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We report synthesis of vertical Ni;Co nanowires on a ¢-plane sapphire substrate by chemical vapor
transport method. A vapor—solid—solid mechanism was proposed for Ni;Co nanowire growth,
which was catalyzed by Niz;Co, nanoparticle at the tip. As-synthesized vertically aligned single-
crystalline NisCo nanowires exhibit strongly ferromagnetic properties. Such single-crystalline
ferromagnetic alloy nanowires could be important in the application of spintronics such as
nonvolatile memory devices. We could also control the composition of the nanowire by adjusting
experimental conditions, producing Ni, Ni;Co, and NiCo nanowires.

Introduction

Nanowires (NWs) exhibiting ferromagnetism above
room temperature are attractive candidates for magnetic
storage, nanoelectronics, and spintronics applications.'
Emerging spintronics technology utilizing magnetic mo-
ment to carry information has offered new types of
devices superior to conventional electronic devices in
performance.” Metallic spintronic devices such as hard
disk read heads and magnetic random access memory
represent information by magnetization direction in ferro-
magnetic metal nanostructures. The scope of spintronic
devices can be further extended if the magnetic data bitsin
the form of domain walls (DWs) interact with each other
and propagate along magnetic nanostructures. It is re-
cently reported that ferromagnetic NWs aligned horizon-
tally or vertically can offer significant advantage as a
racetrack memory (RM) in which the pattern of magnetic
domains acting as data bits is transported by applying
highly spin polarized current.’ The DW can move around
when it interacts with spin-momentum torque generated
by current passing through NWs. Such DW movement
can be electronically controlled for possible application as
a nonvolatile memory. The important parameters such as
operational current density and DW dynamics in these
devices are determined by the geometry and magnetic
behavior of ferromagnetic NWs. It is critical to reduce the
current density to move DWs because of adverse Joule
heating effect, which is detrimental to device perfor-
mance. The operational current density can be minimized
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by employing highly anisotropic metal NWs exhibiting
single crystallinity,* sufficiently small (~100 nm) dia-
meter,” perpendicular magnetic anisotropy,’ atomically
smooth surface,® and an isotropic cross-section,” all of
which will reduce greatly the domain pinning and energy
barrier for DW movement. Hence alignment of ferro-
magnetic single-crystalline NWs in vertical directions and
their optimum morphology control are highly desirable.

One-dimensional nickel cobalt alloy nanostructures
have been synthesized by various template based meth-
ods.® ! Although some nickel cobalt nanostructures
with shape anisotropy exhibit increased magnetic aniso-
tropy,'>'? most of these nanostructures did not satisfy the
above criteria for integration into spintronics devices.
The objective of present investigation was to synthesize
single-crystalline, vertically aligned, and strongly ferro-
magnetic nickel cobalt NWs by chemical vapor transport
method. Here, we present vapor—solid—solid (VSS)
synthesis of vertical Ni;Co NWs on ¢-plane sapphire sub-
strates satisfying most of the above criteria for possible
application as nonvolatile memory devices. To the best of
our knowledge, this is the first report on the synthesis of
twin-free, single-crystalline, and vertically aligned ferromag-
netic NWs. Additionally, the composition of the NWs
was tuned by changing the ratio of precursor amount for
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Figure 1. (a) Experimental setup. (b) Temperature profile during nano-
structures growth.

Ni and Co, leading to production of various Ni;_,.Co,
alloy NWs.

Experimental Section

Single-crystalline Ni;Co NWs were synthesized using a hot
wall dual-zone furnace employing 1 in. diameter quartz tube.
Anhydrous NiCl, (Sigma-Aldrich, 99.99%) and CoCl, (Sigma-
Aldrich, 99.99%) were used in stoichiometric amount as pre-
cursors. The upstream (US) zone and downstream (DS) zone
were used for vaporization of precursor and the NW growth,
respectively. The substrates were placed at ~12 cm from the
precursor in the DS zone. The DS zone was initially heated to
900 °C, and then the U.S. zone was heated to 800 °C. The flow
rate of carrier Ar gas was controlled in the range of 125—150
sccm, and the reaction time was 30 min. The samples were slowly
cooled down to room temperature, which is essential to get
single-crystalline NWs. At a higher flow rate of 150 sccm,
random arrangement of NWs was observed, whereas vertical
alignment was observed at a lower flow rate of 125 sccm. The
density of NWs was strongly dependent on the DS temperature
and substrate distance from the precursor. A lower DS tem-
perature yielded a very low density of NWs, whereas a higher DS
temperature resulted in the growth of two-dimensional nano-
structures rather than NWs. Hence careful monitoring of reac-
tion temperature and position of substrate is required in order to
get a higher density of NWs on sapphire substrates.

Field emission scanning electron microscope (FESEM)
images of NizCo NWs were taken on a Phillips XL30S. Trans-
mission electron microscope (TEM), high-resolution TEM
(HRTEM) images, and selected area electron diffraction
(SAED) patterns were taken on a JEOL JEM-2100F trans-
mission electron microscope operated at 200 kV. After NWs
were dispersed in ethanol, a drop of the solution was put on
a holey carbon coated copper grid for the preparation of TEM
analysis.

Results and Discussion

Single-crystalline nickel cobalt NWs have been synthe-
sized in a hot wall dual-zone furnace using a chemical vapor
transport method (Figure la) under various carrier gas
flow rates and growth temperatures. A tilted field emission
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Figure 2. (a) Tilted view SEM image of vertically aligned Ni3;Co NWs on
c-plane sapphire. (b) Magnified tilted view SEM image of NisCo NW
grown at 125 scem. (¢) Ni3Co, alloy nanoparticle was found at the tip ofa
Ni;Co NW.

SEM image of as synthesized NWs on a sapphire substrate
is shown in Figure 2a, which demonstrates that the sample
contains a large number of vertical NWs. A few NWs are
inclined to the substrate. Figure 2b shows an enlarged SEM
image of NWs revealing that the majority of NWs is
vertically aligned to the substrate and has a length up to
several micrometers. Figure 2c¢ shows a magnified SEM
image of a nanoparticle found at the tip of NWs. These
nanoparticles are observed at the tip of all freestanding
Ni;Co NWs, suggesting that the nanoparticles may play a
crucial role in the NW growth mechanism.

TEM image of NizCo NW in Figure 3a shows that the
NW has a smooth surface and a diameter of 100—120 nm
with an about 10 nm thick oxide shell. The lattice resolved
HRTEM image of Ni3sCo NW (Figure 3b) shows a lattice
spacing of 0.25 nm between the adjacent planes in (110)
growth direction. SAED pattern (Figure 3c) is well
indexed to a face-centered-cubic (FCC) crystal structure
of Ni (JCPDS card No. 01—1260, space group Fm3m).
The single-crystalline nature of the NW is clear from the
SAED pattern and the HRTEM images. SAED patterns
collected at different zone axes were also indexed to an
FCC crystal structure of Ni (Figure 4). Energy-dispersive
X-ray spectrum (EDS) analysis performed on different
selected areas of the NW shows that NW contains both
nickel and cobalt with a mean atomic ratio of 77:23
(Figure 3d). The peak for Cu is from the TEM grid.
Scanning TEM (STEM) image and its EDS mapping fora
selected NW are shown in Figure 3e, suggesting that Ni
and Co elements are distributed homogenously over the
entire NW.

The growth mechanism of the Ni;Co NWs was eluci-
dated by TEM investigation of the NWs’ tip. Both SEM
and TEM images show nanoparticles at the tip of the
NWs (Figures 2c and 5b). We propose a VSS mechanism
to explain the growth of Ni3Co NWs.'* A magnified TEM
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Figure 3. (a) TEM image of a Ni3Co NW showing the oxide shell coating. (b) HRTEM image showing a distance of 0.25 nm between the adjacent planes
corresponding to (110) planes. Inset shows FFT pattern that can be indexed to an FCC crystal structure of nickel. (c) SAED pattern down the [101] zone axis
showing the single-crystalline nature of NizCo NWs. (d) EDS spectrum of NizCo NW showing the composition of Niand Co in 3:1 ratio. (¢) STEM image

of Ni3;Co NW with corresponding EDS elemental mapping.
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Figure 4. (a) FFT of HRTEM image of a NizCo NW. (b-d) SAED
patterns obtained from a representative Ni3Co NW down the different
zone axes. The SAED patterns of the NW at different zone axes show a
regular spot pattern that can be indexed to an FCC Ni structure reflecting
the single-crystalline nature of the NW.

image of the NW tip (Figure 5c) shows faceted morpho-
logy covered by an oxide shell. The angle between the
facets of the nanoparticle is 130°, suggesting that the
nanoparticles are bound by low energy (111) planes of
an FCC crystal structure.'> Figure 5a shows a high-
resolution TEM image of nanoparticle—NW interface
and the corresponding SAED patterns. Interestingly,
the faceted particles at the tip of NWs were found to be
single-crystalline. The SAED pattern shows a regular
spot pattern that can be indexed to an FCC crystal
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Figure 5. (a) Lattice-resolved TEM image of the interface of Ni3Co NW
and Ni3Co, nanoparticle. Inset shows SAED patterns from NizCo NW
and Ni3Co, nanoparticle, respectively. (b) Low-resolution TEM image of
Niz;Co NWs showing the presence of nanoparticle at the tip of individual
NW. (c) The enlarged TEM image of faceted Ni;Co, alloy nanoparticle
from the rectangular region in panel b. (d) EDS spectrum from a single
nanoparticle showing that Ni and Co are present in an approximately 3:2
atomic ratio.

structure of Ni. Note that the composition of single-
crystalline particle is NizCos.

Systematic analyses of the NWs morphology were
conducted to provide insight into the growth mechanism.
The incorporation of Ni catalyst or by the uncatalyzed
decomposition on the surface of growing NW.'® The
uniform diameter of the NisCo NW along the NW axis
suggests that the decomposition of the metal chloride
and Co during the growth process takes place either
through the precursors occurs much faster at the Niz;Co,
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Figure 6. (a) TEM image of Ni NW (x = 0). (b) EDS pattern of Ni NW.
(c) TEM image of a NiCo NW (x = 0.5) with growth direction parallel to
the [110] direction. (d) EDS spectrum of an individual NiCo N'W showing
the peak intensity ratio of 1:1 for Ni and Co.

nanoparticles than at the surface of NizCo NW (uncata-
lyzed decomposition) and the building blocks are supplied
through the Ni;Co, catalyst nanoparticle.">”!” The NW
growth interface acts as an effective sink for both Niand Co
adatoms, which subsequently get incorporated into a NW.
Similar syntaxial synergistic growth of Mn;;Geg/Ge NW
heterostructures has been reported.15 17 Thus the Ni;Co,
nanoparticles at the tip of Ni;Co NWs become an effective
catalyst with the surface of the nanoparticle reducing the
energy barrier for Ni and Co decomposition and acting as a
nucleation site for incoming Ni and Co vapors.

The composition of NWs was tuned by changing the ratio
of the amount of precursor metal chlorides in stoichiometry
to get Ni;_,Co, (x =0, 0.25 and 0.5) alloy NWs. Growth
times ranging from 15 to 60 min resulted in an average NW
diameter of 100 nm and length exceeding several micro-
meters. TEM images and EDS spectrum of Ni;_,Co, alloy
NWs with x =0 and 0.5 are shown in Figure 6. The equili-
brium composition of Ni;_,Co, alloy NWs is strongly
dependent on the thermodynamic details of the thermal
decomposition of metal chlorides and subsequent incor-
poration of adatoms into the catalyst. The modulation of Ni
and Co composition in NWs is possible because of their
comparable atomic radii, similar electronic structure,
weakly segregating behavior, and thermodynamic stability
of phases in entire composition range (x = 0 to 1).'*

The magnetization of Ni;Co NWs was investigated by
zero-field-cooled (ZFC) and field-cooled (FC) magneti-
zation at an applied field of 100 and 1000 Oe. Both M—T
curves of NizCo NWs show typical ferromagnetic beha-
vior with a Curie temperature above room temperature.
The ZFC and FC curve of Ni;Co NWs (Figure 7a) do not
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Figure 7. (a) M vs T measurement at 100 and 1000 Oe. (b) M vs H
measurement of Ni3Co NWs on ¢-plane sapphire at room temperature.
Inset shows the magnified hysteresis loop between —0.3 and 0.3 kOe.

overlap at temperatures lower than room temperature,
indicating that for the NWs a large magnetic anisotropy
energy barrier distribution exists and a single domain size
is not reached at these temperatures. Similar enhance-
ment in the magnetic anisotropy has been reported in the
case of two-dimensional nickel nanostructures.'*'* Mag-
netic hysteresis of Ni3Co NWs on ¢-plane sapphire was
measured at room temperature under an applied field
from —50 to 50 kOe. The hysteresis loop of NWs in
Figure 7b reveals the ferromagnetic behavior at room
temperature with the inset showing a magnified hysteresis
loop between —0.3 and 0.3 kOe. Coercivity of 55 Oe was
observed for NizCo NWs. Note that these ferromagnetic
NizCo NWs contain an antiferromagnetic metal oxide
shell (Figure 3a) that can exhibit additional magnetic
anisotropy because of the exchange bias effect, which is
observed at the ferromagnetic/antiferromagnetic inter-
face.' Further experiments to understand the magnetic
domains in nickel cobalt nanostructures and exchange
bias are currently underway.

Conclusion

We have synthesized vertically aligned NizCo NWs
on sapphire substrates employing the chemical vapor
transport method. A VSS mechanism was proposed for
NizCo NW growth, which was catalyzed by NizCo,
nanoparticles at the tip. The single-crystalline ferromag-
netic NizCo NWs as grown here with perpendicular
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