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Abstract

Nanowire network fabrics of La; _,Sr,MnO; (LSMO) with different doping levels x = 0.2,
0.3, and 0.4 were fabricated by means of electrospinning. The resulting nanowires are up
to 100 um long with a mean diameter of about 230 nm. The nanowires form a nonwoven
fabric-like arrangement, allowing to attach electric contacts for magnetoresistance (MR)
measurements. The resistance in applied magnetic fields and the MR effect were mea-
sured in the temperature range 2 K < T < 300 K in magnetic fields up to 10 T applied
perpendicular to the sample surface. An MR ratio of about 70% is obtained for x = 0.2 at
10 T applied field and T = 20 Kr. The highest low-field MR of 5.2% (0.1 T) is obtained for
the sample with x = 0.2. Magnetization measurements reveal the soft magnetic character of
the samples. A thorough analysis of the microstructure of these nanowire networks is
performed including scanning electron microscopy (SEM) and transmission electron
microscopy (TEM).

Keywords: LSMO, electrospinning, nanowires, magnetoresistance, microstructure

1. Introduction

Colossal magnetoresistance (CMR) is a property of some materials, mostly manganese-based
perovskite oxides that enables them to dramatically change their electrical resistance in the
presence of a magnetic field, i.e.,, magnetoresistance (MR) [1-3]. To bring the CMR materials
toward applications, it is still necessary to further optimize the sample processing to find the
optimal microstructure, especially concerning grains in the nanometer range. The low-field
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magnetoresistance response (LFMR) of such manganese perovskite oxides like La;_,Sr,MnOj3
(LSMO) with different doping levels x is closely connected to the existence of interfaces and
grain boundaries (GBs) within the samples [4-7], and the high-field magnetoresistance
(HFMR) was found to increase progressively on decreasing the grain size [8]. Therefore, the
measurements of nanostructured or nano-sized samples are an important issue to provide a
deeper understanding and further improvement of the MR effect, especially for the improve-
ment of the behavior of devices based on the MR effect in reduced dimensions.

Commonly, the manganese perovskite samples studied in the literature are prepared as bulks
or as thin films, mainly on SrTiO; substrates. Nanometer-sized bridges are then prepared
using lithography techniques or the focused ion-beam technique [9, 10]. The use of a substrate
in the case of thin-film samples is always causing strain effects within the functional layer due
to the lattice mismatch, which may play an important influence on the resulting magnetic
properties [11]. The situation may be considerably different in nanostructures without sub-
strate, being recently investigated in several types of nanoscale composites [12-14]. These
nanostructures include nanorods, nanowires, nanotubes, and nanobelts; all of them having
specific physical properties depending on the chosen preparation route.

In the present contribution, we have fabricated nanowire network fabrics of La;_,Sr,MnO;
(LSMO) with different doping levels x by means of the electrospinning technique [15-17]. This
technique is common for the fabrication of organic polymer nanostructures but can be modi-
fied by employing different precursors to deliver inorganic compounds. Up to now, only a
small number of reports are dealing with magnetic nanostructures prepared in this way [17-
19]. In the case of LSMO, exhibiting the CMR effect, the resulting nanowires are of polycrys-
talline nature with a high-aspect ratio (length up to 100 pm and diameters of about 230 nm)
and show a large number of grain boundaries (GBs) within each individual nanowire. In Ref.
[19], individual nanowires were separated from the as-spun networks and placed on a pre-
patterned substrate. Electric contacts were prepared using Ti/Cu electrodes, and the nanowires
could be measured individually, allowing to observe a dependence of the MR on the nanowire
diameter. Single nanowires of CMR materials may be employed as sensitive gas sensor ele-
ments or electrodes [20-22].

However, the as-spun nanowires form a nonwoven fabric-like network, where numerous
interconnects between the individual nanowires are formed in the final heat treatment step.
As a result, the current flow through such a nanowire network fabric shows percolative
character, and several sub-loops can be formed. The interconnects between the individual
nanowires add additional crossover points for the currents and can enhance the tunneling
transport across the interfaces, together with the GBs. This additional scattering of the elec-
trons at the interfaces provided by the interconnects is lost when measuring only extracted
parts of the nanowires as done in Ref. [19]. Furthermore, no information on the LSMO grain
size of their nanowires was presented. An analysis of the grain sizes within our nanowires
showed values ranging between 10 and 32 nm. Therefore, it is obvious that the LSMO grains
within the present nanowires are smaller as compared to, e.g., Ref. [8].

Therefore, we may expect interesting new properties of this new class of magnetic material.
Furthermore, the nanowire network fabrics are an extremely lightweight material with a
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density of about 0.084 g/cm®, which is considerably less than the theoretical density of 6.5 g/
cm?® [23]. Furthermore, there is no sample size limitation imposed by the fabrication technique,
as electrospinning may produce very large sample sizes [24]. This makes such fabrics interest-
ing for applications in bulk form, whenever the weight of the sample counts.

In order to achieve a better understanding of the transport properties through these nanowire
network fabrics, we also performed a thorough microstructure analysis including scanning
electron microscopy (SEM) and transmission electron microscopy (TEM).

2. Experimental procedures

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. To remove the organic compounds and to form the desired
LSMO phase, the sample is subsequently heat treated in a lab furnace. An additional oxygen-
ation process is required to obtain the correct phase composition. The constituent phase was
checked by means of X-ray diffraction (XRD) and EDX analysis. Further details about the
electrospinning process of ferromagnetic and superconducting nanowires are given elsewhere
[25-28].

Figure 1. Images of the electrospun samples fabricated from the Lag sSrp,MnOj precursor. Images (a) and (b) present a
view of an as-prepared sample before thermal treatment, whereas images (c) and (d) give a Lag gSrp ,MnO; sample after
the whole annealing process applied. As can be directly seen from the images, the size (area) of the sample shrinks to one
sixth as compared to the original one after the thermal treatment.
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Figure 1(a, b) presents photographs of an as-grown LagSrp,MnO; nanowire fabric. The
nanowire fabric consists of polymer nanowires containing the ceramic precursor material.
The as-grown fabric has a white color, and the entire fabric sample is fully flexible. Figure 1(c, d)
finally presents the fully reacted sample after having received the full thermal treatment. The
reacted sample shows a fully black color, indicating the completed chemical reaction. As a
result, the final nanowire network fabric is extremely thin and brittle. Here, it is important to
note that the sample size shrunk to about one sixth of its original size. This shrinkage has to be
considered for the application of such fabric-like materials. In the thermal treatment, numer-
ous interconnects between the individual nanowires are formed, which are essential for the
resulting current flow through the sample.

The entire nanowire network was electrically connected by means of silver paint and Cu wires
(50 um diameter) to the sample holder. Due to the high fragility of the ceramic sheet, a pseudo
four-point configuration is realized where the current and voltage links connect immediately on
the sample contacts. This arrangement is presented in Figure 2. The magnetoresistance is mea-
sured in a 10/12 T bath cryostat (Oxford Instruments Teslatron) with a Keithley source meter
(model 2400) as a current source, and the voltage is recorded using a Keithley 2001 voltmeter.

Figure 2. Nanowire network sample with electrical contacts for the quasi four-point measurement.
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Figure 3. XRD measurements on all three types of LSMO nanowire fabric samples.

The constituent phases of the samples were determined by means of a high-resolution auto-
mated RINT2200 X-ray powder diffractometer using Cu-K” radiation (40 kV, 40 mA) Figure 3.
SEM imaging was performed using a Hitachi S800 scanning electron microscope operating at a
voltage of 10 kV, and the TEM analysis was performed by a JEOL JSM-7000F transmission
electron microscope (200 kV, LaBg cathode). For TEM imaging, pieces of the nanowire network
fabrics were deposited on carbon-coated TEM grids. High-resolution TEM and EBSD were
performed on selected nanowire sections being thin enough for electron transmission (Figure 6).

The magnetization of the nanowire networks was measured using a SQUID magnetometer
(Quantum Design MPMS3) with +7 T magnetic field applied perpendicular to the sample

surface, using a piece of the nanowire network fabric with a size of 14.86 mm?.

3. Results and discussion

3.1. Microstructure

Scanning electron microscopy revealed an average diameter of the resulting nanowires of
around 220 nm and a length of more than 100 um. Fabric-like nanowire networks with
numerous interconnects are formed after the heat treatment. The individual nanowires are
polycrystalline with a grain size of about 10-30 nm, which corresponds to the dimensions
obtained via transmission electron microscopy and electron backscatter diffraction (EBSD)

analysis.

This is presented in Figure 4 giving SEM images of the nanowire network fabrics at 5000 x
magnification (first column) and at higher magnification (10,000, second column) for all
LSMO samples studied here. Figure 4(a) and (b) shows the sample x = 0.2, (c) and (d) the
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Figure 4. SEM images of the nanowire network fabrics at 5000 x magnification (first column) and at higher magnification
(10,000, second column) for all LSMO samples studied here. Images (a) and (b) show the sample x = 0.2, (c) and (d) the
sample x = 0.3, and (e) and (f) the sample x = 0.4. The low-magnification images (a, ¢, and e) present the individual
nanowires forming the network fabrics and the numerous interconnects between them. The images with higher resolution
(b, d, and f) reveal the polycrystalline structure of the LSMO nanowires. Several small LSMO grains form stacks building
up a nanowire.

sample x = 0.3, and (e) and (f) the sample x = 0.4. The low-magnification images (a, ¢, and e)
present the individual nanowires forming the network fabrics and the numerous interconnects
between them. These interconnects, formed during the final heat treatment step, are essential
for the current flow through the entire sample perimeter and provide additional scattering at
their interfaces. The images with higher resolution (b, d, and f) reveal the polycrystalline
structure of the LSMO nanowires. Several small LSMO grains form stacks building up a
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Figure 5. Statistics of the nanowire average grain size (AGS) and the diameter (AD): (a) and (d) Lag gSrg,MnO3, (b) and
(e) Lag 7Srp 3MnO;3, and (c) and (f) Lag ¢Srg 4MnOs.

nanowire. Furthermore, it is obvious from these images that the LSMO grains do not show a
texture but are randomly oriented with high-angle grain boundaries between them.

Figure 5 presents the detailed analysis of the nanowire diameters and the LSMO grain size
determined from several SEM and TEM images. Graphs (a), (b), and (c) show the grain size
analysis. The average values were determined using a Gauss fit to the data (indicated by a red
line). For the sample x = 0.2, the grain size determined from TEM images varies between 10 and
32 nm with an average of 24.8 nm. Sample x = 0.3 shows grain sizes ranging between 10 and
30 nm with an average of 19.4 nm, and sample x = 0.4 shows an equal distribution of grain
sizes with an average grain size of 20 nm. For all samples, the grain sizes determined from the
TEM images are larger than the average grain size estimated from XRD, indicating that there
are multiply connected domains in the sample. On the sample x = 0.2, we also performed an
EBSD analysis of the grain orientations [29], demonstrating the presence of a large number of
high-angle grain boundaries within an individual nanowire. The graphs of the nanowire
diameters (d, e, f) reveal an average diameter of 227.8 nm for the sample x = 0.2, 251.0 nm for
sample x = 0.3, and 223.0 nm for sample x = 0.4. Note that also here the sample x = 0.4 exhibits a
much narrower size spectrum as compared to the other samples studied here.

Figure 6 shows finally some high-resolution TEM images of all three LSMO samples studied
here. Figure 6(a) and (b) gives grains and their grain boundaries of sample x = 0.2, (c) and (d)
images with the same magnification of sample x = 0.3, and (e) and (f) those of sample x = 0.4.
For all samples, the LSMO grain size is around 20 nm, and the grains are randomly oriented,
resulting in the presence of high-angle grain boundaries between the grains. Furthermore,
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Figure 6. High-resolution TEM images with two magnifications of all three types of samples studied here. (a, b) sample
x=0.2, (¢, d) sample x = 0.3, and (e, f) sample x = 0.4. The LSMO grains of all samples have sizes of ~20 nm, and the grains
are randomly oriented with high-angle grain boundaries between them.

some grain clusters connected with low-angle grain boundaries are also visible, which explains
the differences between the grain sizes determined from X-ray data and from TEM images and
EBSD [29]. The nanowires are built up from stacks of several individual LSMO grains.

3.2. Magnetization data

Figure 7 presents the magnetization data obtained for all three compositions. The soft mag-
netic character of the LSMO fabric samples is clearly revealed. From the Sr-doping level x =0.2
to x = 0.4, the saturation magnetization (M;) is at 10 K 52.12, 58.13, 55.03 emu/g, and at 300 K,
and the results are 18.10, 33.09, and 24.62 emu/g, respectively. These values are lower than the
ones from the corresponding bulk materials (56 emu/g [30], 33.09 emu/g [31], 24.62 emu/g
[32]). The x = 0.3 sample shows the highest M; among the three compositions, while the x =0.2
sample shows the lowest ones at both 10 and 300 K. This matches the conclusion drawn from
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Figure 7. M(H) measurement of the LSMO nanowires at T =10 and 300 K for the LSMO nanowire network fabrics with
x=0.2, 0.3, and 0.4. The insets present the low-field part of the M(H) loops.

bulk materials that the optimized doping level around x = 0.33 supplies the strongest magne-
tism. The M; value of all our samples being lower than the bulk values can be attributed to the
smaller LSMO grain size of our nanowire network fabric samples.

3.3. MR data

With respect to the literature, the MR data can be divided into two different regimes.
According to Ref. [8], the high-field magnetoresistance (HFMR) behavior sheds light on the
influence of the sample microstructure via the interface response. Therefore, analyses of the
electronic transportation properties and of the magnetoresistive effects of the nanowire net-
works were carried out by four-probe measurements in external magnetic fields up to 10 T.
Firstly, we have a look at the high-field regime. Figure 8 presents the resistance measurements
for the samples x = 0.2, 0.3, and 0.4 with the temperature swept from 5 to 300 K. The magnetic
field is applied perpendicular to the surface of the nanowire network, i.e., the current flow is
mainly perpendicular to the applied field. Magnetoresistance plots are calculated from the
data obtained by these sweep measurements at different field strengths using the relation

Ry(T) — Ro(T)

MR[7%] = Ro(T)

)

As result, we find a maximum MR for the sample x = 0.2 at low temperatures and 10 T applied
magnetic field of 70%.
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La, ;Sr,,MnO,

0 50 100 150 200 250 300
T (K)

Figure 8. Resistance and MR ratio of all LSMO samples measured up to 10 T applied magnetic field (H Lsample surface)
in the range 2 K< T<275K: (a) x=0.2, (b) x=0.3, and (c) x =0.4.
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Doping level MR(%) at1T

x 100 K 270 K MR max.

0.2 10.24 130 20.66 (22 K)
0.3 6.23 5.98 14.54 (203 K)
0.4 23.58 7.69 26.01 (63 K)

MR(%) at 2.5 T

0.2 27.69 1.81 39 (14 K)

0.3 13.2 6.32 15.18 (169 K)

0.4 17.48 13.00 17.97 (57 K)
MR(%) at 10 T

02 64.12 462 69.28 (25 K)

03 40.88 5.84 40.93 (92 K)

0.4 41.99 23.47 4345 (54 K)

The last row gives the maximum MR obtained, together with the respective temperature.

Table 1. MR comparison of all LSMO samples measured here at 1, 2.5, and 10 T applied magnetic field.

Table 1 summarizes our findings at three selected magnetic fields for the three doping levels
studied here, and the last row of Table 1 gives the maximum MR obtained, together with the
respective temperature.

At 100 K, sample x = 0.4 shows the highest MR of 23.58% (close to the overall maximum of
26%) at 1 T applied field. In higher applied fields, the maximum value of the MR shifts to
sample x = 0.2. A maximum MR ratio of 26.01 at an applied field of 1 T (63 K) is obtained for
the sample x = 0.4. At 2.5 T applied field, the maximum MR of 17.97 (57 K) is found in sample
x=0.4.

At 10 T applied magnetic field, the maximum MR rate of 69.28% (25 K) is found in sample x = 0.2.
Note also that the highest MR of sample x = 0.3 is obtained at a relatively high temperature,
ranging from 203 K (1 T) to 92 K (10 T). Secondly, Figure 9 shows the MR ratio of sample x = 0.2
as a function of applied field for various temperatures. The MR is found to increase on lowering
the temperature down to 50 K, whereas the MR at low temperature (3 K) is found to be smaller
as compared to the 50 K data. The inset of Figure 9 presents the LFMR at an applied magnetic
field of 0.1 T for the sample x = 0.2, showing a maximum LFMR of 5.2% at T =50 K.

3.4. Discussion

From the graphs and the tables presented here, three main features can be deduced: Firstly,
there is a suppression of the metal-insulator transition. This provides another evidence of the
size effect. Nanoscale grains are always accompanied by a large number of grain boundaries,
which enhance electron scattering. The metallic behavior is negatively influenced by the Coulomb
blockade [13], and as a result, an upturn of the resistivity appears at low temperatures. On the
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Figure 9. Magnetoresistance of Lag sSrp ,MnO; nanowires as function of the applied field for various temperatures. The
inset gives the LFMR at 0.1 T applied magnetic field.

other hand, the influence from certain size effects varies with the doping level. So, a step-shape
resistance behavior can be observed for the x = 0.2 sample, which indicates that the metal-
insulator transition is not completely suppressed. However, in the x = 0.4 sample, the resis-
tance decreases almost linearly from 5 K to 200 K. Secondly, the x = 0.3 sample with the highest
saturation magnetization shows the weakest MR effect, and inversely, the x = 0.2 sample
exhibits the strongest MR effect at low temperatures. At 2.5 T, the maximum of the MR is
already over 40%, which points to an obvious LFMR effect. The increase of the MR with
reducing magnetization has been reported by Balcells et al. [8]. In their work, the variation of
the grain size is the main reason of the behavior observed. In contrast to this, there is no
obvious grain size difference between our samples. The dependence of the MR on the magne-
tization requires further investigation. Thirdly, at around 200 K with the doping level x = 0.2
and 0.3, the MR curves at 2.5 T have a crossover with the curves at other fields, which means
that above 200 K, the absolute value of the magnetoresistance does not monotonously increase
with the external field.

To enable a comparison with data on other LSMO sample types but with the same chemical
composition (x = 0.2) published in the literature, we summarize some data at 1 T applied
magnetic field in Table 2 and compare them with our results.

From Table 2, we see that the nanowire sample x = 0.2 exhibits a larger MR of 20.66% as
compared to the nanoparticles and the powder samples of the same chemical composition
studied in the literature, however, at some lower temperature. This points clearly to the
important contribution of the much smaller LSMO grains in our nanowire network fabric
samples, and the additional scattering at the numerous interconnects provides extra MR.

Jugdersuren et al. [19] reported a large LFMR at room temperature in their LSMO nanowires
extracted from the networks produced by electrospinning and showed a dependence of the
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Lag gSrg,MnQO;3 MR (%) at1T

Type 100 K 270K MR max
Nanowires [33] 11.2 3.93 20.66 (22 K)
Nanoparticles [34] 19.36 4.66 18.7 (79 K)
Powder [35] 13.56 6.47 17.66 (50 K)

Table 2. Magnetoresistance (MR) comparison of different sample types (nanowires, nanoparticles, and powder) of
Lag 519 ,MnOj; samples studied in the literature at 1 T applied magnetic field.

LFMR on the nanowire diameter, but no information on the LSMO grain size was presented.
However, the LFMR at 300 K for our sample is comparable to their data, even though the
chemical composition is somewhat different. Nevertheless, this demonstrates that the LFMR as
well as the HFMR can be considerably enhanced by reducing the nanowire diameter as well as
the LSMO grain size.

4. Conclusion

Nonwoven nanowire networks of LSMO with three doping levels x = 0.2, 0.3, and 0.4 were
fabricated by means of electrospinning. The magnetoresistance effect of these nanowire fabrics
was measured up to 10 T applied field between 5 K and 300 K. The reduced dimensions of the
nanowires and the large number of interconnects between them were found to increase the MR
effect as compared to bulk samples. An MR ratio of 70% was observed for the sample x =0.2 at
low temperatures and 10 T applied magnetic field.
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