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We report the growth and characterization of Co,FeAl nanowires. Nanowires are grown using
electrospinning method and the diameters range from 50 to 500 nm. These nanowires exhibit cubic
crystal structure with a lattice constant of a = 5.639 A. The nanowires exhibit ferromagnetic
behavior with a very high Curie temperature. The temperature dependent magnetization behavior
displays an anomaly in the temperature range 600-850K, which disappears at higher external
magnetic fields. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4729807]

. INTRODUCTION

Ferromagnets with Curie temperature well-above room
temperature are vital for fabricating novel spin-based elec-
tronic devices.! Co-based Heusler alloys were extensively
explored in the literature and some of them are shown to be
half-metallic.'"™ High Curie temperatures were observed in
Co-based Heusler compounds. Co,FeAl (CFA) is a full
Heusler alloy; the half-metallic behavior of CFA is not yet
clearly understood. There are calculations showing both the
presence and the absence of half-metallicity in CFA.'™ CFA
thin film is reported to occur in various structures ranging
from the completely ordered L2, moderately ordered B2,
and completely disordered A2 structure types.” Spin polar-
ization in two-dimensional CFA structures is reported to be
around 56% (Refs. 6 and 7) measured by the point contact
Andreev reflection method. Also, tunneling magnetoresist-
ance for CFA junctions with a MgO tunnel barrier is reported
around 330% at room temperature irrespective of the L2, or
B2 structure.® Bulk and two-dimensional structures of CFA
have been studied extensively and reported in the literature.
One-dimensional structures of CFA have not yet been
explored. In this work, we report the growth, characteriza-
tion, and magnetic properties of CFA nanowires.

Il. PREPARATION OF NANOWIRES

CFA nanowires are grown by the electrospinning method.
Nitrates of Co, Fe, and Al are mixed in the right ratio in deion-
ized water and added to a mixture of polyvinyl alcohol (PVA)
and polyvinylpyrrolidone (PVP) solution for electrospinning.
The viscosity of the solution is adjusted using the ratio of the
polymer, which determines the diameter of nanowires.”'°
Continuous fibers are formed on the Si/quartz substrate by an
electrospinning process'' and then annealed at 1023 K for 3 h
in ultrahigh purity Ar with 3% hydrogen gas mixture. In the
annealing process, PVA and PVP were removed, nitrates were
decomposed, and continuous CFA nanowires were formed.

lll. CHARACTERIZATION OF NANOWIRES

The morphology of CFA nanowires is shown in Figure 1.
The scanning electron microscopy image (Figure 1(a)) shows
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dense nanowires with diameter of wires range from 50 to
500 nm. Figure 1(b) displays the morphology of single nano-
wire obtained using transmission electron microscopy
(TEM). Nanowires are continuous and granular in nature.
The crystal structure of CFA nanowires is investigated by
x-ray diffraction (XRD) with Cu K-o radiation. The observed
XRD pattern shows three peaks with Akl values (200), (220),
and (400) as shown in Figure 2. XRD patterns of full Heusler
alloys can be divided into odd superlattice, even superlattice,
and fundamental diffractions.'*'® For odd superlattice dif-
fraction, peaks are obtained at odd hkl values. Only the L2,
crystal structure displays odd superlattice diffraction. For
even superlattice diffraction, peaks are obtained at those hk/
values satisfying 7+ k + [ = 4n+ 2, where n is a positive
integer. Both B2 and L2, structures show even superlattice
diffraction. For fundamental diffraction, Akl values satisfy
the relation h + k + / = 4n. This type of diffraction is shown
by A2, B2, and L2, types of crystal structures. So, the
observed peaks of CFA nanowires at (200), (220), and (400)
correspond to a B2 structure. The comparison of intensities
at (200) and (400) with intensity at (220) suggests that wires
may consist of B2 as well as A2 types of crystal structures.
The lattice constant of CFA nanowires obtained from XRD
analysis is @ = 5.639 A, which is within 1% of the lattice pa-
rameter for the bulk system with L2, structure. It is reported
that the B2 structure can have 10% variation in lattice pa-
rameter with respect to the L2, structure.'* In order to get
more insight into the structure of CFA nanowires, more
TEM analyses are carried out. High resolution TEM micro-
graph in Figure 3(a) (inset) clearly shows the granular nature
of the nanowires. The grain size varies from 10 to 40 nm.
The lattice fringes shown in Figure 3(a) can be indexed
based on the cubic crystal structure of CFA. The observed
lattice fringes correspond to (200) planes. The selected area
electron diffraction pattern in Figure 3(b) displays the poly-
crystalline nature of CFA nanowires. The rings in the pattern
can be indexed to (200), (220), (400), and (422) planes of
CFA structure. '

The magnetic measurements of the as-grown wire
ensemble were investigated using a vibrating sample magne-
tometer from 2 to 1000K. Figure 4 shows the magnetic

© 2012 American Institute of Physics
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FIG. 1. (a) Scanning electron microscopy image of CFA nanowires. (b)
TEM micrograph of a single CFA nanowire with diameter less than 100 nm.

properties of CFA nanowires that were measured with
the magnetic field applied parallel to the substrate plane. The
high temperature magnetization behavior shows that the
magnetic transition temperature of the CFA nanowires is too
high to observe with our present experimental setup. The
shape of the temperature dependence above 600K is rather
unusual with a cusp around 650K. The hysteresis loops in
the inset of Figure 4 show that the magnetic moment
increases from 650 to 800K in contrast to the behavior
observed in regular ferromagnets. This behavior is also
observed in bulk CFA; it is hypothesized that the presence of
a partial ferrimagnetic order or a partial antiparallel coupling
exists at different sites at elevated temperatures.'® Another
possibility is that the nanowires undergo a structural transi-
tion around this temperature. In order to understand whether
there is any structural change in CFA in the temperature
range 600-1000K, we have prepared CFA nanowires and
analyzed them using the differential scanning calorimetry.
There is no structural transition observed as displayed in
Figure 5. The heating and the cooling curves do not show
any anomaly in the temperature range 300—1100 K.

In order to understand the high temperature magnetic
behavior, we have measured magnetization as a function of
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FIG. 2. The XRD patterns of CFA nanowires and the quartz substrate.
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FIG. 3. (a) High resolution TEM image displaying the lattice fringes.
Displayed lattice fringes are in the [200] direction. Inset shows the granular
nature of a nanowire. (b) Selected area electron diffraction of a CFA nano-
wire showing the polycrystalline nature of the wires.

temperature with field-cooling and with external magnetic
fields applied during measurements. It is observed that if we
field-cool the nanowires from 1000 to 300K in the presence of
an external field greater than 2 kOe and measure the M vs. T
at the same field, then the cusp at higher temperature

M(10°emu)

T(K)

FIG. 4. The magnetization versus temperature plot shows cusp around
650K at 2 kOe external magnetic field. Inset shows the hysteresis loops of
CFA nanowires at 650K and 800 K.
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FIG. 5. Differential scanning calorimetry analyses show that there is no
phase transition in the temperature range 300—-1100 K in CFA nanowires.

disappears. Figure 6 shows that the cusp in M vs. T curves
shifts to higher temperatures with the increase in external
magnetic field and finally disappears above 2 kOe. This clearly
shows that the anomaly in M vs. T is observed only when
measurements are carried out with zero or small external mag-
netic field strengths. The observed cusp in the M vs T curves
can be explained on the basis of the granular nature of the
nanowires. Each grain has local axis of magnetization, say
easy axis.'” Since CFA nanowires are polycrystalline, the
magnetization in the grains is randomly oriented (anisotropy).
For large anisotropy and for small external magnetic field, the
magnetization vector will stay about easy axis. So, at low
applied magnetic fields, initial contribution on M vs T mea-
surement is from all grains where the magnetization is aligned
in all possible directions. As temperature is increased, magnet-
ization shows regular ferromagnetic behavior until to a tem-
perature at which a few misaligned (with respect to the
applied field) grains are weakened enough by thermal energy
and the magnetization vectors are rotated along the external
field. The misaligned grains with least energy barrier to rever-
sal, which depends on the shape and crystallographic anisot-
ropy, volume, easy axis orientation of the grain with respect to

M(emu)
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FIG. 6. Magnetization versus temperature plots for different applied mag-

netic fields. Plots show that the cusp disappears at high external magnetic
field.
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FIG. 7. The zero-field-cooled and field-cooled magnetization measurements
carried out at 0.1 (lower) and at 2 kOe (upper).

external field and interaction among grains, will be switched
initially along the external field direction.'®'® As temperature
is increased, more grains will be switched in the direction of
the field depending upon the magnitude of the field. Hence,
the magnetization starts to increase because more domains are
aligned in the direction of the external field, though each do-
main contribution to magnetization has decreased due to ther-
mal demagnetization effect. The magnetization attains a peak
value at a certain higher temperature and afterward, the M vs
T exhibits regular ferromagnetic behavior. If we apply high
external magnetic field (>2 kOe), it is sufficiently strong to
align the magnetization vectors in all the grains irrespective of
the easy axis of the grains; therefore, the M vs T measurement
shows no cusp. This is also supported by the M vs H plots in
Figure 4, which shows that the magnetization is saturated
above 2 kOe. The field-cooled (FC) and zero-field-cooled
(ZFC) measurements shown in Figure 7 display that at low
fields, there is a large difference between the FC and ZFC
curves, but near 2 kOe, the difference reduces and above 2
kOe, these two curves merge together. These ZFC and FC
behaviors can also be explained on the basis of granular nature
of the nanowires.

IV. CONCLUSIONS

We have presented the growth, structural characteriza-
tion, and magnetic properties of the Heusler alloy Co,FeAl
nanowires. Nanowires with a diameter in the range of
50-500nm can be consistently grown. The nanowires are
continuous with granular surfaces. The magnetic behavior of
CFA nanowires exhibits ferromagnetic behavior with a high
Curie temperature.
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