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ABSTRACT

Nonwoven nanowire network fabrics of the material class La; _,Sr,MnO3 (LSMO) with x = 0.2 were fabricated
employing a sol-gel-process via electrospinning and a subsequent thermal treatment process based on thermal
gravity analysis results. Investigations by means of scanning electron microscopy revealed an average diameter
of the resulting nanowires of around 230 nm and a length of more than 100 pum. The chemical phases of the
samples have been confirmed via X-Ray diffraction. The nanowires are polycrystalline with an average grain size
of about 25nm obtained from transmission electron microscopy. Analyses of the electronic transportation
properties and of the magnetoresistive (MR) effects of the nanowire samples were carried out by a four probe
measurement inside a bath cryostat in fields up to 10 T. Measurements of magnetization in the temperature
range 2K < T < 350K reveal the Curie temperature (325K) and are compared to magnetic thermogravit-
metric data. Magnetization loops M(H) at room temperature and 4.2K were carried out revealing the soft

magnetic character of the nanowires.

1. Introduction

Nanowires of functional oxide materials may exhibit different
physics as compared to their bulk counterparts due to size effects and
the one-dimensional characteristics [1]. In the case of La,_,Sr,MnOs3
(LSMO), exhibiting the colossal magnetoresistance (CMR) effect, the
small wire diameter and the resulting grain size in the low nanometer
range may also have a strong effect on the magnetoresistance [2,3].

The magnetoresistance (MR) is discussed in the literature for two
different regimes, the low-field MR (LFMR) and the high-field MR
(HFMR). The origin of the LFMR is still unclear. Effects contributing are
tunnel magnetoresistance (TMR) among grains [4], and spin dependent
scattering at interfaces as in giant magnetoresistance (GMR) granular
films [5,6]. In Refs. [7,8], it was pointed out that the LFMR can be
raised to about 30% for grains with a diameter of around 400 nm and a
further reduction of the grain size does not lead to a further increase of
the LFMR, and, inversely, the HFMR rises when reducing the grain size.
Indications [9,10] have been found that the HFMR becomes larger for
samples having low Curie temperature, T¢. This was confirmed recently
in Ref. [11]. The reason for this behavior is ascribed to the presence of a

nonferromagnetic surface layer of few nanometer thickness at the
LSMO grains.

In the present contribution, we have fabricated nanowire network
fabrics of LSMO with x = 0.2 by means of the electrospinning tech-
nique, representing a new class of magnetic material. Electrospinning
[12-14] is common for the fabrication of organic polymer nanos-
tructures, but can be modified by employing different precursors to
deliver inorganic compounds. Up to now, only a small number of re-
ports are dealing with magnetic nanostructures prepared in this way
[14-18]. The resulting LSMO nanowires are of polycrystalline nature
with a high aspect ratio (the length of the nanowires is in the 100 pm
range, and the diameter is ~230nm). The LSMO grains have nano-
metric dimensions of ~25nm, and the nanowires show numerous in-
terconnects between each other which, together with the GBs between
the LSMO grains within the nanowire itself, can further increase the
interface effects and thus, enhance the tunneling transport across these
interfaces. Furthermore, the present electrospun nanowire network
fabrics do not have a substrate which may provide additional strain
effects on the nanowires [19,20]. Therefore, we may expect interesting
new physical properties of this new class of magnetic material. In order
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to achieve a better understanding of the transport properties of the
electrospun LSMO nanowire network fabrics, we performed electric and
magnetic characterization together with a thorough microstructure
analysis including scanning electron microscopy (SEM) and transmis-
sion 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 2h, 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 oxygenation process is required
to obtain the correct phase composition. Further details about the
electrospinning process of these nanowires are given elsewhere
[21,22].

The constituent phases of the samples were determined by means of
a high-resolution automated RINT2200 X-ray powder diffractometer,
using Cu-K“ radiation generated at 40kV and a current of 40 mA. The
average grain size estimated from the XRD result is about 14.6 nm. For
electric measurements, the nanowire network sample is directly laid on
two Cu wires (50 um diameter), forming a ’bridge’ structure and elec-
trically connected by silver paint as shown in the inset to Fig. 6 below
due to the high fragility of the ceramic sheet. The upper two legs from
different Cu wires are chosen as current links while the lower two ones
are chosen as voltage links. Since each current link is connected with a
voltage link, the resulting configuration is a "pseudo’ four-point con-
nection instead of individual four point contact. Considering the high
resistivity of the sample (in MQ scale), the accuracy of the resulting
resistance is nevertheless highly reliable.

The magnetization of the nanowire networks were measured using a
superconducting quantum interference device (SQUID) magnetometer
(Quantum Design MPMS3) with + 7 T magnetic field applied perpen-
dicular to the sample surface, using a piece of the nanowire network
with a size of 14.86 mm?.

Magnetic thermogravimetric analysis (MTGA) was measured em-
ploying a homebuilt apparatus with a maximum field of 0.4 T (applied
perpendicular to the sample surface).

The magnetoresistance was measured in a 10/12T bath cryostat
(Oxford Instruments Teslatron) with a Keithley source meter (model
2400) as a current source, and the voltage was recorded using a
Keithley 2001 voltmeter.

3. Results and discussion
3.1. Microstructure

In Fig. 1, the XRD data of our nanowire network fabric sample is
given. The experimental data were indexed using the PDF-card #50-
0308. All the reference peak positions are indicated along with the
experimental data. According to this analysis, the sample shows a pure
LSCO phase with tetragonal lattice structure. No additional phases can
be seen, however, one has to assume that some carbon is still residing in
the grain boundaries since the sample is obtained via a burnout of the
polymer fiber. EDX spectroscopy is applied to the sample fixed on an
aluminium holder as shown in the lower graph of Fig. 1. Table 1 pre-
sents the results from three different sample positions. As result, the
sample exhibits a similar element distribution as La: Sr: Mn = 0.185:
0.780: 1.034, which is close to the target ratio of La: Sr: Mn = 0.2: 0.8:
1. Thus, we consider the sample to have a relatively uniform element
distribution within the LaggSrg>MnO3 phase. This is rational as the
nanowire fabric sample is electrospun from an uniform sol-gel solution,
and the sample is further heat-treated at 650°C, where the
La; _,Sr,MnOs5 phase is considered as the stable phase dominating this
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Fig. 1. X-ray analysis of the LSMO nanowire network sample, with the peaks

defined by the standard PDF card #50-0308 (upper) and the EDAX spectrum of
the same sample on Aluminium holder (lower).

Table 1

EDAX analysis of the LSMO (x = 0.2) sample at three different positions.
Element OK SrL Lal Mn K
Area 1 44.69% 4.74% 21.91% 27.66%
Area 2 48.24% 4.92% 20.93% 25.91%
Area 3 49.85% 4.64% 19.58% 25.93%

temperature regime.

Fig. 2 presents an SEM image (a) with magnification 3000 X to-
gether with an inset with higher magnification (10000 x ). Here, the
long lengths of the individual nanowires up to the 100 um range are
obvious. At higher magnification, the large number of interconnects
between the individual nanowires within the sample gets visible. These
interconnects, formed during the final heat treatment step, are essential
for the current flow through the entire sample perimeter. Fig. 2 (b)
shows a TEM image of an individual nanowire piece. An individual
nanowire is formed of a stack of several LSMO grains. The grains within
the nanowire are randomly oriented with high-angle grain boundaries
between them, which becomes even more obvious in the high-resolu-
tion TEM images of individual grains in Fig. 2 (c) and (d), where lattice
fringes can be seen. These images reveal grain boundary widths of
~5nm.

Fig. 3 (a,b) present the analysis of the nanowire diameters and the
LSMO grain size determined from several SEM and TEM images. The
graph of the nanowire diameter reveals an average diameter of
227.8 nm as determined by a Gauss fit to the experimental data. The
grain size determined from TEM images varies between 10 and 32 nm
with an average of 24.8 nm. Analysing the XRD data shown on Fig. 1,
the grain sizes estimated from the FWHM of the three strongest peaks
(104), (024) and (214) are 15.2nm, 17.6 nm, and 12.6 nm respectively.
The larger average grain size obtained from the TEM data indicates that
there are multiply connected domains in the sample.

3.2. Magnetization data

In Fig. 4 (a) and (b), the temperature dependence of the magnetic
properties of the LSMO sample were measured using SQUID magneto-
metry and by employing magnetic thermogravimetric analysis (MTGA).
In (a), the M(T) curve in the temperature range 2K < T < 350K
measured after zero-field cooling of the sample is presented. The Curie
temperature, T¢, is determined from the fits indicated to be 325.5K,



Fig. 2. (a) SEM image of the nanowire network at 3000 X magnification. The
inset shows a higher magnification (10000 x ) illustrating the numerous inter-
connects between the long nanowires. (b) gives a TEM image of an individual
LSMO nanowire revealing the polycrystalline, randomly-oriented grain struc-
ture, and (c,d) show high-resolution TEM images of individual LSMO grains and
their boundaries.
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Fig. 3. Statistics of the nanowire diameter and the grain size. The average
nanowire diameter is determined by a Gauss fit to be 227.8 nm, the average
grain size is 24.8 nm.

which is higher than that found measuring amorphous LSMO powder of
the same composition, T¢ = 305K [23]. In (b), the results of MTGA in
the temperature range 300K < T < 470K are shown with an applied
magnetic field of 0.1 T. When the sample changes from the
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Fig. 4. (a): M(T) behavior in the temperature range 2K < T < 350K mea-
sured using the SQUID magnetometer after zero-field cooling; (b): magnetic
thermogravimetric analysis with (black curve) and without a field of 0.1 T (blue
curve). The dashed red line gives the difference between the two curves. The
kink in this curve is an indication of the Curie temperature, determined to be
325K. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

paramagnetic to ferromagnetic state, the experienced magnetic force
counteracts the gravity of the sample mass. Thus, using the mass dif-
ference between the curves with and without magnetic field, T can be
estimated. From the resulting dashed red line, a kink is revealed at
325K, which corresponds to T¢ obtained from the M(T) measurement
(a).

Fig. 5 presents the magnetization data obtained at 10 K and 300 K.
The soft magnetic character of the LSMO sample is clearly revealed. The
values of the saturation magnetization (M) are 52.12 emu/g at 10K,
and 18.10 emu/g at 300 K. These values are lower than the ones from
the corresponding bulk materials (56 emu/g [24]), which can be at-
tributed to the smaller grain size of our nanowire network fabric sam-
ples.

Magnetoresistance (MR) plots are calculated from the resistance
data obtained by sweep measurements at different field strengths using
the relation MR[%] = (Ru(T) — Ro(T))/Ro(T). Fig. 6 presents the re-
sistance measurements and the MR ratio of the LSMO sample measured
in applied fields up to 10 T (H is applied perpendicular to the sample
surface) in the temperature range from 2K to 275K. In (a), R vs. T
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Fig. 5. M(H) measurement of the LSMO nanowires at T = 10K and 300K for

the LSMO nanowire network fabrics with x = 0.2. The insets present the low-
field parts of the M(H) loops.
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Fig. 6. Resistance (a) and MR ratio (b) of the LSMO nanowire network sample
measured up to 10 T with applied magnetic fields (H L sample surface) in the
range 2K < T < 275K. The inset to (a) shows the sample with the electric
connections mounted on the sample holder. (c) presents the MR ratio as func-
tion of the applied magnetic field for various temperatures. The inset to (c)
gives the LFMR measured at 0.1 T as function of temperature.

curves are given with the inset showing the electric connections to the
nanowire fabric sample. Fig. 6 (b) presents the MR vs. T curves from 0
to 10 T and (c) shows the MR ratio as a function of the applied magnetic
field in the temperature range 3K < T < 270K, with the inset graph
presenting the LFMR at 0.1 T as function of temperature.

Three main features can be seen from Fig. 6: 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.
By plotting the log(p)-1/+/T curve at 0T as shown in Fig. 7, a linear
behaviour is observed when T< 13 K, which means in this regime the
resistivity follows the relationship p ~ exp J8/T, with an activation
energy § = 0.7 meV. This indicates that the anti-metallic behaviour at
lower temperature may be attributed to the Coulomb blockade [2]. To
confirm this argument, a calculation of the charging energy E. is re-
quired. E¢ can be defined via
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Fig. 7. Relationship of log(p) on 1/+/T at 0 T. When T< 16 K, p follows the exp
(/6/T) behaviour, with the § value shown in the graph.
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where ¢, is the dielectric constant of the medium, which for the man-
ganites is taken as 10 [7]. g4 is a size-related parameter that ¢4 = d/s. d
is the average grain size and s denotes the inter-particle separation. For
the polycrystalline materials, the value of s can be chosen from the
thickness of the grain boundary. In our case, the average grain size is
24.8nm and the thickness of the grain boundary is about 5nm ac-
cording to the TEM observations. Then, we obtain
Ec = 1.147meV =13.3K. Since the temperature regime of the
o ~ exp /&/T behaviour is below 13K, which is right lower than E,
the contribution of the Coulomb blockage is confirmed. On the other
hand, the influence from certain size effects varies with the doping level
x. 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.

Secondly, at an external field of 0.1 T, a maximum MR of 5.05% is
obtained at T = 50K (see the inset to Fig. 6 (b)). Such value is not too
high, however, it can otherwise only be achieved when mixing other
compounds to the Lag gSrg ,MnO5 powder [25], which can enhance the
LFMR. This may point to the contribution of the interconnects of our
nanowire fabric sample, which still needs to be further clarified. Jug-
dersuren et al. reported a large LFMR at room temperature in their
LSMO nanowires extracted from the network fabrics produced by
electrospinning and showed a dependence of the LFMR on the nanowire
diameter, but no information on the LSMO grain size was presented
[17]. However, the LFMR at 300 K for our complete network sample is
comparable to their data, even though the chemical composition is
somewhat different. Nevertheless, this demonstrates that the LFMR can
be considerably enhanced by reducing the nanowire diameter as well as
the LSMO grain size. This opens another possible path of LFMR en-
hancement besides adding other components. Thirdly, the sample ex-
hibits a strong MR effect at low temperatures as shown in Fig. 8. At an
applied field of 2.5T, the maximum of the MR is already over 40%,
while a MR ratio of nearly 70% is observed for the sample at 24.5 K and
10T field, which confirms that the HFMR can be increased by reducing
the grain size as reported by Balcells et al. [7,8]. In these works, a
maximum HFMR of 3.9 x 10" °0e~! was obtained at 10K and an
applied field of 50 kOe for a sample with a grain size of 15 nm, while M;
was comparable to our sample. The reason for the large HFMR was
ascribed to the interface area of the LSMO grains. In a recent work this
assumption was confirmed by an investigation of cubic LSMO nano-
particles, which can be described as core-shell nanoparticles with a
shell of about 1 nm thickness around the LSMO core [11]. Reducing the
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Fig. 8. Temperature dependence of the HFMR extracted from Fig. 6 (b). Each
data point reaches the maximum MR at the corresponding temperature as
shown on the blue triangle dots. (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)



LSMO grain size increases the importance of this shell layer, resulting in
a larger HFMR.

4. Conclusion

Non-woven nanowire networks of LSMO with x = 0.2 were fabri-
cated by means of the electrospinning technique. The magnetoresis-
tance effect of these nanowire network fabrics was measured up to 10 T
applied field at temperatures between 5K and 300 K. The reduced di-
mensions of the nanowires (grain size, wire diameter) and the large
number of interconnects between them were found to increase the MR
effect as compared to bulk LSMO samples. A MR ratio of nearly 70%
was observed for the sample x = 0.2 at low temperatures and 10 T field.
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