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Body-Centered-Cubic (BCC) Ni nanowires have been successfully synthesized by a multistep ac electro-

deposition in anodic aluminium oxide templates. Bec Ni is ferromagnetic with a lattice constant of 0.288

nm, and bee-Ni to fce-Ni phase transition occurs in heat treatment. Magnetic measurements suggest that

the ferromagnetic transition of bce Ni nanowires involves a structure change evolving from bec to fce in

magnetic-ordering process. Furthermore, the processes of structure transition in bcc Ni nanowires under

the heating conditions are observed in situ by transmission electron microscopy. In addition, our work

also establishes that fcc Ni nanowires and bulk Ni have only a ferromagnetic transition in the curie point,

respectively, involving no crystal structure change.

Introduction

Ferromagnetic nanowires have been widely investigated in the
last decade. Besides foundational researches', ferromagnetic
nanowires have also been made the potential applications in
magnetic and electronic nanodevices*’. As the traditional-
ferromagnetic transition metals, Nickel has been intensively
studied for ferromagnetic properties of the powders, films, and
nanowires® .

It is known that face-centered-cubic (fcc) Nickel structure is a
better stability in bulk, but hexagonal closed-packed (hcp) and
body-centered-cubic (bec) Nickel structure is meta-stable in bulk
and does not exist naturally, respectively. However, as the grain
size of these metals goes small into nano-scale, with an
increasing ratio of surface atoms, their structures and magnetic
properties make a sudden change in some critical points. For
example, the hcp-Ni phase has been detected in some synthesized
nickel structure.'®'® Even the non-naturally occurring bee Ni film
has been achieved by Heinrich et al.' and also confirmed
independently by Wang et al?® Ferromagnetism in fcc-Ni
nanowires'*" and hep-Ni nanowires'®?” is well acknowledged,
respectively, but magnetic properties of bce Ni are still under the
experiment research'”?' and theoretical calculations® 2.
Theoretically, it is predicted by Khmelevskyi et al. that the
possible existence of weak itinerant ferromagnetism in bce Ni
films prepared under compression®. A crucial step forward in
experiment is the successful preparation of beec Ni on GaAs (001)
by C. S. Tian et al.?!, and it is proved that the bcc Ni is ferro-
magnetic with a Curie temperature of 456 K. These pioneer
results have opened up a unique opportunity for the investigation
of the puzzling problem which is whether Ni exists meta-stable
structural phase or not in nature. However, until now magnetic
properties of bec Ni are still unknown in nanowire form. To
develop a deep understanding of the magnetism origin in one
dimensional nanostructure, the intrinsic magnetic nature of bcc
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Ni is characterized in the right way unless an isolated bcc Ni
phase is prepared in the laboratory. As one of the simplest and the
most inexpensive methods, electro-deposition into AAO template
is usually employed to prepare the nanowire arrays. In addition,
an earlier experiment has indicated that a new structure phase of
4H-Ag nanowires may be obtained by electro-deposition into
porous anodized aluminium oxide (AAO) templates™.

In the present work, bcc Ni nanowires are fabricated by a
multistep ac electro-deposition in anodic aluminium oxide
templates, and the magnetic properties of bec Ni nanowires are
also studied. This work is not only vital to the better
understanding of the self-assembling process but also significant
for existence of a structure change evolving from bec to fec in
ferromagnetic transition process. In addition, our work also
establishes that fcc Ni nanowires and bulk Ni have only a
ferromagnetic transition in the curie point, respectively, involving
no crystal structure change.

EXPERIMENTAL PROCEDURE
A. Description of AAO template

High purity aluminium foil was used as the starting material and
a two-step anodizing method was employed to obtain the AAO
template”. After pre-treatment, the Al foil was anodized in a 0.3
mol/l C,H,0, solution under a dc voltage of 40 V for 2 h at 5 °C.
Then the irregular alumina structure formed in the first step was
stripped off by immersion into a mixture (18 g/l H;PO, and 60 g/l
CrOs, 70°C) for 2 h. A second anodizing step was then carried
out under the same conditions as the first step, resulting in an
AAO template with a regular pore arrangement. Figure 1 shows a
top view scanning electron microscopy (SEM) image of the
porous AAO template prepared by this method. The average pore
diameter is about 30 nm. It is clearly seen that the template
including the porous AAO, barrier layer and Al substrate is
shown in the inset.

B. Description of multistep ac electro-deposition method

This journal is © The Royal Society of Chemistry [year]
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Bcec Nickel nanowires are synthesized by a multistep ac electro-
deposition method, which can be utilized to synthesize high
quality and compact metal nanowires under relatively low current
densities® *'. Traditionally, an ac method was carried out using
an ac power source with constant voltage. The constant voltage
ac method requires a high current density and a high applied
voltage for the tunnelling of the electrons through the barrier
layer between the porous alumina layer and the Al substrate®.
Unfortunately, a high current density makes the metal ions reduce
on the inner wall of pores first and obtain many defects inside the
nanowires especially resulting in nanotubes structure. On the
contrary, the initial current density of the multistep ac deposition
is gradually and smoothly increased step by step with increasing
of the voltage, which differs from the conventional ac deposition
process where the initial current density immediately increases
from zero to a higher value. Within a multistep, the growth of
nanowires is uniform.

Architecture AAO (amorphous)-Al film-AAO of the template
is formed and works as cathode. A high-purity Platinum plate
20 works as counter anode. Electrolyte is the mixture of 300 g/l

NiSO, and 45 g/L H3;BO; with pH 3~4 adjusted by H,SO,.

Electro-deposition is carried out at 9 V~16 V and a frequency of

50 Hz. After multistep ac electro-deposition, some Ni nanowire

samples are heat treated at 773 K in a vacuum chamber at
25 pressure 2.1x107 Pa for 1h. All samples are observed by TEM

(JEM-2100F) and investigated by magnetic property

measurement system (VSM, Lakeshore 7300). The phase

structures of the samples are analyzed with the use of a Bruker

D8 advanced X-ray Diffraction (XRD). The microstructures of
30 AAO (amorphous)-Al film-AAO template are observed by SEM

(JSM-7000F).
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Fig.1 Top view SEM image of the porous AAO template and
the inset of the cross section of the AAO template.

s Results and discussion

Figure 2a shows a TEM image of Nickel nanowires after removal
of the AAO template. The statistical distribution for the diameters
of Nickel nanowires according to TEM characterizations in
Figure 2a indicates that the Nickel nanowire has the highest
ss concentration when the diameters are around 30 nm. Besides, the
statistical data also show that the concentrations of Nickel
nanowires are 6% for lower than 28 nm samples and 17% for

larger than 32 nm samples, respectively. Figure 2c shows a
typical TEM image of a single Nickel nanowire. It can be seen
e that the Nickel nanowire has a length of 1-2 um, a diameter of 30
nm, and an aspect ratio of about 67:1, respectively. Figure 2f
shows the high resolution transmission electron microscopy
(HRTEM) image of the head area of Nickel nanowire, and the
inset is the selected-area electron diffraction (SAED) pattern. The
os SAED pattern in Fig. 2f indicates that the Nickel nanowire has
the single crystalline structure, and its crystal planes are in the
{011} planes, and the HRTEM image in Fig. 2f indicates that the
atomic arrangement d-spacing of the {011} crystal planes is 2.03
A according to our measurement. As a result, it is concluded that
70 the electron diffraction pattern of the Nickel nanowire is
consistent with the characteristic picture of body-centered-cubic
(bee) in the crystal zone axis [111]. The measured spacing among
these atomic rows on {011} planes are both 2.03 A, and the
lattice constant of Nickel phase is 0.288 nm according to our
75 calculations. This is in good agreement with the previous work of
Zhang et al.”*. In Zhang’s paper, bce Ni nano-crystal was found,
and the bee Ni d-spacing of {011} planes was 0.206 nm.
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Fig.2 (a) TEM image of Ni nanowires after removal of AAO
10s template. (b) The statistical distributions for the diameters of Ni
nanowires according to TEM characterizations. (c) TEM image
of a single Ni nanowire. (d) HRTEM image of the bifurcated root
of Ni nanowire and its corresponding to SAED pattern (inset). (e)
HRTEM image of the middle area of Ni nanowire and its
1o corresponding to SAED pattern (inset). (f) HRTEM image of the
head area of Ni nanowire and its corresponding to SAED pattern
(inset). (g) TEM image of bce Ni nanowires after heat treatment
at 773 K and its corresponding SAED pattern (inset). (h) HRTEM
image of the middle area of bec Ni nanowires after heat treatment
ns at 773 K.
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It is well known that the lattice constant of face-centered-cubic
(fcc) Nickel is 0.353 nm in bulk. Therefore, it is concluded that
the Nickel nanowire has the single crystal bce structure in our
work. Figure 2e shows the HRTEM image of the middle area of

s Nickel nanowire, and the inset is the SAED pattern. The SAED
pattern in Fig. 2e also shows that the Nickel nanowire has the
single crystalline bee structure, and its crystal planes are in the
{011} planes. In addition, the observed and measured results in
Fig. 2e are also accord with the characteristic picture of body-
centered-cubic (bee) Nickel. Figure 2d shows the HRTEM image
of the bifurcated root of Nickel nanowire, and the inset is the
SAED pattern, which indicates that the bifurcated root of Ni
nanowire is nano-polycrystalline. The growth schematic model of
the nanowires using electro-deposition method was shown by R.
s Sharif et al.** The growth process of nanowires begins from the
nano-polycrystalline root, and also has been confirmed
independently by Wang et al.**. Figure 2g shows a TEM image of
the sample of bee Ni nanowires with heat treatment at 773 K in
vacuum for 1h, and the inset is the SAED pattern. In Fig. 2g, it is
concluded that the electron diffraction pattern is accord with the
characteristic picture of face-centered-cubic (fcc) in the crystal
zone axis [011]. Figure 2h shows the HRTEM image of the
middle area of the sample after heat treatment. The HRTEM
image indicates that the atomic arrangement d-spacing of the
(111) crystal plane is 2.05 A according to our measurement, and
the lattice constant of Nickel phase is 0.3551 nm according to our
calculations. In other words, it can be seen that no bce Ni phase
can be found anymore, but fcc Ni phase is discovered in Fig. 2g
and 2h. According to the TEM and electron diffraction pattern
analysis of two structures Ni nanowires, it is concluded that bee-
Ni phase is not a stable phase, and the heat treatment can do bec-
Ni phase transit to fcc-Ni phase. In addition, a similar conclusion
was also found by Tian et al.'®, for the phase transition evolving
from hep to fcc under the heating condition.

Figure 3 shows the XRD spectrum of the template of AAO
(amorphous)-Al film-AAO, bcc Ni nanowire arrays in the
template, respectively. In Fig.3-i, Al peaks can be identified in
the spectrum due to Al originated from the template. In Fig.3-ii,
extra XRD peak (211) starts to appear which can be
unequivocally indexed to be from the bee phase of Ni. Obviously,
the lattice constant of bee Ni phase as measured by XRD is 2.884
A. Furthermore, we can identify other planes of bce Ni according
to the lattice constant of 0.2884 nm, i.e., (110) and (200),
respectively. This result explains why Al peak (200) and (220)
are stronger than the Al peak of the template respectively because
of the overlap of the peaks coming from Ni and Al. The analysis
of the XRD results indicates that the lattice constant of bce Ni is
in good line with the TEM results in experiments (shown as Fig.
2e and 2f). After heat treatment, the intensity of (211) peaks of
bee Ni disappears, and the weak peak in the 26 range from 50° to
53¢ starts to appear which can be the index of (200) plane to be
from the fcc phase of Ni. Obviously, the lattice constant of fcc Ni
phase as measured by XRD is 3.524 A, and we can identify other
planes of fcc Ni according to the lattice constant of 0.3524 nm,
i.e,, (111) and (220), respectively. The analysis of the XRD
results indicates that the lattice constant of fcc Ni is well
consistent with the TEM results in experiments (shown as Fig. 2g
and 2h).
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Fig.3 XRD spectrum of the template of AAO-Al film-AAO, bee-
Ni nanowire arrays in the template and bee-Ni nanowire arrays in
the template with the heat treatment at 773K, respectively.

The schematic bottom structure of AAO template is shown in
Fig. 4a and 4b, in which the barrier layer could be observed
clearly. Firstly, the electrons have to tunnel through the barrier
layer under the driven by electric field®®, then metallic ions
capture electrons and achieve the metallic-ion reduction process.
Secondly, a lot of nuclei deposit in pores and achieve the growth
process under the electric field. The schematic nuclei deposition
process is shown in Fig. 4d. Fig. 4c shows the in situ observation
of the change of voltage and current with time during the
multistep electro-deposition process. During deposition, the
current density (o) can be controlled by adjusting the applied
voltage (Ugeposir). In this work, the applied ac voltage was
adjusted a little lower, in the range of 9~16 V, in order to get a
relatively low current density. Firstly, when the Ug,; increases
to 9 V, the ;i starts to vary with a deposition period of 16 s,
and the 9 V is defined as the initial voltage (Ugeposit-ini); then, the
deposition process is in the initial stage. The multistep rule is that
the Ugeposir adds 1 'V to the Ugeposi-ini after the end of a previous
deposition period. According to the step rule above, the Uyeposir 1S
increased step by step to keep the deposition current density
relatively stable so that the deposition process is continuous.
When the Ugeposi is set higher than 16 V, the Iy, does not
change and the deposition process is over. Clearly, the deposition
under a multistep voltage only causes a low initial current density
(from 16 mA to 33 mA), which is increased step by step with
increasing of the voltage (from 9 V to 16 V). Such a step initial
current density drives the Ni nanowires growing from the bottom
to the top. This growth process is favourable to form a uniform
microstructure.

Based on our experimental results, the size effect in bee-Ni
nanowires can be interpreted through nano-pore limited growth in
the AAO templates. Nickel is well-known as a FCC metal in its
bulk form because FCC-Ni has a lower internal energy when
surface and interface effect can be neglected. However, the
diameter of bce Ni nanowire is only several tens of nanometers,
the size effect should be taken into account. The sized-parameters
(e.g., the internal energy) provide a strong and clear signature of

This journal is © The Royal Society of Chemistry [year]
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structural changes in nanowire®’. Furthermore, a strong size effect
was realized for the 4H structural silver nanowire (4H-AgNW),
which is attributed to a higher volume internal energy than FCC-
AgNW?®, Therefore, the dependence of y (crystal-melt interfacial

s free energy) on crystal structure is crucial to understanding the
role of meta-stable structure in nucleation pathways™. In 1897,
Ostwald® formulated his “step rule,” which states that nucleation
from the melt occurs to the phase with the lowest activation
barrier, which is not necessarily the thermodynamically most

10 stable bulk phase. Davidchack et al indicated® that in the case of
the nucleation of face-centered-cubic (fcc) crystals, there is
evidence that crystallization often proceeds first through the
formation of body-centered-cubic (bcc) nuclei, which transform
to fce crystallites later in the growth process. This phenomenon

1s has been observed in computer simulations of Lennard-Jones
particles* and weakly charged colloids*'.

aiz-(Metallic i

barrier layer

Al substrate

o

U (V)deposit
5 N B

30
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o

20 40 60 80 100 120 140 160
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Fig.4 Barrier structure of AAO template. (a) Cross section view
SEM image of AAO template and (b) Schematic diagrams for
electrodepositing metallic ions upon barrier layer. (c¢) In situ
observation of the change of voltage and current with time during
the multistep electro-deposition process. (d) The schematic nuclei
deposition process.
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40  The magnetic properties of bcc Ni nanowires within the AAO
template are studied by VSM with various 6, which is the angle
between the applied magnetic field and the axial direction of bcc
Ni nanowires. Figure 5a shows the magnetization (M) depending
on the applied magnetic field (H) M-H loops of bce Ni nanowires.

4s When the external magnetic field is parallel to the axial direction
of bee Ni nanowires ( 6=0° ), H,, is about 734 Oe. When the
external magnetic field is perpendicular to the axial direction of
bee Ni nanowires ( #=90° ), the H,. is about 193 Oe, which is
much smaller than H,, of #=0° . Moreover, it can be seen that

so the squareness S (S= M,/M; where M, denotes remanence and M
denotes the saturation magnetization) in the parallel direction is
higher than that in the perpendicular direction, that is §,=0.97 at
6=0° , S.=0.11 at #=90° . Therefore, it can be proved that bcc
Ni is ferromagnetic phase, and bce Ni nanowires exhibit a typical

ss magnetic anisotropy, which is dominantly attributed to the shape
anisotropy due to the aspect ratio of about 67:1. The change
curves of H. and M,/M; as a function of § are shown in Fig. 5b.
Both the H, and the M,/M, decrease with an increase in 6, which

means that bcc Ni nanowires behave with obvious magnetic
0 anisotropy and with the easy axis along bcc Ni nanowires.

Some theories have been established to explain the magnetic
reversal mechanism of magnetic nanowires***. The chain-of-
spheres model*” was considered to be the most useful according
to previous reports* . Basing on the chain-of-spheres model, the

s nanowire can be viewed as a chain of single-domain magnetic
spheres; there is no shape anisotropy. Also, the spheres are
assumed to make point contact or even to be slightly separated
resulting in magnetic isolation.

70 (a) (b)soo
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Fig.5 (a) M-H loops of the bce Ni nanowires when 8=0° and
6=90° (where @ is the angle between the applied magnetic field

so  and the axial direction of the nanowires). (b) Change curves of
coercivity H, and remnant ratio M,/M, of bcc Ni nanowires
depending on different 6.

In our previous work®®, we proved that the calculated H, from
ss the chain of prolate spheroids model agrees well with the
experiment result by the multistep method for the Co nanowires.
Figure 6b shows the HRTEM image of beec Ni nanowire, which
the prolate spheroid particles can be viewed as a chain of prolate
spheroids structure, as shown in Fig. 6a. The H,. of bcc Ni

90 nanowires should be

H,, = (u/a*)(6K, =4L,)+(N, = N,)I,, M
where the coercivity (H,,,) is divided to the following two parts:

95 (,u/ a’)(6K,—4L ) is the contribution from the magnetic inter-
action, and (N, — N )I_is contributed from the shape anisotropy*?,
where 7 is the number of spheroids, (H..,) is the coercivity of the
chain with n prolate spheroids, a is the distance between the
centers of adjacent spheroids, ux is the dipole moment of one

10 spheroid, N and N, are the shape demagnetization factors of a
prolate spheroid along the major and minor axes, and 7 is the
saturation magnetization of beec Ni. K, and L, are given as

1 1
—(n-1)<j<—(n+1)

v L = Zz [n-@j-D/n@j-1"], @)
i(n72)<jéin

M= Y [m-2)/n@)) ] 3)

K =L+M, )

where j is an integer from 1 to .
s For the bee Ni nanowires in this paper, the magnetic moment is
(0.52 £ 0.08) pg/atom®'; thus, the I, is equal to 0.507x10° (A/m).
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Here, the number of n in the model is 12 due to the scale of the
model restricted by heavy computation cost. As a result, the H..,
calculated from Eq. (1) is about 780 Oe. Therefore, although
there is a small difference between the calculated value and the
experimental result, the chain of prolate spheroids model is more
consistent with the bee Ni nanowires produced in this work.

(@)

Fig.6 (a) Chain-of-prolate-spheroids model. (b) TEM image of
the prolate spheroid particles in the bee Ni nanowire (Color).

In order to study magnetic state and the nature of the
magnetism, bcc Ni nanowires are studied in the temperature
range of 300 K ~ 773 K by temperature-dependent zero-field-
cooled (ZFC) and field-cooled (F'C) magnetization measurements
in a low external magnetic field (H=200 Oe). Figure 7c shows the
temperature-dependent ZFC and FC magnetization of bce Ni
nanowires measure under applied field of 200 Oe. ZFC curve
shows the magnetization decreases gradually, with slow increase
of the temperature, and increases steeply when the heat
temperature is higher than 550 K, followed by a sharp drop in
magnetization at the ferromagnetic transition temperature. At the
lower temperature, FC curve does not retrace the ZFC curve at a
magnetization value corresponding to the demagnetizing limit of
the sample. This phenomenon is very different from ZFC curve
and FC curve of bulk fcc-Ni, as shown in Fig. 7f. ZF'C curve of
bulk fcc-Ni shows that the magnetization increases gradually
along with the temperature rising, and when the temperature
reaches to 631 K (7,) fcc-Ni bulk material takes place
ferromagnetic transition, which involves no structure change. The
situ heating TEM images of bce Ni nanowires are shown in Fig.
7a, 7b and 7d. Before heating, bce Ni structure in the nanowire is
confirmed in Fig. 7a (1, 2). Up to 646 K for 5 min, no change in
the as deposited bee Ni structure is observed in Fig. 7b (1, 2). All
electron diffraction spots can be identified as a bcc phase. Above
773 K for 40 min, the twin structure of the nanowire starts to
appear in Fig. 7d (1, 2). Figure 7d (2) indicates that the electron
diffraction pattern of the nanowire is the characteristics of twin
diffraction pattern which can be the index of (111) twin plane to
be from the fcc phase of Ni. As the result, it is concluded that the
structure transition evolving from bcc to fce is proved by in situ
heating in the TEM, and this result is accord with the variation
behaviour of the magnetization in ZFC curves (Fig. 7c). Figure 7e
is ZFC and FC curve of the sample of bee Ni nanowires with heat
treatment at 773 K. From Fig. 7e, the ZFC curve shows that the
magnetization increases gradually along with the temperature

rising, and the variation behaviour of the magnetization is similar
60 to ZFC curve of bulk Ni (Fig. 7f). The temperature-dependent
ZFC and FC curves of three types of Ni materials (bcc nanowires,
fcc nanowires and bulk) indicate that the magnetization process
of bee-Ni phase is very different from the process of fcc-Ni phase,
and involves structure transition evolving from bec to fec at Ty
6s =450 K (where the superscript S represents the structure
transition). In addition, similar conclusion was also found by C. S.
Tian et al. that the Curie temperature of bee Ni film is 456 K2'.
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o Fig.7 In situ TEM diffraction series at different temperatures

from RT to 773K, including TEM image of single nanowire,

HRTEM image of the middle area and its corresponding selected-

area FFT image (inset), respectively. (a) Bec Ni nanowire at room

temperature; (b) Bcc Ni nanowire with heat treatment at 646K; (d)
bee Ni nanowire with heat treatment at 773K. The dependence of
ZFC and FC on temperature curves. (¢) Bcc Ni nanowires; (¢)

The sample of bee Ni nanowires with heat treatment at 773 K; (f)

Bulk Ni.
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a

As demonstrated above, the thermal field can induce bce-Ni
phase transit to fcc-Ni phase. On the other hand, it was also found
by Zhang et al.* that the strain field can induce the fcc-to-bee
phase transformation in nano-crystalline nickel. Figure 8a shows
the schematic of the structure change from body-centered-cubic
to face-centered-cubic. To obtain results for the body-centered-
tetragonal lattice, a bcc lattice is subjected to W uniaxial
deformation along one of the edges of the unit cell. Furthermore,
the lattice ¢ of the uniaxial deformation is equal to xa, where the
ratio c/a is to x. Lastly, the bct unit cell along W uniaxial contra
rotating 45° forms two unit cells of the fcc crystal, which the
relationship between the bet and fcc unit cells is meted for bet
with ¢/a equal to v2 . It is well known that the allotropic
transformation of Fe metal involves structure variation from bcc
to fcc at 1185 K, and the Curie temperature 7, of Fe is 1043 K.
11s The research of the thermodynamics of phase transformation for
Fe metal was reported by Nishizawa® shown in Fig. 8 (b, c). It
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can be seen that A; presents the structural change from fcc to bee
at 1185 K, and A, indicates the magnetic transition of Fe at 1043
K. Moreover, Nishizawa also suggested® that the magnetic
transition of Fe was the reason that the abnormal transition
(structure transition from fcc to bee) occurred at 1185 K, and the
magnetic transition of Fe was a first order phase transition.
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Fig.8 (a) The schematic of the structure change from body-
centered-cubic to face-centered-cubic. (b) The thermal analysis
curve of Fe (Ref. 49). (c) The thermal expansion curve of Fe (Ref.
49).

Conventional diffractometry over the past decades has revealed
that the ferromagnetic transition, an ordering of the magnetic
moment, involves no crystal structure change in general, thus a
cubic paramagnet has been considered to transform into a cubic
ferro-magnet upon a ferromagnetic transition. However, the
simultaneous structural change at the ferromagnetic transition
was found by Yang et al.>%%! for the structure change of CoFe,0,,
Terfenol-D, and DyCo; in situ higher-solution synchrotron x-ray
diffractometry (XRD) observation. Moreover, Yang also
proved™™" in experimental and theoretically that ferromagnetic
transition is a structural transition, yielding a low crystallographic
symmetry that conforms to the spontaneous magnetization (Ms)
direction. Therefore, our work has proved experimentally that the
ferromagnetic transition of bce Ni nanowires involves a structure
change evolving from bce to fcc in magnetic-ordering process.
This seems to support the experimental results by Nishizawa and
Yang®*!. This interesting point is waiting for a future study.

Conclusions

In summary, we have achieved for the first time magnetically
isolated single-crystalline bce Nickel nanowires by a multistep ac
electro-deposition in anodic aluminium oxide templates. BCC Ni
is ferromagnetic with a lattice constant of 0.288 nm, and bcc-Ni
to fcc-Ni phase transition occurs in heat treatment. We show that
the ferromagnetic transition of bce Ni nanowires is not just an
ordering of the magnetic moment alone; it also involves a
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structure change evolving from bcc to fec. Finally the processes
of structure transition in bcc Ni nanowires under the heating
conditions are observed in situ by transmission electron
microscopy.
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Body-Centered-Cubic (BCC) Ni nanowires have been successfully synthesized by a multistep ac electro-
deposition in anodic aluminium oxide templates.
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