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ABSTRACT

The microstructural properties of electrospun Lag sSro2MnO3 (LSMO) nanofibers were investigated using electron microscopy and electron
backscatter diffraction (EBSD). By means of EBSD, it is possible to measure the crystallographic orientation of the LSMO grains within an
individual nanofiber. As the LSMO grains within the nanofibers are in the 10-nm range, we employ here parts of the recently developed trans-
mission Kikuchi diffraction technique in order to enhance the Kikuchi pattern quality to enable an automated mapping of the crystallographic
data. The diffraction results demonstrate that the grain orientation is not random, but there is a texture induced by the shape of the polymer
nanofiber formed after the electrospinning step. Within an individual nanofiber section, the dominating grain boundaries are high-angle ones,
which play an important role in the current flow through the sample (low- and high field magnetoresistance). The data obtained allow further
an analysis of the grain shape aspect ratio, and elucidate the grain and grain boundary arrangement within electrospun LSMO nanofibers.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/9.0000171

I. INTRODUCTION

The perovskite compound La;_Sr,MnO3 (LSMO) is known
for the high spin-polarized currents, which makes it a material
of great interest in spintronics.'” The magnetoresistance (MR)
observed was found to depend strongly on the microstructure, i.e.,
the grain boundaries (GBs) and the interfaces between the grains.*”
LSMO materials are commonly prepared as thin films, or bulk, poly-
crystalline materials and recently, as nanostructures®’ which com-
prise nanopowders, nanocubes and nanowires. In such structures,
the LSMO grain size is reduced to the 10-nm range and hence, a large
interface area results. Due to the increased surface-to-volume ratio,
LSMO nanoparticles should be ideal systems to unravel physical
properties that are highly surface-sensitive, in particular magnetism
and electrical transport. Previous investigations have demonstrated
that it is possible in this way to increase the MR up to 70 % at low

temperature and high fields, whereas the low-field MR is dominated
by the wire diameter.® The electrospinning technique'® is a con-
venient way to produce long (up to 100 ym) nanofibers of LSMO
without a substrate. Reports on the fabrication of LSMO nanofibers
can be found in the literature,*!'~'* but a detailed investigation of the
microstructure of individual nanofibers is still lacking. Recently, an
analysis of LSMO nanocubes showed that these nanocubes exhibit
that oxygen deficiencies and related manganese reduction is con-
fined to just two outer surface perovskite layers.” Therefore, this
interface may play an essential role to understand the MR prop-
erties of LSMO materials. This report demonstrated the need for
more detailed analysis of nanostructured LSMO materials. Recently,
there are attempts of strain engineering the magnetic properties
of LSMO as thin films on a variety of substrates.'*? The present
electrospun nanofiber mats, which do not have any substrate, now
enable to study the strain effects in a nanometer-sized object. For
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these reasons, we have performed an analysis of the microstruc-
ture details using electron microscopy employing scanning electron
microscopy (SEM), transmission electron microscopy (TEM) and
electron backscatter diffraction (EBSD). To obtain a strong enough
EBSD signal of a nanofiber piece, the newly developed transmission
Kikuchi diffraction (TKD)?'~** technique was applied here in two
ways, i.e., in transmission and reflection mode.

Il. EXPERIMENTAL PROCEDURE

The electrospinning precursor is prepared by dissolving La, Sr,
and Mn acetates in PVA (high molecular weight polyvinyl alcohol).
The PVA is slowly added to the acetate solution with a mass ratio
of 2.5:1.5. This solution is stirred at 80°C for 2 h, and then spun
into cohering nanofibers by electrospinning using an MECC elec-
trospinning system. To remove the organic compounds and to form
the desired LSMO phase, the sample is subsequently heat treated
in a lab furnace. An additional oxygenation process is required to
obtain the correct phase composition. The constituent phase was
checked by means of x-ray diffraction and EDX analysis. Further
details about the electrospinning process of the LSMO nanofiber
mats and their magnetic and magnetoresistive properties are given
elsewhere.'*"'° The electrospun nanofibers can be as long as 100 ym.
Here, it is important to mention that the average diameter, d, of the
nanofibers was determined to be 227.8 nm. Typically, the nanofiber
cross-section is convex with the maximum thickness, A, in the fiber
center, consisting of 4-5 individual LSMO grains. At the fiber edges,
typically a single grain is located. The average grain size determined
by TEM analysis ranges between 10 and 32 nm, with an average at
24.8 nm." In several locations, the nanofibers may consist of only a
single LSMO grain.

For electron microscopy, portions of the nanofiber net-
works were dispersed in ethanol using ultrasonication (30's). Small
amounts of this liquid were dropped on a Si/SiO, substrate and
dried. Nearly electron-beam transparent nanofiber sections were
selected in a dual-beam focused-ion beam (FIB) workstation (Strata
DB 235), and cut out by means of FIB. This is illustrated in the
supplementary material [Figs. S1 (a)-(c)]. The samples were then
fixed by Pt evaporation on a TEM grid. No additional treatment
of the sample surface was carried out. EBSD/TKD was performed
in a JEOL 7000F SEM microscope equipped with a TSL (TexSEM
Labs, UT) analysis unit with the corresponding orientation imag-
ing (OIM) analysis software.!” The Kikuchi patterns were generated
at an acceleration voltage of 15 kV, and were recorded applying
a DigiView camera system (see also Fig. S2 in the supplementary
material). As the effective microstructure of the sample plays an
important role for the understanding of the magnetoresistive prop-
erties, we employed the TKD technique to obtain details on the
grain and GB arrangement within an individual nanowire. This
approach enables here for the first time a proper analysis of such
nanowire samples with nanometer-sized grains. As TKD works well
only in the most thin nanowire sections, we choose as compromise
the standard EBSD (reflection mode) but using the custom-built
sample holder for TEM grids, which enables to analyze the thicker
nanofiber sections as well. In this way, we still have the benefit of a
small sample size which reduces the possible charging effects. Our
custom-built sample holder allows for the correct 70° inclination
of the sample required for EBSD.”**° The stage with the sample

scitation.org/journal/adv

holder is inclined to an angle of —20°, which enables, together with
the sample mounting, the same detector position to be used for the
EBSD detector as in the standard configuration. The electron beam
operates at 30 kV, and the working distance is set to 20 mm. The
EBSD stepsize was chosen to be 5 nm. The EBSD data were indexed
using JCPDS file no. 470444 (trigonal, space group D3d [-3m] with
a=5.534 A and ¢ = 13.356 A), which corresponds to the composi-
tion La()_gsr()_lMIlO3.37'lS

Ill. RESULTS AND DISCUSSION

In Fig. 1 (a), a low-resolution TEM image of a LSMO nanofiber
is presented, ready for the investigations. Figure 1 (b) gives a
SEM image of the nanofibers in the fully-reacted fiber mat sam-
ple. Figure 1 (c) presents on the left side a SEM image of a LSMO
nanofiber section, taken in EBSD conditions (i.e., inclined by 70°
to the electron beam). The green rectangle represents the analyzed
area, shown on the right side as inverse pole figure (IPF) mapping in
[001]-direction, giving the crystallographic orientation of the grains.
The color code for the orientations is given in the stereographic tri-
angle on top of the image. The achieved image quality of the Kikuchi
patterns is relatively high (~5870), which demonstrates the benefits

FIG. 1. (a) Low-resolution TEM image of a selected nanofiber section. (b) shows
an SEM image of a fully-reacted LSMO nanofiber mat. (c) SEM image (70° tilt)
of a LSMO nanofiber section and the analyzed area marked in green. The corre-
sponding IPF map in [001]-direction is shown in (d). The color code is given in the
stereographic triangle above the map.
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of the TKD approach and the small sample size. So, an automated
mapping of reasonably-sized sample sections is possible.

Figure 2 gives TKD mappings in a larger sample section
(996 x 276 nm?, ~10000 pixels). (a) is again the SEM image, and
the green rectangle shows the area analyzed. (b) presents a grain
size map, where the edge grains are excluded from the analysis and
drawn as white. Overall, this section contains 411 LSMO grains and
64 edge grains. The TKD-detected grain sizes range between 9 nm
and 100 nm with an average size of 20 nm, and the grain boundaries
are highlighted in dark blue. A total of 7078 boundaries was detected,
with all boundary segments yielding a length of 24.512 ym. The com-
plete analysis of the grain boundary misorientation is given in Fig.
S3 in the supplementary material. Image (c) is an IPF mapping in
[001]-direction, that is, normal to the nanofiber surface. From the
mapping, we see that mainly small grains are found close to the
nanowire edges, whereas some larger LSMO grains are found in the
center of the nanowire. The distinct colors further indicate that there
is a majority of high-angle GBs, which is manifested in the inverse
pole figures shown in Fig. 3. Additionally, the ellipses represent the
OIM software approach to model the grain shape.

Finally, Fig. 2 (d) represents a kernel average misorientation
mapping (KAM). Such KAM maps relate each pixel to its direct
neighbors, which enables a measure of stress/strain effects as dis-
cussed in Refs. 29 and 30. As the present nanowires do not have
a substrate, there is no corresponding stress/strain induced. The
detected strains stem solely from grain growth effects when two

110?)‘\
o o X &;é

FIG. 2. (a) SEM image in EBSD conditions with the analyzed area marked green.
(b) Grain size map with the edge grains drawn in white. The color code for the
grain size is shown at the left side. (c) IPF map in [001]-direction (i.e., normal to
the sample surface). For the color code of the orientations, see Fig. 1. Additionally,
the grains are contoured by ellipses for the determination of the grain shape aspect
ratio. (d) KAM-mapping. The color code comprises blue: 0-0.45°, green: 0.45-0.9°,
yellow: 0.9-1.33°, dark yellow: 1.33-1.77°, and red: 1.77-2.5°.

scitation.org/journal/adv
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FIG. 3. The upper graphs are the inverse pole figures in [001], [100], and [010]-
directions, revealing that the grain orientation is not random, but shows several
distinct maxima (orange/red).

grains begin to overlap each other. As a result, 72% of the sample
(indicated in blue) does not show any strain, and only 5% (yellow,
orange, red) have deviations of up to 5°. Thus, the present LSMO
nanowires are practically free of strain.

The three plots of Fig. 3 give the inverse pole figures (IPF)
in [001], [100], and [010]-directions. Here, we see that the LSMO
grains are not oriented randomly which one might expect, but sev-
eral maxima (orange/red) dominate the IPF figures. The positions
of these maxima give already a hint concerning the texture, but
it is informative to have a closer look on the complete orienta-
tion distribution function (ODF), which is given as Fig. S4 in the
supplementary material. From this texture analysis, we can con-
clude that the electrospun LSMO nanowires have a fiber-like texture,
induced by the shape of the as-spun polymer fiber. This observa-
tion further implies that the size and shape of the as-spun poly-
mer nanofiber defines the limits for the LSMO grain growth dur-
ing the following heat treatments. Thus, we can conclude that the
grain growth is strongest in the central section of the as-spun
nanofiber due to the convex cross section (see also Fig. S1 (b) in the
supplementary material). The consumption of the precursor mate-
rials leads then to the observed shrinking effect of the nanowire.
Towards the edges of the former as-spun nanowire, only small
LSMO grains are formed.

In Fig. 4, EBSD-determined plots of the GB misorientation
angles (a), the boundary line length/area (=boundary density)'” (b)
and the grain shape aspect ratio (c) are given. For this analysis, we
compare two different nanowire sections of similar size to get infor-
mation about the spatial variation of the results. In (a), there is in
both sections a large number (15%) of small-angle GBs (up to 10°),
and the number of boundaries is growing from 30 to 80°. As already
expected from the IPF mapping, there is in both sample sections a
large number (up to 30 %) of high-angle GBs. The plot (b) gives
the boundary density (boundary line length/area in units of [1/um])

AIP Advances 11, 025008 (2021); doi: 10.1063/9.0000171
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FIG. 4. EBSD analysis graphs. (a) Statistics of the GB misorientation angles, (b)
boundary line length divided by EBSD map area (unit [1/um]) as function of the
misorientation and (c) statistics of the grain shape aspect ratio y for two similar-
sized sample sections. The inset shows the definition of y = RIMOrXEs (gee glsg

majoraxis
main text).

as function of the misorientation. This shows that the small-angle
GBs are only found between the smallest grains, and the boundary
density increases with increasing misorientation up to 90°. Finally,
(c) presents the grain shape aspect ratio, defined in the TSL-EBSD

scitation.org/journal/adv

FIG. 5. (a) Low-resolution TEM image, which can be compared directly to the
EBSD images. (b) View of some LSMO edge grains and (c) gives a detail view of
a grain boundary with high magnification.

software as the major axis divided by the minor axis (see inset).!”
Note that a small value indicates a very elongated grain, and a large
value a circle-like one. The overall behavior is similar for both sam-
ple sections. A maximum is obtained at 0.55 to 0.6, which means that
about 20 % of the grains are slightly elongated.

Figure 5 presents TEM images of the LSMO nanofibers. Image
(a) is a low-resolution TEM image of a typical nanofiber section,
which compares well to the SEM/TKD images of Figs. 1 and 2. A cor-
responding TEM diffraction pattern is given in the supplementary
material (Fig. S5 (a)), together with some additional TEM images
(Figs. S5 (b) and (c)). Figure 5 (b) presents some LSMO edge grains
in detail. The fringes visible indicate the orientation of Mn-O planes,
which illustrate again the high number of high-angle grain bound-
aries within the nanofibers. Figure 5 (c) shows typical GBs within the
LSMO nanofiber. The boundaries are relatively sharp, which implies
that the polymer material has been properly burnt off during the heat
treatment stages.

IV. CONCLUSIONS

To conclude, we have performed a thorough analysis of the
microstructure of substrate-free LSMO nanowires prepared by elec-
trospinning. Using the transmission Kikuchi diffraction technique,
we could successfully perform mapping of the crystallographic grain
orientations, and determine the GBs, their misorientation, the grain
shape aspect ratio and the boundary length. The texture analy-
sis reveals that the LSMO grains are not randomly oriented, but
show a fiber-like texture. The KAM mapping reveals the residual
stress/strain within the nanowires, which is found to be very small
as compared to LSMO thin films on various substrates.

SUPPLEMENTARY MATERIAL

See supplementary material for a LSMO Kikuchi pattern, and
details to the sample preparation for imaging, the EBSD grain
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boundary misorientation mapping, the complete ODF texture func-
tion and more TEM images.
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