LSMO thin
films with an open cubic pore network.38−40 Their structural
and compositional uniformity makes them good “model”
materials to study (i) the effect that the unique combination
of nanocrystallinity and mesoporosity has on the magnetotran
sport properties and (ii) whether a high surface to volume ratio
represents an advantage in the manipulation of magnetization
upon electrochemical charge storage via double layer capaci
tance. Overall, we show that the polymer templated meso
structured LSMO thin films exhibit enhanced low field
magnetoresistance effect (compared with bulk LSMO) and
that electrostatic hole and electron doping by ionic liquid gating
allows large tuning of the total magnetization and Curie
temperature.

■ EXPERIMENTAL SECTION
LSMO Thin-Film Synthesis. In a typical synthesis (e.g.,

LSMO30), H[C(CH3)2CH2]107C6H4(OCH2CH2)150OH (50 mg)
dissolved in a mixture of ethanol (1.5 mL), 2 methoxyethanol (0.5
mL), tetrahydrofuran (0.15 mL), glacial acetic acid (0.1 mL), and
deionized water (0.15 mL) was combined with Mn(OAc)2 × 4H2O
(119 mg), La(NO3)3 × 6H2O (147 mg), and Sr(NO3)2 (31 mg). After
stirring the clear solution for 30 min at room temperature, thin films
were produced by dip coating on Si(001) and quartz glass substrates at
relative humidities ranging from 30 to 35%. Then they were
transferred to an oven at 140 °C for 15 min, followed by heating to
300 °C over a period of 90 min. After 12 h aging at 300 °C, the films
were subjected to calcination at 700 °C for 2 min to fully combust the
organics and to achieve crystallization of the inorganic walls.
Characterization Methods. Scanning electron microscopy

(SEM) was performed on a MERLIN from Carl Zeiss operated at 5
keV. Transmission electron microscopy (TEM) was performed on an
aberration corrected FEI Titan3 80−300 microscope. The microscope
was operated at 300 keV in TEM mode for high resolution TEM
(HRTEM) and in nanoprobe mode for scanning TEM (STEM). The
powder samples were dispersed on copper grids covered by an
amorphous carbon film. For electron tomography, colloidal Au
particles around 15 nm in size, serving as fiducial markers, were
deposited, followed by acquiring series high angle annular dark field
(HAADF) STEM images with single axis tilting the sample from −76°
to +76° (1.5° tilting steps). The tilt series images were first aligned in
IMOD by tracking 20 fiducial markers until the final mean residual
error was 0.36 pixel.41 The 3D structure was subsequently
reconstructed from the aligned tilt series using the SIRT algorithm
in Inspect 3D. Reconstructed volume was segmented in solid phase
and void space using AMIRA software (Visage Imaging GmbH). The
segmented image stack was subjected to Gaussian smoothing and
submitted to a restoration process during which isolated elements of
solid in the void space and of void space in the solid phase were
corrected. Three dimensional rendering of the binarized data set was
also realized by use of AMIRA. The surface area of designated
segments was analyzed by means of the “SurfaceArea” function (on the
basis of the rendered triangular approximation of interfaces between
the segmented sections). To evaluate the reconstructed pore space/
wall phase statistically, the chord length distributions were calculated
using an in house software written with Visual Studio C# 2008
(Microsoft Corporation). Random points were generated in the
segmented image stacks and the linear skeleton to skeleton (or pore
to pore) distance was determined for 16 equispaced directions, as
described in refs 42,43. The reconstructed sample was skeletonized on

the basis of an iterative thinning algorithm, available as ImageJ plug ins
(Skeletonize3D and AnalyzeSkeleton). Skeletonization reduces the
pore space to a medial axis while retaining topological and geometrical
information. The resulting topological skeleton was evaluated by
determining the total number of junctions (nj), where nt is the number
of triple point junctions, nq is the number of quadruple point
junctions, and nx represents the number of higher node junctions.
The average pore coordination number (Zav, average number of pores
attached to a junction) is
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In addition, the pore level tortuosity was evaluated by the analysis of
individual branches of the derived skeleton. The tortuosity is defined
as the ratio of the geodesic distance of a pore (di) divided by the
Euclidean distance between the pore entrance and exit (deucl,i). From
this, the average tortuosity can be calculated according to
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Grazing incidence small angle X ray scattering (GISAXS) was
performed on beamline P03 at HASYLAB at DESY (22.6 × 23.3 μm2

beam size, λ = 0.1088 nm, dsample/detector = 3776 mm) by use of a
DECTRIS Pilatus 1 M area detector (981 × 1043 pixels, 172 × 172
μm2 pixel size). The angle of incidence was set to 0.2°. For data
analysis, DPDAK 1.2.0 software was used.44 Grazing incidence wide
angle X ray scattering (GIWAXS) was performed on a Bruker D8
Discover diffractometer equipped with a Soller slit and LynxEye strip
detector (λ = 0.15418 nm, dsample/detector = 26 cm). For Rietveld
refinement, FullProf software was used. The reflections were described
by the Thompson−Cox−Hastings pseudo Voigt profile function using
a polynomial background model. X ray photoelectron spectroscopy
(XPS) was performed on a VersaProbe PHI 5000 Scanning ESCA
Microprobe from Physical Electronics with an Al Kα radiation source
and hemispherical electron energy analyzer. The C 1s signal from
adventitious hydrocarbon at 284.8 eV was used as the energy reference
to correct for charging. Except for plasmon loss and Auger peaks, the
full width at half maximum (fwhm) was constrained to be equal for all
peaks of a given core level during fitting, and all spectra were baseline
corrected using the Shirley method. Rutherford backscattering
spectrometry (RBS) was performed with 2 MeV 4He+ ions, with the
parallel beam (at normal incidence) irradiating a cross sectional area of
1 mm2. The backscattered ions were analyzed at an angle of 152°. The
ion beam divergence was smaller than 0.02°. The solid angle of the
detector was in the range of 10−3 sr. For data analysis, SIMNRA
software was used.45 Magnetic susceptibility measurements were
performed on a Quantum Design MPMS 3 superconducting quantum
interference device (SQUID) magnetometer. The magnetotransport
properties were analyzed by means of a Quantum Design MPMS XL 5
SQUID magnetometer. For van der Pauw four probe measurements,
the LSMO thin films on quartz glass substrate were cleaved into
smaller pieces to fit the dimension of the sample tube. Liquid
electrolyte gating experiments were performed inside a SQUID
magnetometer by use of a custom built sample tube.10,17 Two
electrode cells with a high surface area carbon fiber cloth counter
electrode were assembled inside an Ar filled glovebox with both [O2]
and [H2O] < 1 ppm. The (nonaqueous) electrolyte was diethylmethyl
(2 methoxyethyl)ammonium bis(trifluoromethylsulfonyl)imide, and
glass microfiber filter paper (Whatman, GF/A) served as the separator.
Cyclic voltammetry was performed by use of an Autolab PGSTAT302
potentiostat.

■ RESULTS AND DISCUSSION
The LSMO thin films employed here were prepared by block
copolymer templating using common inorganic salt precursors.
After their deposition by dip coating onto silicon and glass
substrates, they were slowly heated in air to 700 °C to combust
all of the organic constituents (to make the material porous)



LSMO30 from TEM and SEM studies. Cross sectional SEM
reveals a well developed cubic mesophase without major
defects and further establishes that the pore network persists
throughout the bulk. The pores have an oblate spheroidal shape
with an aspect ratio (z/x) of about 0.3 due to unidirectional
film contraction mainly during thermal annealing (see also
section on GISAXS below). According to STEM and TEM, the
average lateral pore size is 23 nm. STEM also confirms the
homogeneity of composition, and HRTEM and selected area
electron diffraction (SAED) demonstrate both the polycrystal
line nature and the phase purity of the sol−gel derived material
(see also bright field TEM and STEM images at different
magnifications in Figure S5).
Figure 2 presents a STEM tomography reconstruction of the

3D structure. At first glanceand taking into account the

microscopy data shown in Figure 1the pore/solid
architecture seems to be homogeneous. However, to quantify
the degree of heterogeneity, a statistical approach is required.
Thus, a chord length distribution (CLD) analysis was
performed and combined with a skeletonization approach.
For CLDs, the pore wall interfaces are typically scanned with
chords of different length and the relative frequency with which
a defined chord (distance between opposing walls) appears in
the pore space is displayed. It can be used to describe the void
volume without the necessity of predefining a specific
geometry. For this reason, CLD analyses are very useful,
particularly for characterizing disordered porous materials,
where the assignment of a pore model is either not possible or
can falsify the results. Overall, CLDs give the prevailing length
scales within the material, but they cannot be directly correlated
with an average model based pore size. As is evident from
Figure 2, the polymer templated mesostructured LSMO30 thin
films exhibit a relatively narrow (monomodal) CLD for the
walls, while that of the pore space is broader, with a shoulder
around 30 nm. The mode of the CLDs lies at 12.5 and 17.5 nm
for solid (walls) and void (pores), respectively. The broadening
of the pore CLD is caused by a small fraction of “long” chords
within the pore space. These might stem from cavities with
larger dimensions; however, they are likely the result of two or
more pores that are connected along a line (see also cross
sectional SEM images in Figure 1). If the “long” chords were
indicating the presence of voluminous pores, they should be
visible in the 2D slices through the reconstructed structure.

Figure 1. Electron microscopy of polymer templated mesostructured
LSMO30 thin films. (a,b) Cross sectional SEM images at different
magnifications and (c) HAADF STEM image showing oblate pores
arranged in a cubic array. (d) HRTEM image and (e) SAED pattern
demonstrating the nanocrystallinity and phase purity of material after
heating at 700 °C.

Figure 2. Morphological characterization of polymer templated
mesostructured LSMO30 thin films. (a) CLDs of pore space and
solid phase. A reconstructed part of the material (from STEM
tomography) with dimensions of 155 × 193 × 69 nm3 is shown in the
inset. (b) Chords scanning the pore wall interface are spread from
random points (orange dots) within the pore space (black) or solid
phase (white). (c) Results from topological analysis of the pore space
using the skeletonization approach. (d) 2D slice through the
reconstructed pore space. The derived pore skeleton is shown in
pale blue.

and to achieve single phase LSMO while retaining nanoscale 
structure. Although a series of thin films with varying strontium 
contents from x ≈ 0.15 to 0.30 (denoted as LSMO15, 
LSMO225, and LSMO30) were fabricated during the course of 
this work, we specifically focus on the material with the highest 
concentration (i.e., LSMO30) in the following. Nevertheless, 
the characterization results for LSMO15 and LSMO225 from 
SEM, GIWAXS, XPS, and RBS, can be found in the Supporting 
Information (see Figures S1−S4). These data emphasize their 
structural and chemical homogeneity at the nanometer and 
micrometer length scales.
The 3D structural characterization was performed by a 

combination of electron microscopy, including SEM, TEM, and 
STEM tomography, and GISAXS. Figure 1 shows results for
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lization. As is seen, the amorphous material produces a pattern
with strong scattering maxima both in the qz and qy direction.
However, because of the relatively weak preferred orientation
to the substrate, it cannot be clearly assigned to a specific
mesophase. Nevertheless, GISAXS confirms the structural
homogeneity and high degree of pore ordering, the latter of
which is notable, particularly for this kind of self assembled
material. We note that mixed metal oxides prepared by the soft

templating method usually tend to have an ill defined porosity.
Part of the reason for this is the lack of control over the
hydrolysis and condensation reactions of the inorganic
precursors and the difficulty of crystallizing the nanometer
thick walls while retaining the original pore structure of the
material. The pattern shape further indicates a lattice (or
volume) contraction of more than 70% by 500 °C. This result
is in agreement with the presence of oblate pores with an aspect
ratio of about 0.3. After crystallization, only the scattering along
qy is preserved, which is due to the morphological anisotropy of
the thin films. However, as already indicated by cross sectional
SEM, the lateral (in plane) pore ordering is little affected; the
maxima are still distinct without apparent broadening or shift in
position (see horizontal line cuts in Figure 3). Thus, we
conclude that the different LSMO thin films are well defined
from a structural point of view and can be considered good
“model” materials.
The crystallinity, chemical composition, and bonding

configuration of the polymer templated mesostructured
LSMO thin films prepared in this work were investigated by
a combination of GIWAXS, XPS, and RBS. The data obtained
for LSMO30 as well as for LSMO15 and LSMO225 are shown
in Figure 4 and Figures S2−S4, respectively. Figure 4a presents
a GIWAXS pattern after heating at 700 °C. Structural
refinement confirmed the films to be of Pnma type
(isomorphous to GdFeO3). A schematic of the orthorhombic
unit cell is shown in the inset of Figure 4a. The quality of
refinement was evaluated by the magnitude of both the
weighted profile R factor (Rwp = 10.50%) and the goodness of
fit parameter (χ2 = 0.89). The fact that the discrepancy values
are relatively low indicates that the fit is good and further
corroborates the phase purity of the sol−gel derived material.
The average crystallite size from line broadening was
determined to be (14 ± 2) nm, regardless of composition.
This also implies that there is no mismatch between the average
crystallite size and the wall thickness, thereby helping to explain
why the pore/solid architecture is well preserved after
crystallization.
Both the chemical composition and bonding were analyzed

in more detail by XPS. Detailed spectra of the La 3d, Mn 2p,
and Sr 3d regions are shown in Figure 4b−d along with the
peak fits; survey spectra are presented in Figure S3. The La 3d
spectrum exhibits a complex satellite structure because of
hybridization between the O 2p valence band and the formally
empty 4f states of La3+. It was deconvoluted into 8 peaks. The
strongest components, with an area ratio of 3:2 for the 3d5/2
and 3d3/2 peaks, are located at (833.6 ± 0.1) eV and (850.6 ±
0.1) eV. The peaks at (835.7 ± 0.1) eV and (852.3 ± 0.1) eV as
well as at (838.0 ± 0.1) eV and (854.8 ± 0.1) eV correspond to
the bonding and antibonding components of the final state with
charge transfer. Besides, there are also 2 relatively broad peaks
centered at (847.6 ± 0.1) eV and (851.1 ± 0.1) eV due to a La
3d5/2 plasmon loss and a Mn Auger, respectively. The Mn 2p
spectrum shows 4 characteristic peaks, with the strongest
components at (641.9 ± 0.1) eV and (653.5 ± 0.1) eV
corresponding to the 2p3/2 and 2p1/2 peaks (with 2:1 area ratio)
of Mn3+. Those at slightly higher binding energies of (643.7 ±
0.1) eV and (655.3 ± 0.1) eV can be associated with Mn in the
oxidation state 4+. We note that the peak area ratio matches the
ratio of Mn3+ to Mn4+ anticipated from the amount of
strontium precursor used in the synthesis (see also Table S1 for
a summary of the quantitative analysis). As expected, the Sr 3d

Figure 3. Ex situ GISAXS patterns of polymer templated mesostruc
tured LSMO30 thin films (a) before and (b) after crystallization of the
inorganic walls. (c,d) Horizontal line cuts along qy (yellow arrows),
indicating that the lateral film structure remains virtually unaffected.

However, the slices shown in Figure 2 do not reveal any 
significant heterogeneity, but instead confirm the existence of 
interconnected elongated pores.
Both the pore (inter)connectivity and tortuosity were 

analyzed in more detail as well. For disordered materials, 
such parameters are usually derived by fitting bulk data to a 
model. Our approachusing tomographic methods to 
reconstruct the pore space and analyzing the connectivity via 
skeletonization analysisgives much more realistic results. The 
average pore coordination number (Z) obtained is 3.28, with a 
vast majority of pores (77%) having a coordination number of 
n = 3 (n = 4, 18%; n ≥ 5, 5%). These values are even slightly 
higher than those usually found for siliceous materials used for 
chromatographic applications.46−48 Consequently, it is reason 
able to assume that the pore network of the LSMO30 thin films 
allows for facile mass transport through the material.
Finally, the volume specific surface area was determined from 

the rendered isosurface of two different cuboids cut from the 
reconstructed (nonsymmetrical) 3D volume. Surface areas 
ranging from 191 to 201 m2/cm3 were obtained when using a 
generation method without surface smoothing. In contrast, the 
surface area was lower by approximately 9% when applying a 
constrained smoothing algorithm. However, given that the 
segmentation process already involved some interface smooth 
ing, the calculated values rather underestimate the actual 
volume specific surface area of the material. It should be noted, 
nevertheless, that they were determined from very small 
volumes (≈2.1 × 10−15 cm3), and therefore should be treated as 
estimates only; yet, they are consistent with those found for 
other large pore mesoporous metal oxide thin films prepared 
using the same polymer structure directing agent.49,50
Figure 3 shows GISAXS data obtained on polymer templated 

mesostructured LSMO30 thin films before and after crystal



spectrum only shows 2 dominant peaks at (133.2 ± 0.1) eV and
(134.9 ± 0.1) eV for the 3d5/2 and 3d3/2 levels.
As mentioned before, the film composition was also

determined by 4He+ RBS. Figure 4e shows a representative
spectrum and the results from curve fitting, the latter of which
are in fair agreement with the La/Sr/Mn ratio from XPS
quantitative analysis. Accordingly, the LSMO30 thin films can
be described as La0.69Sr0.28Mn1.03O3±δ. Collectively, the data in
Figures 4, S2−S4 and Table S1 establish that the polymer

templated mesostructured LSMO films are chemically pure,
and the presence of second phases can be ruled out (within the
limits of detection). In addition, they demonstrate the
“complete” removal of carbon from the system, which
emphasizes the good interconnectivity of the pores (i.e., there
is no bottleneck to the mass transport).
The DC magnetic properties of the LSMO30 thin films were

studied in plane by SQUID magnetometry. Experimental zero
field cooled (ZFC) and field cooled (FC) curves at 100 Oe are
presented in Figure 5a. The ZFC data show a relatively broad

maximum centered at 290 K, while the FC magnetization
continues to increase with decreasing temperature and levels off
at around 25 K. Overall, the curves resemble the behavior
expected from a superparamagnetic material. Figure 5b shows
field dependent magnetization data for different temperatures.
The saturation magnetization of virtually 3 μB per formula unit
is reasonable. The coercive field (HC) was found to decrease
from 376 Oe at 5 K to 43 Oe at 300 K and to exhibit a square
root dependence on T1/2 (see inset of Figure 5b). Such a
dependence is usually observed for noninteracting, single
domain particles below the blocking temperature (TB).

51−53 TB
was determined from a fit to the data to lie between 350 and
360 K (i.e., close to the magnetic transition temperature, TC).
Because LSMO is a well known colossal magnetoresistive

material, the in plane magnetotransport properties of the
polymer templated mesostructured LSMO30 thin films were
investigated as well. Both the negative low field (LFMR) and
high field magnetoresistance (HFMR) was determined by
measuring the electrical resistance (R) as a function of
temperature and magnetic field. The negative MR, following
eq 1, is

= − ×R R RMR(%) [( (H) (0))/ (0)] 100 (1)

Figure 6a shows the temperature dependent negative HFMR
for different magnetic fields along with the measured electrical
resistance with and without applied field. The electrical
resistance always increases with decreasing temperature until
a maximum is reached at around 270 K. This maximum can be
associated with the insulator to metal transition (TIM). Below
TIM, the electrical resistance decreases until T ≈ 54 and 40 K at
H = 0 Oe and 70 kOe, respectively, and then increases again
due to electron−electron interactions and/or spin disorder
scattering. This behavior is consistent with literature observa
tions.54−56 In contrast, the negative HFMR steadily increases
with decreasing temperature to nearly 45% at T = 5 K. This
behavior is different from epitaxial layers, but it has been

Figure 4. Crystallinity, chemical composition, and bonding config
uration of polymer templated mesostructured LSMO30 thin films. (a)
Rietveld plot for ex situ GIWAXS data. The observed (black circles)
and calculated patterns (red line) as well as the difference profile of the
fit (blue line) are shown. The inset is a schematic of the orthorhombic
unit cell with oxygen in red, manganese in turquois, and lanthanum/
strontium in yellow. XPS detailed measurements of the (b) La 3d, (c)
Mn 2p, and (d) Sr 3d regions. The red lines are fits to the data
assuming Gaussian−Lorentzian peak shape. (e) RBS spectrum. The
asterisk indicates the silicon edge at 1.13 MeV. The red line is a fit to
the data.

Figure 5. In plane DC magnetic properties of polymer templated
mesostructured LSMO30 thin films. (a) ZFC/FC curves at 100 Oe.
(b) Field dependent magnetization for different temperatures of 50,
150, 250, and 300 K. The inset shows the square root dependence of
HC (Oe) on T1/2 (K1/2), with HC = HC0 × [1 − (T/TB)

1/2].



reported before for (polycrystalline) LSMO nanomaterials.
Also, as is evident, the MR effect increases with increasing field,
making the mesoporous thin films promising for application in
magnetic field sensors that can operate over a wide range of
temperatures.
The negative LFMR in the range of ±4 kOe is shown for

different temperatures in Figure 6b−e. In agreement with
theory, the films exhibit the highest electrical resistance and
therefore the lowest absolute MR value, around HC. The
primary reason is the low relative orientation of spin polarized
carriers at the Fermi energy; “strong” electron scattering at
domain walls results in high electrical resistance. When H > HC,
the electrical resistance decreases significantly, which is due to
facilitated electron transport across the grain boundaries, and
the MR effect increases. As can be seen from Figure 6b−e, the
absolute LFMR decreases with increasing temperature (≈25%
at 5 K, 17% at 100 K, 8% at 200 K, and 2% at 300 K). These
values are similar or slightly higher than those obtained from
solution processed LSMO or related perovskite type manga
nese oxides.57

Finally, we demonstrate that carriers can be electrostatically
induced into the films via capacitive double layer charging. This
is intriguing as it allows tuning of the magnetization in situ. To
this end, gating experiments were performed inside a SQUID

magnetometer using two electrode cells, with high surface area
carbon fiber cloth and mesoporous LSMO30 serving as counter
and working electrodes, respectively. For reasons of feasibility,
an ionic liquid, namely, diethylmethyl(2 methoxyethyl)
ammonium bis(trifluoromethylsulfonyl)imide, was used as the
electrolyte. We note that this particular ionic liquid is
characterized by a large temperature window in which it
remains in the liquid state (see Figure 7a). Assuming that
electrostatic carrier doping is equivalent to chemical doping,
non Faradaic energy storage should, in principle, be accom
panied by both a shift in TC (at “high” temperatures) and a
change in total magnetization (at “low” temperatures). More

Figure 6. Magnetotransport properties of polymer templated meso
structured LSMO30 thin films. (a) Temperature dependent electrical
resistance and the corresponding negative HFMR effect for different
magnetic fields applied parallel to the film plane. The electrical
resistance measured without field is shown as dashed line. (b−e)
Magnetic hysteresis loops (blue) at 5, 100, 200, and 300 K along with
the negative LFMR effect (black).

Figure 7. Magnetic tuning of polymer templated mesostructured
LSMO30 thin films. (a) FC curves at 500 Oe for different charging
states. (b,c) Voltammetry sweeps at 330 K from −600 mV to +750 mV
(8 cycles) and at 220 K from −600 mV to +450 mV (4 cycles) and
−1800 mV to +1500 mV (3 cycles). The scan rate was 2 mV/s. (d−f)
Relative changes in magnetization at 500 Oe (d) and at 1000 Oe (e,f)
along with the surface charge density versus the time. The surface
charge density was calculated by measuring the current and voltage
and knowing the total surface area of the films (from STEM
tomography).



the opposite effect. However, when the surface charge density is
increased, the shift in TC becomes noticeable such that
suddenly both tuning mechanisms are present simultaneously.
This can be seen from the data in Figure 7f; now, the magnetic
response curve clearly exhibits an out of phase (low charge
density) and an in phase (high charge density) component.
Overall, the experiments demonstrate clearly the “competing”
nature of both mechanisms in perovskite type mixed valence
manganese oxides. On the one hand, the magnetic exchange
interactions are strengthened or weakened by inducing carriers
into the material, and on the other hand, the saturation at low
temperatures is altered, following a simple band filling model.

■ CONCLUSIONS

Thermally stable, 3D cubic mesoporous La1−xSrxMnO3
(LSMO) was prepared as a thin film by evaporation induced
self assembly. The sol−gel derived material with varying Sr
contents from x ≈ 0.15 to 0.30 was shown by various
techniques to be single phase and well defined in terms of
composition and pore structure after full crystallization at 700
°C. The Sr rich LSMO phase exhibited ferromagnetic behavior
below the blocking temperature of around 350 K, with
enhanced coercivity in comparison with bulk material due to
the unique combination of nanocrystallinity and mesoporosity.
Magnetotransport measurements demonstrated that the
polymer templated films behave differently from epitaxially
grown LSMO, which was particularly evident from the large
low field magnetoresistive effect. However, we believe that both
the high and low field magnetoresistance can be increased
further by affecting the intrinsic domain structure and charge
transport pathways (e.g., by coating the pore walls with a thin
layer of a different material using atomic layer deposition).
Furthermore, the manipulation of magnetic properties or, more
specifically, of total magnetization and Curie temperature was
achieved in situ over a broad temperature range by non
Faradaic capacitive charging. Overall, the results suggest that
electrostatic hole and electron doping via ionic liquid gating in
high surface area materials offers the intriguing possibility of
strongly tuning the magnetic phase diagram to explore new
functionality.
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specifically, positive (h+) and negative (e−) charge accumu 
lation should result in an increase and decrease in TCdue to 
changes in exchange interactions between the manganese ions 
(Mn3+/Mn3+, Mn4+/Mn3+, and Mn4+/Mn4+)and in a 
decrease and increase in total magnetic moment, respectively. 
The latter can be understood in terms of a simple band filling 
model as each accumulated electron contributes an additional
μB to the total moment. To prove these hypotheses, 
temperature dependent measurements were performed on the 
LSMO30 thin films. Here the potential was applied for a period 
of 60 min under isothermal conditions, and then the 
temperature was ramped to 5 K at 5 K/min. The magnetic 
field was set to 500 Oe during the experiment. As is seen in
Figure 7a, h+ accumulation indeed led to a shift in TC to higher 
temperatures (relative to the negative charge accumulation 
state), and e− accumulation to a higher saturation magnet 
ization at low temperatures. Thus, these data establish that in 
situ manipulation of the magnetic phase diagram of LSMO is 
possible. They also indicate that the most significant effect can 
be expected around the magnetic transition temperature. To 
gain more insight, cyclic voltammetric (CV) experiments were 
conducted under isothermal conditions. Notably, both the 
magnetization changes and surface current density, or surface 
charge density (amount of charge per unit surface area), were 
monitored simultaneously. Figure 7b presents CV curves 
obtained at 330 K in the potential range from −600 mV to
+750 mV. They barely changed with cycling, thereby already 
indicating good reversibility; the quasi rectangular shape is 
characteristic of supercapacitors or ultracapacitors.58−60 In 
Figure 7d, the corresponding relative change in magnetization 
at 500 Oe and the surface charge density both as a function of 
time are shown. The curves follow the very same shape, thus 
corroborating that the tuning effect is, in fact, reversible in 
nature. The peak to peak magnetization modulation was equal 
to 6.0%, which is among the largest values reported for ionic 
liquid gated mixed valence manganese oxides.10,12
To provide further evidence that the tuning, which is 

“positive” at high temperatures and “negative” at low 
temperatures (with respect to h+ accumulation), is dependent 
upon the surface charge density at isothermal conditions, gating 
experiments were performed at the lowest temperature at 
which the electrolyte still exists in the liquid state. Fortunately, 
this temperature was in the intermediate range. In other words, 
it was neither too high, so that the effect on TC is the major 
mechanism, nor too low, so that the tuning is primarily 
determined by the above mentioned band filling model. In 
these experiments, the applied field was set to 1000 Oe (to 
reach magnetic saturation). Figure 7c shows CV curves at 220 
K from −600 mV to +450 mV and −1800 mV to +1500 mV. 
Again, their shape is characteristic of double layer charging. The 
reason for the presence of subtle peaks around the cutoff 
potentials (see green curve in Figure 7c) is not well understood, 
but might be related to electrolyte decomposition reactions or 
pseudocapacitive behavior. However, the fact that the CV 
curves are nearly perfectly superimposed indicates that the 
charge storage process is highly reversible. The magnetic 
response is shown in Figure 7e,f along with the surface charge 
density versus the time. As expected, for very small 
perturbations (i.e., low surface charge), the curves are not in 
phase, but rather, they are antiphase (see Figure 7e). We 
believe that this is due to the fact that positive charging is 
accompanied by a decrease in magnetic moment by 
approximately 1 μB/h+, whereas negative charging leads to
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