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ABSTRACT LaMnO3+δ nanofibers have been prepared by electrospinning. The nearly 70% of Mn atoms is Mn4+, which is much
higher than that in the nanoparticles. The average grain size of our fibers is approximately 20 nm, which is the critical size producing
the nanoscale effect. The nanofibers exhibit a very broad magnetic transition with Tc ≈ 255 K, and the Tc onset is around 310 K. The
blocking temperature TB is 180 K. The sample shows weak ferromagnetic property above the TB and below Tc and superparamagnetic
property near the Tc onset. The resistivity measurements show a metal-insulator transition near 210 K and an upturn at about 45 K.
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LaMnO3 and related compounds have attracted much
attention due to their abundant physical properties
such as Jahn-Teller effect, metal-insulator transition,

colossal magnetoresistance effect and their potential ap-
plications in magneto-electronic devices, magneto-data stor-
age (1-3). These properties are closely related to the inter-
actions among charge, orbital, spin, lattice and magnetic
degrees of freedom. Through cationic replacement in the
A-type antiferromagnetic and insulating compound LaMnO3,
the La1-xAxMnO3 Manganite transforms into a doped mixed-
valence Mn3+-Mn4+ phase that is ferromagnetic and dis-
plays a metal-insulator transition in the vicinity of the Tc.
The spin dynamics and electronic transport are convention-
ally interpreted in terms of the Zener double-exchange (DE)
mechanism (4). The Mn3+-Mn4+ mixed-valence state can
also be obtained by altering the chemical stoichiometry, as
for self- or vacancy-doped samples with the general formula
La1-xMn1-yO3+δ. In these compounds, variations of x, y, and
δ can modify the Mn3+-Mn4+ ratio, which is beneficial for
activating the DE interaction. This enhances the ferromag-
netic coupling and gives rise to the CMR effect as in the case
of the substituted compounds (5-7).

It is well-known that one-dimensional ceramic nanoscales
such as fibers, wires, and rods has received great interest
owing to their potential applications in many technologically

important areas such as electronics, photonics, and magnet-
ics (8). In particular, magnetic nanostructures materials,
because of the physics they involve and their potential
technological applications, have been investigated widely in
the past decade. Electrospinning represents a straightfor-
ward and versatile way for generating fibers with diameters
ranging from tens of nanometers to several micrometers.
This technique has been fabricated a large number of
ultrafine fibers or nanofibers from a variety of materials,
such as polymers, composites, and ceramics (9). The ce-
ramic nanofibers synthesized via electrospinning were re-
ported first in 2002 (10); Since then, this technique has been
used to prepare a series of ceramic nanofibers that include,
for example, Nb2O5, LiFePO4 and CoFe2O4, etc. (11-13).

In recent years, many research groups have investigated
the magnetic and transport properties of LaMnO3+δ nanoc-
rystalline or nanopowders (5-7, 14), but fewer studies on
the LaMnO3+δ nanofibers and their physical properties have
been reported (15, 16). In this letter, electrospinning and
sol-gel processing was combined to prepare LaMnO3+δ

nanofibers, and the valence state of the Mn ions, magnetic
and electrical properties of LaMnO3+δ nanofibers was
investigated.

The preparation of LaMnO3+δ nanofibers is similar to our
previous publication (15); 5.145 g of La(CH3COO)3 · 1.5H2O
(Alfa Aesar) and 3.675 g of Mn(CH3COO)2 ·4H2O (Alfa Aesar)
were dissolved in 30 mL of deionized water. The precursor
solution was stirred for 5 h, and then put into 30 mL of an
aqueous PVA (ACROS ORGANICS, Mw ≈ 88 000) solution of
10 wt % and stirred for 30 h. The mixture was loaded into
a plastic syringe. A piece of flat aluminum foil was placed
∼18 cm below the tip of the needle to collect the nanofibers.
Nonwoven mat structure hybrid fibers were fabricated by
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applied electric voltage of 16 kV. Finally, the as-prepared
fibers were calcined at 400 °C for 2 h in order to remove
PVA and volatile components, and then calcined the fibers
in air at 600 °C for 2 h to obtain LaMnO3+δ nanofibers. The
scanning electron microscopy (SEM) images were recorded
by JEOL JSM-6700F field-emission electron microscope. The
transmission electron microscopy (TEM) measurement was
performed using a JEM-2000EX instrument. The X-ray dif-
fraction (XRD) pattern was obtained from Rigaku D/max-
2500 X-ray diffractometer using Cu KR radiation. The sample
was mixed with KBr and pressed into pellet for Fourier
transformed infrared (FT-IR) analysis on EQUINOX 55 spec-
trometer between 400 and 1200 cm-1. The X-ray photo-
electron spectroscopy (XPS) measurements were performed
with ESCALAB-250 using an Al X-ray source emitting at
1486.6 eV. Magnetic properties were measured by super-
conducting quantum interference device (SQUID, Quantum
Design MPMS-XL). Electronic properties were measured in
a physical properties measurement system (PPMS, Quantum
Design PPMS-9T).

The morphology and structure of the nanofibers is similar
to our previous study (15). The results of SEM photographs
show that the as-prepared hybrid fibers are smooth and their
diameters range from 100 to 200 nm (Figure 1a). After
calcinated at 600 °C, the fibers surface shrank and the
diameters of nanofibers decreased and ranged from 50 to
100 nm (Figure 1b). The TEM image with corresponding
electron diffractions (ED) of the LaMnO3 nanofibers is shown
in Figure 1c. The result verified that the average size of
LaMnO3 grains is approximately 20 nm in diameter. The ED
of LaMnO3 nanofibers showed the central halo and faint
diffused rings, which revealed that it is essentially polycrys-
talline structure.

The XRD pattern is shown in Figure 2a. The results
manifested that the final products completely crystallized
into the cubic LaMnO3 phase (space group Pm3̄m (221),
JCPDS Card no. 75-0440). The average diameter of crystal
grains calculated using the Scherrer formula is approxi-
mately 19 nm. The FT-IR spectrum of the LaMnO3 nanofi-
bers is shown in Figure 2b. The result shows that there is
only one strong peak located at 601 cm-1 related to the
stretching mode v3 of the MnO6 octahedra with �h

6 sym-
metry in the LaMnO3 (17), and the vibrational modes for
various manganese oxides were not found in the FT-IR
spectrum (18). Therefore, the final nanofibers are pure
LaMnO3 based on the results of XRD and FT-IR.

The Mn3+-Mn4+ ratio, or the valence of Mn, was checked
by XPS. Figure 3a and Figure 3b show Mn 2p and Mn 3s XP
spectra of the nanofibers sample. The 2p spectrum exhibits
two broad lines with maxima at 641.9 and 653.5 eV for Mn
2p3/2 and Mn 2p1/2 emission, respectively. The binding
energy of the Mn 2P3/2 peak is usually used to study the Mn
valence state in manganites (5). It is known from the studies
of lanthanum manganites that the binding energy of Mn3+

is close to 641.2 eV, whereas that of Mn4+ to 642.5 eV, and
peak fitting on the Mn 2p3/2 of our sample, as shown in the
inset of Figure 3a, was carried out using the XPSPEAK 3.01

software. The result shows that the Mn oxidation state of
our final fibers is somewhere between +3 and +4. The
content of Mn4+ is estimated to be 72% for the nanofibers.
Alternatively, the Mn valence νMn can be obtained from
the exchange splitting of the manganese 3s spectrum by
employing the linear equation: νMn ) 9.67-1.27∆E3s/eV,
where the linear relationship between νMn and ∆E3s is
derived for the valence range between +3 and +4 from
XPS investigations of different mixed-valence manganites
and of binary Mn oxides, respectively (19, 20). The ∆E3s

is found to be 4.70 eV in Figure 3b after fitting, so the
manganese valence is equal to +3.72 or there are ap-
proximately 70% Mn4+ ions in the LaMnO3 samples, which
is much higher than that in the nanoparticles (5, 6). There-
fore, our sample exhibits significant oxygen off-stoichiom-

FIGURE 1. SEM images of (a) as-prepared hybrid fibers and (b)
LaMnO3+δ nanofibers, and (c) TEM image with corresponding ED of
LaMnO3+δ samples.
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etry due to the electric neutrality, and the formula should
be written as LaMnO3+δ (21).

The zero-field-cooled (ZFC) and field-cooled (FC) magne-
tization curves recorded in a magnetic field of 100 Oe
between 4 and 350 K are shown in Figure 4a. The results
show that the fibers are ferromagnetic at low temperature,
which attribute to the high Mn4+ content of the samples and
small size effect. The Tc of the fibers, which was determined
as the minimum of the derivative of the magnetization,
dMFC(T)/dT, is approximately 255 K. The appearance of ZFC
curve is general characteristics of magnetic nanoscale sys-
tems. When the grain is ferromagnetic and sufficiently small,
it is not energetically favorable to the bulk ferromagnetism.
The magnetic anisotropy of the ferromagnetic grain gener-
ates potential barriers, which at low temperature prevent the
magnetization vector from rotating to the direction of
minimum energy in the applied magnetic field. Therefore,
the ferromagnetic grain is blocked and the temperature is
called “blocking temperature” TB (22), and in the magnetic
measurement, the ZFC curve show a maximum at the TB.
According to the core-shell scenario of nanometric grains,
for comparatively larger size grains, TB ≈ Tc because of the
dominance of core magnetic exchange energy and because
of the ineffectiveness of thermal energy. For comparatively
smaller size grains, where mainly core exchange as well as
anisotropy energy are very weak, and thermal energy can
dominate over those two, TB , Tc and the sample show

superparamagnetic property when the temperature is above
the TB and below Tc (23). In our case, the result of magne-
tization curves shows that the Tc onset of the fibers is
approximately 310 K, and the TB is about 180 K. The M(H)
hysteresis loops of the LaMnO3+δ samples at different tem-
peratures from T)5 to 300 K in the magnetic field range of
-30 to 0 to +30 kOe is shown as Figure 4b. The results
shows the sample shows ferromagnetic property below TB

and weak ferromagnetic property above the TB and below
Tc. The grain size determines the magnetic property. For the
size of about 5 nm, the blocking temperature is about 93 K
and far below the Tc (about 230 K), and the sample show
superparamagnetic property (24). In this study, the average
grain size of our fibers is about 20 nm, the TB is below but
not far below the Tc. It is the intermediate case between
these two mentioned above, because the grain size is the
critical point of nanoscale effect. The mainly core exchange
as well as anisotropy energy are weak but not weak enough
to make thermal energy dominate over those two above the
TB, so our sample shows weak ferromagnetic property above
the TB and below Tc (180 and 220 K) and superparamagnetic
property near the Tc onset (280 K). Upon the sample being
cooled in a magnetic field (100 Oe), the nanograins become
trapped in the higher-magnetized state and thermal energy is
not required to pass over the potential barriers to return to their

FIGURE 2. (a) XRD pattern of LaMnO3+δ nanofibers. (b) FT-IR powder
absorption spectra of LaMnO3+δ samples. FIGURE 3. (a) Mn 2p core level XP spectrum of LaMnO3+δ nanofibers.

Inset: Peak fitting on the Mn 2p3/2 peak using the XPSPEAK software.
(b) The Mn 3s core level XP spectrum of LaMnO3+δ samples.
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lower-magnetized equilibrium configuration (25). Therefore,
there is no decrease in the FC curve below the TB.

Figure 5a shows the samples resistivity, recorded under
H ) 0 and 10 kOe, as a function of the temperature. The
results show that there is a clear insulator-to-metal transition
around Tmax ≈ 210 K, quasi-metallic (dR/dT > 0) behavior in
a wide temperature range 50 K < T < 210 K and a sharp
upturn of resistivity at low temperature below T≈45 K.
Resistivity curves of H ) 0 and 10 kOe measurements start
to diverge at T < 285 K, and the negative magnetoresistance
MRH ) [(F(H) - F(0))/F(H)] × 100% increases monotonically
with decreasing temperature, reach to the maximum 39.3%
at 5 K, see the inset to Figure 5a. The resistivity exhibit a
rapid upturn below a temperature of about 45 K, indicating
insulating characteristics at lower temperature, similar to the
previous reports on various polycrystalline manganites and
nanoparticles of manganites (2, 5, 6). The upturn of the low-
temperature resistivity may originate from the Coulomb
blockade (CB) phenomenon because of the presence of
insulating tunneling barriers in the system. Balcells et al.
suggested theoretical expression describing the conductivity
of granular materials and attributed the experimentally
observed behavior of the resistivity to the effects of the CB
effect and insulating tunneling barriers in nanograins (26).
According to the model, the resistivity of a granular metal
obeys the relation F ) Aexp[(∆/T)1/2], where ∆ is propor-

tional to the charging energy Ec ) e2/(4πε0)F(s/d). Ec is the
energy required to create a positive-negative charged pair
of grains, ε0 is the vacuum permittivity, and the function
F(s/d) depends on the shape of a granule. Parameters s and
d are the grain size and separation between grains, respec-
tively. The ln(F) versus T-1/2 curves in the Figure 5b show
linear in the temperature range of 10-45 K. After fitting,
we can obtain that the value of ∆ is 1.90 and 1.74 K at zero
field and 10 kOe, respectively, which is much lower than the
reported nanoparticles values (e.g., the value of ∆ is 14.2
and 12.1 K at zero field and 14 kOe in ref 5, respectively;
5.48 and 7.75 K at zero field and 50 kOe in the ref 6,
respectively). Because LaMnO3+δ nano grains are close-
packed in the nanofibers, the charging energy of our samples
is lower than that of normal nanoparticles. Therefore, the ∆
of our fibers is much lower than that of the LaMnO3+δ

nanoparticles and the corresponding resistivity decreases 2
orders of magnitude (5, 6).

In summary, LaMnO3+δ nanofibers have been prepared
by a sol-gel process and electrospinning technique, in which
nearly 70% of Mn atoms are Mn4+. The average particle size
of our fibers is approximately 20 nm, which is the critical
size producing the nanoscale effect. The nanofibers exhibit
a very broad magnetic transition with Tc ≈ 255 K, and start
to show the ferromagnetism around 310 K. The blocking
temperature TB is about 180 K. The sample shows weak
ferromagnetic property above the TB and below Tc and super-

FIGURE 4. (a) Temperature dependence of ZFC and FC magnetization
of the LaMnO3+δ Nanofibers, recorded in H ) 100 Oe. (b) M(H)
hysteresis loops of the LaMnO3+δ samples at different temperatures
from T ) 5 to 300 K in the magnetic field range of -30 to 0 to +30
kOe. The inset shows the same plots at a narrow range of magnetic
field of -2 to 0 to +2 kOe.

FIGURE 5. (a) Temperature dependence of the electrical resistivity
of the LaMnO3+δ Nanofibers at H ) 0 and 10 kOe. Inset: temperature
dependence of magnetoresistance in an applied magnetic field of
10 kOe. (b) Dependence of ln(F) versus T-1/2 curves below 45 K.
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paramagnetic property near the Tc onset. The resistivity mea-
surement show a metal-insulator transition near 210 K and
an upturn at about 45 K, which is interpreted in terms of the
CB effect. The charging energy and resistivity are much lower
than that of the normal LaMnO3+δ nanoparticles.
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Note Added after ASAP Publication. This paper was
published on the Web on September 15, 2010, with minor
errors in Figure 5a. The corrected version was reposted on
September 21, 2010.
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