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13 Abstract: In this study we combine scanning transmission electron microscopy, electron energy loss
14 spectroscopy and electron magnetic circular dichroism to get new insights into the electronic and magnetic
15 structure of LaSr-2 × 4 manganese oxide molecular sieve nanowires integrated on a silicon substrate. These
16 nanowires exhibit ferromagnetism with strongly enhanced Curie temperature (Tc> 500 K), and we show that the
17 new crystallographic structure of these LaSr-2 × 4 nanowires involves spin orbital coupling and a mixed-valence
18 Mn3+ /Mn4+ , which is a must for ferromagnetic ordering to appear, in line with the standard double exchange
19 explanation.

20 Key words: EELS, STEM, nanoparticles, nanowires, manganese molecular sieves, white lines, oxidation state

21
INTRODUCTION

22 Magnetic oxide nanoparticles are interesting for a wide range
23 of novel devices since they constitute the building blocks for
24 future data storage devices or magnetic sensors. However, for
25 practical device applications, magnetic nanomaterials should
26 exhibit a Tc well above room temperature. Many complex
27 oxides, such as mixed-valence perovskite manganites, diluted
28 magnetic oxides, spinels or ferrites, exhibit this requirement in
29 bulk. However, increasing Tc values above room temperature
30 in nano-systems remains a challenge, since the physical
31 properties of nanostructures often differ from those exhib-
32 ited by their bulk counterparts. We have recently been able to
33 synthesize manganese oxide molecular sieve nanowires that
34 display ferromagnetism above room temperature using a
35 sol–gel-based polymeric precursor solution and track-etched
36 polymer templates (Carretero-Genevrier et al., 2011, 2008).
37 Unfortunately, a microscopic explanation of the underlying
38 physics is lacking. This is, in part, due to the fact that the
39 magnetic characterization properties are based on macro-
40 scopic measurements of a large number of nanostructures,
41 and one cannot relate the local structure of a single nanowire
42 with its actual averaged magnetic properties, so the nature of
43 magnetism in the nanometer scale is still unknown.
44 In order to gain further knowledge in this front,
45 real space probes with atomic resolution and sensitivity to
46 magnetic quantities are needed. Among the experimental
47 techniques available for characterization of nanostructured

materials, aberration corrected scanning transmission

48electron microscopy (STEM), in combination with electron
49energy loss spectroscopy (EELS), is a powerful technique for
50structural and chemical analysis down to the atomic scale.
51The STEM electron probe routinely yields spatial resolution
52of< 1 Å as well as increased contrast both in imaging and in
53spectroscopy (Varela et al., 2004, 2005), allowing simulta-
54neous mapping of the structure, chemistry, and electronic
55properties of materials in a single experiment. Furthermore,
56as has recently been demonstrated by Schattschneider et al.
57(2006) electron probes can also be used to study the magnetic
58properties. Energy-loss magnetic circular dichroism
59(EMCD) can be measured in a TEM studying the L2,3 EELS
60absorption edges of transition metal, and has already been
61used to study nanostructured materials in the sub-
62nanometer range (Schattschneider et al., 2008; Zhang et al.,
632009, 2011; Lidbaum et al., 2010; Carretero-Genevrier et al.,
642012; Salafranca et al., 2012).
65In this work, we will shed some light on the connection
66between structure, chemistry, and magnetism in the nano-
67meter scale in manganese oxide molecular sieve nanowires.
68Our LaSr-2 × 4 nanowires present a Tc that is much higher
69than most perovskite Mn oxides (above 500 K) so they can be
70studied at room temperature in the aberration corrected
71STEM. We will use atomic resolution STEM-EELS to
72investigate the electronic properties of different Mn sites
73within the monoclinic structure and combine them with
74EMCD onto a single LaSr-2 × 4 nanowire and attempt to
75distinguishing the Mn spin and orbit contribution. Our
76results will pave the way to elucidate the mechanism
77underlying both ferromagnetism and the high Curie
78temperature exhibited by these LaSr-2 × 4 nanowires.*Corresponding author. jgazqueza@gmail.com
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79
MATERIALS AND METHODS

80 LaSr-2 × 4 nanowires were prepared from 1M aqueous
81 solutions composed of La(NO3)3∙6 H2O, Sr(NO3)2∙4 H2O
82 and Mn(NO3)2∙4 H2O in the molar proportion of 07:0.3:1,
83 respectively. The addition of ethylene glycol (EG) heated
84 above 100°C promotes polymerization of the EG in order to
85 reach the optimum viscosity value required for filling of the
86 template’s pores.
87 Track etched polymer templates were prepared by irra-
88 diation of polyimide or polycarbonate directly supported on
89 single crystalline Si substrates by using heavy ions and pos-
90 terior chemical development as described elsewhere (Carre-
91 tero-Genevrier et al., 2010, 2011, 2012, 2013). Then, all
92 precursor solutions were used to fill the nanopores of the
93 polymer template. A thermal treatment at 800°C for 5 h
94 (temperature ramp 3ºC min-1) in air was applied directly
95 after filling the nonporous template in a tubular furnace in
96 order to obtain vertical epitaxial LaSr-2 × 4 nanowires on a
97 silicon substrate. ε-MnO2 nanowires up to 30 µm in length,
98 were synthesized following the same procedure with a ther-
99 mal treatment of 2 h at 700°C. These nanowires were
100 indexed with a hexagonal unit cell a = b = 5.28 Å, c = 2.86
101 Å, α = 90°, β = 90° and γ = 120°, described elsewhere
102 (Carretero-Genevrier et al., 2011).
103 The samples’ microstructure was investigated using a
104 field emission gun scanning electron microscope (FEG-
105 SEM), Hitachi’s SU77Q2 . A VG Microscope HB501UX and a
106 Nion UltraSTEM, both operated at 100 kV and equipped
107 with a Nion aberration corrector and a Gatan Enfina EEL

108spectrometer, were used for high-resolution imaging,
109Z-contrast imaging, and STEM-EELS spectrum imaging.
110The probe forming aperture had a semiangle of ~ 25 mrad.
111The collection angle at the spectrometer was estimated to be
11212 mrad. Thin foil cross-sectional samples of the wires grown
113on the substrates were prepared for STEM by conventional
114grinding and ion milling methods. The EMCD experiment
115was also carried out using a Nion Ultrastem at 100 kV, but
116operated in nanodiffraction mode. In this mode the scanning
117beam has a diameter of about 1 nm. The convergence and
118collection semiangles were set to 30 and 34 mrad, respec-
119tively. The detection of circular dichroism in the TEM is
120described in the literature (Schattschneider et al., 2006). It
121can be achieved by recording two EEL spectra in the dif-
122fraction plane with different polarizations, this is, having an
123opposite sign of the imaginary part, I + and I− , by selecting
124the scattering angles such that the momentum transfers q
125and q′ are orthogonal to each other, q⊥q′.

126
RESULTS AND DISCUSSION

127Our nanowires are magnetic at room temperature. The
128proposed unit cell of these nanowires is monoclinic with
129lattice parameters a = 13.8 Å, b = 5.7 Å, c = 21.8 Å, and
130β = 101º, where the long axis of the nanowires is along the b
131crystallograghic direction (Carretero-Genevrier et al., 2008).
132It also presents an ordered arrangement of the La3 + and
133Sr2 + cations (Carretero-Genevrier et al., 2011). Figure 1a–1c
134show a low magnification FEG-SEM image of the LaSr-2 × 4

Figure 1. a: Low magnification field emission gun scanning electron microscope (FEG-SEM) image of LaSr-2 × 4
nanowires epitaxially grown on a α-quartz/Si substrate. b: Hysteresis loops of the LaSr-2 × 4 nanowires measured at
400 K for fields applied parallel (filled symbols), and perpendicular (open symbols), to the substrate plane. c: Hysteresis
loops of the LaSr-2 × 4 nanowires measured at 10 K, showing a saturation magnetization of (Ms) of 47± 10 emu/g.
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135 nanowires and the magnetic hysteresis loops measured for
136 fields up to 5 T, at 400 K and at 10 K, respectively. For the
137 400 K measurement, the magnetic field was applied in-plane
138 and out-of-plane with respect to the substrate. The out-of
139 plane magnetization curve saturates at a higher magnetic
140 field than does the in-plane curve, indicating that the direc-
141 tion perpendicular to the long axis of the nanowires is a hard
142 magnetic axis. We have calculated the saturation magneti-
143 zation value for the monoclinic LaSr-2 × 4 nanowires. The
144 mass of nanowires was estimated in 2.86·10− 06 g, which gives
145 a saturation magnetization of 47± 10 emu/g for the LaSr-
146 2 × 4monoclinic phase at 10 K, which is half of the saturation
147 magnetization value of the La0.7Sr0.3MnO3 bulk perovskite
148 (90 emu/g), indicating the high ferromagnetic strength of
149 this novel type of nanostructure. Considering the structure
150 proposed by Carretero-Genevrier et al. (2011), which is
151 similar to the RUB-7 manganese oxide structure (Rziha et al.,
152 1996), one can estimate for the LaSr-2 × 4 nanowires a
153 1.8 μB/Mn, slightly less than half of that of Mn3+, 4.9 μB.
154 Figure 2a shows a typical cross-sectional low magnifi-
155 cation high-angle annular dark field image STEM image of
156 one of our samples. The brighter rods correspond to the

157randomly oriented LaSr-2 × 4 nanowires, which cover the
158surface of a polycrystalline α-quartz layer formed along with
159the nanowire synthesis. Figure 2b is a high resolution TEM
160image showing a LaSr-2 × 4 nanowire epitaxially grown on
161top of an α-quartz grain. The Fast Fourier transform (FFT)
162of Figure 2b reveals that the orientation relationship can be
163described as (010) LaSr-2 × 4//(010) α-quartz and an in-
164plane epitaxial relationship given by [20-2] LaSr-2 × 4//
165[-101] α-quartz. STEM-EELS studies allowed us to explore
166the chemistry of the nanowires. Figure 2c shows an EEL
167spectrum generated from scanning a nanowire, confirming
168its uniform composition. It is worth noting that neither
169appreciable inter-diffusion of Si into the nanowires nor any
170trace of Sr on the quartz layer was detected from our EELS
171studies.
172The crystal quality of the wires is high. The growth
173process of these LaSr-2 × 4 nanowires on Si substrates has
174been well established in recent works (Carretero-Genevrier
175et al., 2008, 2011, 2013). The confinement imposed by a
176polymer template during thermal treatment results in the
177formation of ε-MnO2 nanoparticles in the early stages of the
178growth process. These act as seeds for the further growth of

Figure 2. a: Low magnification Z-contrast image of LaSr-2 × 4 nanowires epitaxially grown on an α-quartz/Si
substrate. The inset shows the FFT of both phases. b: High-resolution transmission electron microscopy (HRTEM)
image of the α-quartz-Si interface along [010] α-quartz zone axis. c: Electron energy loss (EEL) spectrum generated
from the EELS scans across a nanowire.
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179 the manganate nanowires at high temperature treatments
180 (i.e. 800°C). In addition, contact of the silica native layer with
181 alkaline-earth metal cations (like the Sr2 + present in the
182 precursor solution) during the thermal treatment yields its
183 devitrification to an α-quartz layer, as recently demonstrated
184 by the authors (Carretero-Genevrier et al., 2013). This is a
185 key factor for stabilization of these manganese oxide nano-
186 wires. Indeed, α-quartz film renders better lattice matching
187 to the complex oxide nanostructures favoring the epitaxial
188 growth of the LaSr-2 × 4 nanowires. However, due to the
189 relatively low annealing temperature (800ºC), the α-quartz
190 layer grown on Si substrates is polycrystalline, which results
191 in growth of the nanowires along different orientations with
192 respect to the substrate plane.
193 The magnetism of these nanowires can be studied using
194 EMCD, which, as mentioned before, can be measured in a
195 TEM studying L2,3 EELS absorption edges of transition
196 metals (Schattschneider et al., 2006). Following the proce-
197 dures described by Schattschneider et al., we have obtained
198 the Mn-L edges from two conjugated spots in the nanodif-
199 fraction diagram, which are equivalent to the two beam
200 polarizations used in X-ray magnetic circular dichroism
201 (XMCD) measurements (Fig. 3a). The dichroic signal is then
202 given by the difference between these two spectra. A clear
203 dichroism is observed in the LaSr-2 × 4 nanowire, as dis-
204 played in the lower panel of Figure 3a. Further evidence of
205 the difference in Mn L2,3 edges comes from calculating the
206 L2,3 ratio for each spectrum coming from the two conjugated
207 spots in the diffraction pattern. The value of the L2,3 ratio has
208 been obtained here using the second derivative method
209 (Botton et al., 1995), giving the values 2.4 and 2.9 for posi-
210 tions (+ ) and (− ), respectively. EEL spectra were acquired

211from relatively thin regions, with a thickness value in terms
212of the inelastic mean-free path of t/λ<0.5.
213Quantification of the actual values of the spin and
214orbital moments for the Mn ions is challenging. However,
215the EMCD integrals might supply information about their
216relative size and orientation. We have used two different
217methods to calculate the quotient between the orbital (lZ)
218and spin (sZ) moments projections: the approach followed by
219Chen et al. for X-rays and that used by Calmels et al. (Chen
220et al., 1995; Calmels et al., 2007), which takes into account
221the dynamical diffraction effects arising from the propaga-
222tion of the electron diffracted beams within the crystal
223(something that cannot be omitted in a quantitative analy-
224sis). First, we consider the use of the sum rules (Chen et al.,
2251995), which may provide the relative size and orientation of
226the sZ and lZ moments of Mn. Figure 3b displays the result of
227applying sum rules to Mn ions on the LaSr-2 ×4 nanowires.
228Bear in mind that the only XMCD expression that can be
229applied in our experiment is for the ratio of the orbital and
230the spin moment. q and p are the values of the integrated
231areas of the EMCD signal of the Mn L2,3 edges and the L3
232edge, respectively (Fig. 3b). The obtained value for the
233quotient lZ/sZ is − 0.82. The negative value points to an
234antiparallel alignment of the spin and the orbital magnetic
235moments.
236These results can be compared with those obtained
237using the sum rules derived for EMCD spectra, which take
238into account dynamical effect, sample orientation, and
239thickness (Calmels et al., 2007). Following the procedure
240described by Calmels et al., (2007) and having integrated the
241EMCD spectrum in the energy windows [632 eV, 644 eV] for
242the L3 edge and [646 eV, 657 eV] for the L2 edge, the mea-
243surement then gives lZ/sZ = −0.62. This result is in agree-
244ment with the value previously obtained.
245In order to get new insights into the mechanism
246responsible for the high temperature ferromagnetism we
247studied and compared the electronic structure of these LaSr-
2482 × 4 nanowires with that of the ε-MnO2 phase, which
249is nonmagnetic, has a unique Mn valence value and, as
250mentioned before, serves as a seed for the growth of the
251manganite nanowires. In manganites, the small peak in the
252very onset of the O-K edge is related to the hybridization of
253the O 2p band and the Mn 3d states, and it is found to change
254with manganese oxidation state (Varela et al., 2009). In
255addition, as confirmed by several studies, the ratio between
256L3 and the L2 of the L2,3 edge also changes as a function of the
257occupancy of the Mn 3d orbitals, and can be used as a
258fingerprint for transition metal valence (Rask et al., 1987;
259Botton et al., 1995; Nakagawa et al., 2006; Varela et al., 2009).
260Accordingly, these two different features, the O-K edge pre-
261peak intensity and the Mn L2,3 ratio have been used to
262characterize the Mn oxidation state of our samples.
263Figures 4a and 4b show a comparison of O-K and Mn-L
264EEL spectra for ε-MnO2 (in black) and LaSr-2 × 4 nanowires
265(in red), which show evident differences between these two
266phases. For the LaSr-2 × 4 nanowires, the O-K edge pre-peak
267(peak A) is significantly suppressed and shifted to higher

Figure 3. Mn L2,3 edges, after background subtraction, in the two
configurations (+ ) and (− ), and the resultant dichroic signal
(upper and bottom panels, respectively). The spectra were nor-
malized to the background region between the two edges. The
inset shows the diffraction pattern and the detector positions
used. The electron energy loss spectroscopy (EELS) spectrum has
been corrected by the subtraction of a baseline (a double-step
function) that takes into account a linear increase of the back-
ground inside the L2,3 edges, as well as the background out of the
L2,3 edge. The red line is the integral for the signal. Blue arrows
indicate the values of p and q.
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268 energies compared with the center peak (peak B). Both the
269 intensity and the distance (ΔE) between peak A and B are an
270 accurate indicator of valence change (Luo et al., 2009; Varela
271 et al., 2009). Also, analysis of the Mn L2,3 edge confirms the
272 change of manganese oxidation state. The resulting L2,3
273 ratios have values of 2 and 3.2 for ε-MnO2 and LaSr-2 × 4
274 nanowires, respectively. According to previous reports, the
275 L2,3 ratio increases with the oxidation of manganite per-
276 ovskites (Varela et al., 2009). Hence, doping the ε-MnO2

277 nanowires with La and Sr cations induces a mixed-valence

278Mn3+ /Mn4+ as in perovskite manganites, This mixed
279valence state may be associated with double exchange and
280result in long range ferromagnetism (Dagotto et al., 2001).
281Also, the particular atomic arrangement of the Mn3+ /Mn4+

282manganese atoms within the monoclinic structure may
283change the interatomic distances and modify the exchange
284interaction stabilizing a ferromagnetic configuration.
285Further evidence of the mixed-valence state of the
286LaSr-2 × 4 comes from spectrum imaging. Figure 5 displays a

set of data used to extract the local variation of the Mn

Figure 4. a and b: O-K edge and Mn-L edge averaged electron energy loss (EEL) spectra of a ε-MnO2 nanowire
(in black) and a LaSr-2 × 4 nanowire (in red), respectively.

Figure 5. a: Left panel: High resolution Z-contrast image of a LaSr-2 × 4 nanowire along the [100] zone axis.
A LaSr-2 × 4 nanowire cell model has been highlighted on the Z-contrast image, with yellow circles marking the Sr
columns position, blue circles the La column position, and red and green circles the O and Mn positions, respectively.
Right panel: EELS data acquired in a line scan showing the evolution along different planes of the LaSr-2 × 4 nanowire
of the O-K, Mn-L and La-M edges along the red arrow on a. Red arrow indicates the direction of the scan. b: From top
to bottom, annular dark field (ADF) simultaneous signal intensity, normalized pre-peak intensity of the O-K edge and
L2,3 ratio profiles along the direction of the red arrow in panel a. Positions 1 and 2 mark two different Mn sites.
c: A drawing of the model of the LaSr-2 × 4 nanowire unit cell along [010] (Carretero-Genevrier et al., 2011), with the
relative direction of the electron beam during the scanning.
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287 oxidation state. Figure 5a shows a high-resolution Z-contrast
288 image of the LaSr-2 × 4 nanowire along its [100] zone axis,
289 together with a line scan along the [001] axis. The ripples in
290 the O, La, and Mn signals along the scan line are a reflection
291 of the positions of the elements. A model structure, overlaid
292 on the Z-contrast image, was proposed in a previous work
293 from a similar line scan (Carretero-Genevrier et al., 2011).
294 Figure 5c shows the proposed structure of the LaSr-2 × 4
295 nanowires viewed along its b-axis and its relative orientation
296 with respect to the electron beam during the EEL scan. In
297 this work, we have used a line scan with a longer acquisition
298 time, 1 s per pixel, to probe the changes in the fine structure
299 at different atomic positions. We have used the normalized
300 O-K pre-peak intensity (compared with the center O-K edge
301 peak, B) and the Mn L2,3 ratio to characterize our sample
302 (Fig. 4). The spatial modulation observed on both signals is
303 the fingerprint for a local variation of the Mn oxidation state.
304 When the scanning probe steps on the Mn column that
305 has La cations as first neighbors (position 1 in Fig. 5b) the
306 normalized pre-peak intensity decreases while the L2,3 ratio
307 increases. On the other hand, when the probe steps on the
308 Sr/Mn column (position 2 in Figure Fig. 5b) the normalized
309 pre-peak intensity increases and the L2,3 ratio decreases.
310 Comparing these results with those obtained from the
311 ε-MnO2 phase (Fig. 4) one can state that the Mn cations
312 surrounded by La (position 1) have a lower oxidation com-
313 pared with those found in position 2.

314
SUMMARY AND CONCLUSIONS

315 In summary, using EMCDwe have studied the magnetism of
316 a single LaSr-2 × 4 nanowire at room temperature. The
317 nanowires are ferromagnetic and EMCD measurements
318 show that there is a significant orbital component to the
319 magnetic moment and that it is aligned antiparallel to the
320 spin moment. These results suggest a strong spin orbit cou-
321 pling, since oppositely oriented dipole moments have lower
322 energy than those aligned parallel with each other. Our
323 finding suggests, as expected from the third Hund rule, that
324 Mn shells are less than half-filled, and that the origin of
325 ferromagnetism may reside in a double-exchange-like
326 mechanism. Indeed, spatially resolved EELS confirms the
327 presence of mixed-valence Mn cations at different sites as a
328 result of the ordered arrangement of the La3+ and Sr2 +

329 cations within the structure. However, the electronic struc-
330 ture of these monoclinic LaSr-2 × 4 nanowires differs from
331 its perovskite-like counterparts and the fine structure of the
332 O-K edge presents significant changes compared with man-
333 ganites (Luo et al., 2009; Varela et al., 2009). Although the
334 pre-peak in the O-K edge of manganites measures the elec-
335 tronic occupancy of the hybridized O 2p and Mn 3d states,
336 and hence the oxidation state of the Mn, the lattice effects
337 must play a key role in the structure of the O-K edge in the
338 case of the LaSr-2 × 4 nanowires. The different disposition
339 and arrangement of La and Sr cations in the new structure of
340 the nanowires may well affect the Mn-O bonds of MnO6

341 octahedra. While further work is needed on the theoretical

342side to interpret the features of the electronic structure of our
343nanowires, our results pave the way toward harnessing the
344strong magnetism at room temperature measured in LaSr-
3452 × 4 manganese oxide molecular sieve nanowires.
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