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Fabrication and magnetic response probed by RF transverse susceptibility
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The temperature and magnetic field dependence of the radio-frequency (RF) transverse susceptibility

(wT) of La0.67Ca0.33MnO3 crystalline nanowires has been studied using a very sensitive self-resonant

tunnel-diode oscillator (TDO) technique. The nanowires were synthesized using porous templates of

anodized alumina by chemical solution deposition technique, and the crystalline nature of the

nanowires with the average diameter of 70 nm was confirmed by TEM, SAED, and HREM. RF transverse

susceptibility experiments reveal the presence of a double-peak structure at Tr245 K (the Curie

temperature) but a single peak at T4245 K. This distinguishes the low temperature ferromagnetic state

from the high temperature paramagnetic state. The effective magnetic anisotropy field (HK), which

corresponds to the peak location of wT, has been found to increase with decrease in temperature from

the Curie temperature.
1. Introduction

The study of nanowires of a variety of materials has become a
very promising area of research in recent years [1–7]. Nanowires,
because of their unique one-dimensional structural characteris-
tics and size effects, exhibit many novel physical properties.
Crystalline nanowires of functional oxides are currently being
studied theoretically as well as for potential nano device applica-
tions [2,4,6]. It is believed that the nanowire based quasi one-
dimensional materials will be the focus of the next decade of
nanomaterials research [1,2].

Manganese oxides R1�xMxMnO3 (R¼La, Pr, Nd, Sm, and M¼Sr,
Ca, Ba, and Pb) have attracted global interest, owing to their
outstanding physical properties [8–10]. In particular, several of
them have been found to show colossal magnetoresistance (CMR)
and large magnetocaloric effect (MCE) that are of potential interest
for development of advanced magnetic sensor and magnetic
refrigeration technologies, respectively [9,10]. Among the manga-
nites investigated, La0.67Ca0.33MnO3 (LCMO) that possesses both the
large CMR and MCE has received particular attention [11,12].
However, the Curie temperature (TC) of this material is just about
235 K, which is quite far below room temperature, making it
dra),

ikanth).
undesirable for practical applications. In an effort to increase the
TC of LCMO, Shankar et al. discovered that the TC of bulk LCMO
could be increased by 50 K and 80 K when the material was
synthesized in the nanoparticle and nanowire forms, respectively
[13,14]. In both cases, the enhancement of the TC was attributed to
the size-induced lattice contraction in the material on size reduc-
tion. While previous efforts were mainly devoted to the synthesis of
manganite nanowires [2,4,6,14–19], the magnetic properties of
the nanowires were not thoroughly investigated. In particular, it
would be very important to understand the dynamic response of
the nanowires when subjected to an alternating field excitation.
We report here the first study of the temperature- and magnetic
field-dependent transverse susceptibility of La0.67Ca0.33MnO3 nano-
wires using a very sensitive and self-resonant tunnel-diode oscillator
(TDO) technique.
2. Experiment

LCMO nanowires were synthesized using nanoporous templates
of anodized alumina (AAO) by Chemical Solution Deposition (CSD)
technique (the acetate/nitrate route). This is a modified sol–gel
technique designed especially for the preparation of complex
oxides. The reaction mechanism was first given by Shankar et al.
[14]. The template aided sol–gel synthesis of nanowires of func-
tional oxides of LCMO was done using anodized alumina (AAO)
templates available commercially from Synkera Technologies; with
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approximate pore diameter in the range of 50–100 nm and pore
density of 109 cm�2. The pore diameters were measured by SEM
and typically it was found to be correct to within 10%. The growth
of nanowires can be achieved by electrostatically confining the sol
particles within the pores of template thus avoiding the hetero-
geneous nucleation and the proper choice of polymer helps to form
a long chain of matrix to form a base for growing nanowires.
We have taken high purity (499%) metal acetates (from Sigma
Aldrich) and then dissolved in the desired stoichiometric propor-
tions in acetic acid and water. To this solution, an appropriate
amount of ethylene glycol (molecular weight¼62.07 g/mol) was
added and heated until the sol was formed. Preparation of sols of
optimum solid content and proper viscosity of the fluid is very
crucial for the fabrication of continuous nanowires of high crystal-
linity. Sols consisting of ethylene glycol–cation complex was found
to be suitable for an anodized alumina template. The AAO tem-
plates were dipped in the sol for half an hour. Then the templates
containing the sol were wiped out and dried overnight at 150 1C.
The templates filled with the precursor sol were taken and pyrolysis
was done at 350 1C followed by a sintering at higher temperature to
obtain the desired chemical phase. For the manganites, phase pure
samples can be obtained at temperatures as low as 650 1C. Using
this CSD method precise control of the stoichiometry can be
achieved.

The structure of the nanowires was characterized by X-ray
diffraction (XRD), transmission electron microscopy (TEM), selective
area electron diffraction (SAED), and high-resolution microscopy
(HREM). Temperature-dependent magnetization measurements were
performed with a SQUID Magnetometer model MPMS XL 7 from
Quantum Design. RF transverse susceptibility measurements were
performed using the physical property measurement system (PPMS)
from Quantum Design. In order to perform TS measurements,
Fig. 1. Typical TEM images (A,B) and HREM an
templates containing the LCMO nanowires were packed inside a
gelatin capsule with Teflon and inserted in the inductor. Careful
attention was paid to the high packing of the nanowires to eliminate
effects arising from physical motion of the nanowires during TS
measurements. Both magnetization and TS measurements were
performed on the randomly oriented nanowires samples.
3. Results and discussion

3.1. Structural analysis

The Reitveld analysis of the XRD pattern of the LCMO nano-
wires freed from the membrane by dissolving in dilute NaOH
revealed that the unit cell is orthorhombic with the lattice
parameters a¼5.428 Å, b¼7.705 Å, and c¼5.472 Å and the unit
cell volume V¼228.85 Å and for the bulk sample (a¼5.437 Å,
b¼7.685, c¼5.465 Å, and V¼228.345 Å). No drastic change is
noticeable in the lattice parameters on size reduction.

Fig. 1 shows typical TEM images (A,B), HREM image (C), and
SAED pattern (D) for the nanowires freed from the membrane.
It was revealed that the uniform nanowires were around 70 nm
in diameter and tens of microns in length. The SAED pattern
revealed that the nanowires were single crystalline. HREM also
confirmed the single crystalline nature of the prepared nanowires.

3.2. Magnetic properties

Fig. 2 shows the temperature dependence of zero-field-cooled
(ZFC) and field-cooled (FC) magnetization (M) taken at a field of
100 Oe for the LCMO nanowires freed from the membrane. It can
be observed that the nanowires undergo a paramagnetic to
d SAED patterns (C,D) of LCMO nanowires.
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Fig. 2. Temperature dependence of zero-field-cooled and field-cooled magnetiza-

tion for the LCMO nanowires.
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Fig. 3. Schematic of the radio-frequency transverse susceptibility (TS) experiment

(upper panel); an example of a unipolar TS scan from positive (þ2 kOe) to

negative (�2 kOe) fields for the LCMO nanowires taken at 80 K (lower panel).
ferromagnetic (FM–PM) transition at TC �245 K, which is defined
by the minimum in dM/dT. Similar feature was also reported for
the LCMO nanotubes [19].

The dynamic transverse susceptibility of the LCMO nanowires
was studied using a self-resonant TDO technique [20]. Over the
years we have validated this method as a very useful probe of
effective magnetic anisotropy in a large class of magnetic materi-
als ranging from thin films [21], nanoparticles [22] to single
crystals [23]. In TS experiments, the sample is placed in an
inductive coil, which is part of an ultrastable, self-resonant
tunnel-diode oscillator (operating frequency around 10–20 MHz)
with a perturbing small amplitude RF field perpendicular to the
externally applied DC field. The coil with the sample was inserted
into the chamber of the PPMS that provides control over the
variable temperature (10 K–350 K) and applied magnetic fields up
to 7 T. A schematic of the measurement system is depicted in
Fig. 3 (the upper panel). In the TS method, the measured quantity
is the shift in the resonant frequency (�12 MHz) as the dc field is
varied and this is proportional to the relative variation of
transverse susceptibility, DwT/wT (%)¼[(wT (H)�wsat)/wsat]�100,
where wsat is transverse susceptibility at a saturation field.
Aharoni et al. [24] theoretically predicted that the TS for a
Stoner–Wohlfarth particle with its hard magnetic axis aligned
with the DC field should yield peaks at the anisotropy fields
(7HK) and switching field (HS) as the DC field is swept from
positive to negative saturation. However, TS experiments have
revealed that for magnetic nanoparticle systems with size dis-
tribution, the switching peak is often merged with one of the
anisotropy peaks [25–28]. This feature has been observed for the
LCMO nanowires, as seen in the lower panel of Fig. 3 for a
unipolar TS scan from positive (þ2 kOe) to negative (�2 kOe)
fields. It can be observed that the TS curve is asymmetric.
The negative peak is lower in height but located at a larger field
and is broader in comparison to the positive peak (þHK). This
feature can be briefly explained as follows: the positive to zero
field scan began with the spins all aligned in the positive field
direction, i.e. at saturation. At the anisotropy field, most of the
spins could contribute to the overall susceptibility. As the field
passed through zero and the spins began to randomize again, it
took a larger field in the negative direction to align the spins and
less of them were able to contribute to the susceptibility since
negative saturation had not yet been reached. For this reason, in
the present study we consistently used þHK when referring to the
effective anisotropy field.

To trace the evolution of the anisotropy peaks with tempera-
ture, the TS data were collected over a temperature range
10 KoTo300 K. For clarity, we display in Fig. 4 the TS spectra
with unipolar field sweeps from positive (þ2.5 kOe) to negative
(�2.5 kOe) fields at representative temperatures for the LCMO
nanowires freed from the membrane. It can be seen that the TS
spectra exhibit a two-peak structure at low temperatures, which
merges into a single central peak at high temperatures. This
distinguishes the low temperature ferromagnetic state from the
high temperature paramagnetic state. Similar feature was also
observed for magnetic nanoparticle systems [25,26,28]. However,
in the latter case the transformation from the double-peak to
single-peak structure reflects a transition from the ferromagnetic
to superparamagnetic state [26].

To better illustrate these features, we plot in Fig. 5 the change
of the peak location of transverse susceptibility (corresponding to
the effective anisotropy field, HK) as a function of temperature for
the LCMO nanowires. As one can see in this figure, the HK

increases as the temperature decreases from the TC. This tem-
perature dependence of HK for the LCMO nanowires is similar to
that observed for the Fe3O4 nanoparticle systems below the
blocking temperature (TB) [28]. In the case of the Fe3O4 nanopar-
ticles, the increase of HK with lowering temperature from the TB is
the result of the enhanced ferromagnetism. A similar trend would
be expected for the case of the LCMO nanowires. However, a
complete understanding of this interesting feature will warrant
further studies.
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Fig. 4. TS spectra for unipolar scans from positive (þ2.5 kOe) to negative

(�2.5 kOe) fields for the LCMO nanowires at some representative temperatures.

0
0

100

200

300

400

500
La0.33Ca0.67MnO3

H
K
 (O

e)

T (K)

TC

50 100 150 200 250 300

Fig. 5. Temperature dependence of magnetic anisotropy field (HK) for the LCMO

nanowires. The solid line is a guide to the eye only.
4. Conclusions

The La0.67Ca0.33MnO3 nanowires were synthesized using nano-
porous templates of anodized alumina by chemical solution
deposition technique, and their structure and magnetic properties
were investigated. The nanowires possessed an orthorhombic
structure, and the crystalline nature of the nanowires with the
average diameter of 70 nm was confirmed. The nanowires exhibit
a paramagnetic to ferromagnetic transition at the Curie tempera-
ture of 245 K. In the ferromagnetic region, the effective magnetic
anisotropy field increases with decrease in temperature.
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