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Amorphous Ni—P nanotubes are fabricated through electroless chemical deposition inside an anodic aluminum

oxide template. The hysteresis loops of Ni—-P nanotube arrays are each found to exhibit an unusual isotropic behaviour,

which is believed to be due to the competition results between the shape anisotropy and the magnetostatic interaction

among nanotubes. The dynamic dependence of permittivity on the frequency spectrum is fitted to the Lorentzian-type

dispersion law. The permeability dispersion behaviours have been fitted based on the Kittel equation. Electromagnetic

wave absorption properties of Ni-P nanotubes/paraffin composites with different values of thickness (¢) are clearly shown

by a three-dimensional graph. Furthermore, the bandwidths of composites with different “¢” values can be well presented

by a two-dimensional contour graph, which is a novel presentation form. The results show that the composites each

have a good microwave absorption performance with ¢ larger than 5.5 mm and with the frequency around 8 gigahertz.
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1. Introduction

Compared with other magnetic nanostructures
(such as nanoparticles, nanowires, ultra-thin films),
magnetic nanotubes have rarely been investigated. It
is believed that magnetic nanotubes can find appli-

2 yltra-

cations in nanomedicines,!!! biotechnologies,
high density magnetic storage devices, nanoelectrome-
chanical systems,[®4 etc. The syntheses of ferromag-
netic nanotubes usually require porous template such
as anodic aluminum oxide (AAQ) templates and poly-
carbonate templates. Using these templates, various
methods can be employed to fabricate ferromagnetic

nanotubes, for instance, atomic layer deposition, -

physical vapour deposition,!”

bio-nanotechnological
method with the aid of magnetic bacteria,l® etc.
Among these methods, electrochemical deposition is
most widely adopted.®~'" Electroless chemical de-
position is another chemical deposition technique,
which is relatively rarely used.['?] In comparison with
electrochemical deposition, electroless deposition pos-
sesses some advantages. For instance, neither an elec-
trochemical station nor a conductive layer on one side

of the anodic aluminum oxide (AAQO) template is re-
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quired before electroless deposition. Besides, it is eas-
ier to obtain tubular structure through electroless de-
position, in which a pre-deposited catalytic layer on
the pore wall of the AAO template is conducive to
the formation of magnetic nanotubes. In contrast, the
fabrication of such nanotubes through electrochemical
deposition often requires the careful control over the
current density.['314 Despite of these benefits, report
about the successful fabrication of ferromagnetic nan-
otubes through electroless chemical deposition is still
rare. 1]

In the present work, we are to demonstrate the
fabrication of Ni—P nanotubes through electroless
chemical deposition inside an AAO template and in-
vestigate their microwave dynamic permittivity and
permeability dispersion properties. Finally, we will
discuss the microwave absorption properties of Ni—P
nanotubes by new presentation forms which are not

found to have been employed by others.

2. Experimental details

The AAO template with a nominal pore size of
200 nm was purchased from Whatman Corp.® with
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its porosity around 30%. The thickness of AAO tem-
plate is about 10 pm. The template was first im-
mersed in a solution composed of SnCl, (10 g/L) and
HCI (20 g/L) for 10 min and then rinsed with distilled
water thoroughly. Next, the AAO template was fur-
ther immersed in a solution containing PdCl, (1 g/L)
and HCI (20 g/L) for 10 min, followed by the rins-
ing with distilled water. Electroless chemical depo-
sition was carried out for 30 min to fabricate Ni—P
nanotubes by keeping the AAO template in an aque-
ous solution of NiSO4.6H20 (50 g/L), NaH;POo,H,O
(20 g/L) and trisodium citrate (10 g/L) at 45 °C. The
crystallization states of the Ni—P nanotubes within
the AAO template were investigated using X-ray pow-
der diffraction (XRD, Cu Ka radiation). The static
magnetic properties of the nanotube array in an AAO
membrane with 1 cm? area were characterized by a vi-
brating sample magnetometer (VSM). Subsequently,
the AAO template was dissolved with a 5-M/L NaOH
solution for 24 h and then rinsed with de-ionized water
repeatedly by ultrasonic dispersion until the solution
was neutralized. Consequently, Ni-P nanotube pow-
ders without the confinement of AAO template were
obtained. The morphologies of the nanotubes were
observed by a scanning electron microscopy (SEM)
equipped with an energy dispersive X-ray spectrom-
eter (EDS). Finally, the Ni-P nanotubes were ran-
domly dispersed in paraffin with the nanotubes’ ratio
of 50 wt% in the composites. The nanotube/paraffin
composite samples were pressed into a toroidal shape
with an outer diameter of 7 mm and inner diame-
ter of 3 mm for microwave measurement. The com-
plex permittivities and permeabilities of the composite
samples were measured on an Agilent Vector Network
Analyser 8720 in a frequency range of 1 GHz—-18 GHz.

3. Results and discussion

As shown by the SEM image in Fig. 1(a), it is
clear that nanotubes have been obtained by the elec-
troless chemical deposition method. The inner diam-
eter of the nanotube is about 120 nm. The thickness
of the nanotube is about 40 nm. The EDS spectrum
in Fig. 1(b) reveals that the nanotubes are composed
of Ni and P atoms. The atomic ratio of Ni to P is
76:24. The formation of Ni-P nanotubes involves the

following chemical reactions:

SnCly + PdCly = SnCly + Pd, (1)
Ni** + 2e = Ni, (2)

HQPOQ_ + HQO = H2PO3_ + 2H+ + 26_, (3)

Once reaction (1) takes place, a thin layer of Pd atoms
is deposited on the pore wall of AAO template. The
Pd layer serves as a catalyst for the subsequent reac-
tions from reaction (2) to reaction (4). As a result,
Ni and P atoms are deposited onto the surface of the
Pd layer, growing radially from the pore wall to the
pore centre and forming nanotubes. It is necessary to
note that Pd atoms are not found in the EDS mea-
surement, which might be due to the fact that an
extremely small number of Pd atoms used as cata-
lyst have been formed on the wall of the AAO pore.
However, if we look at this result from the other per-
spective, it can be concluded that such a tiny number
of Pd atoms are enough to catalyze the formation of
Ni—P nanotubes.
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Fig. 1. (a) The SEM image of Ni—P nanotubes and (b)
the EDS spectrum of the Ni-P nanotubes.

The as-prepared Ni-P nanotubes are in the amor-
phous state, as shown by XRD pattern in Fig. 2(a).
A broad diffraction peak is at about 45° (“A” point),
which is the fingerprint of amorphous Ni—P nanotube.
The other diffraction peak at about 25° (“B” point)
belongs to the AAO template. The XRD pattern in
Fig. 2(a) indicates that the as-prepared Ni-P nan-
otubes are amorphous. Demonstrated in Fig. 2(b) are
the hysteresis loops of the as-prepared Ni—P nanotube
arrays confined in the AAO template. Two hysteresis
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loops have been taken for the external magnetic field
applying along two directions: H is applied along (H))
and normal to (H,) the longitudinal direction. It is
obvious that the static magnetic properties of amor-
phous Ni—P nanotubes are “nearly” isotropic from the
viewpoint whether the hysteresis loops of these two
measurement directions are overlapped or not. The
coercivity values in the (H) and the (H, ) directions
are 396 Oe and 303 Oe (1 0e=79.5775 A/m), respec-
tively. The remanence (M,/Mjy) values of nanotubes
for both measurement directions are less than 0.1. As
we know, if the shape anisotropy of the nanotube dom-
inates the magnetization reversal process, the M—-H
loop taken along the (H|) direction should be rect-
angular and the M—H loop taken along the (H,)
direction should exhibit almost linear behaviour and
should have a very low remanence value. Such a strong
anisotropy is shown by the inset in Fig. 2(b) and the
differences in coercivity value and (M, /Mj) value be-
tween the two directions are significant, which have
been observed in Co nanowires:[6l the H. values for
the cases of H and H | are 1760 Oe and 820 Oe re-
spectively; the (M, /M) values of the cases of H| and
H are close to 1 and 0 respectively. Compared with
the values observed in Ni—P nanotube, these differ-
ences are much larger, therefore we can conclude that
the prepared Ni—P nanotubes shown in this paper each
exhibit an almost isotropic behaviour. As for amor-
phous Ni—P nanotubes, we have not observed such an
anisotropic behaviour. Therefore, it can be inferred
from Fig. 2(b) that the easy axis of magnetization is
normal to the longitudinal direction of nanotube and
there should be other factors, such as magnetostatic
interaction between nanotubes, which might lead to
such a nearly isotropic behaviour. Previous work re-
vealed that magnetostatic interaction can try to align
magnetic moments to be normal to the tube length

9171 competing with the shape anisotropy.

direction,!
Encinas-Oropesa et al.l'”) pointed out that when the
porosity of the template (p) is 1/3, the hysteresis loops
will exhibit isotropic behaviour due to the strong mag-
netostatic interaction.!” In our experiment, p is 30%
and the distance between adjacent nanotubes is in a
range of 50 nm—100 nm, accordingly it can be hypoth-
esized that magnetostatic interaction between nan-
otubes in our sample plays a critical role.

The electromagnetic wave absorption properties
of an absorber are strongly dependent on its high fre-

quency complex permittivity and permeability values.

The frequency (f) dependences of the relative complex
permittivity for the nanotube/paraffin composite sam-
ple are given in Fig. 3(a). As shown in the figure, the
permittivity dispersion is very complex. For permit-
tivity dispersion behaviours, there are several disper-
sion laws depicting the dependence of € on frequency,
such as Debye law, 8] Cole-Cole law,[*?! Drude law,[2%!
etc. It is found that the experimental results are hard
to fit using one of these laws. However, we find that
the Lorentzian dispersion law can give a good fitting.
Since there are several permittivity dispersion peaks
observed in the €”’—f spectrum, we hypothesize that
there might be several dielectric relaxation processes.
Each of relaxation processes might correspond to one
Lorentzian-type dispersion.[?!] Based on this idea, a
physical model is employed for fitting, which postu-
lates there are three Lorentzian-type dispersion pro-
cesses existing in our Ni-P nanotubes/paraffin com-
posites, the fitting can accord well with the experimen-
tal results, as shown by the dotted lines in Fig. 3(a).
The fitting equation we used is given as

€0i — €c0i
(5)

3
) =2 i T G

where ¢ is the static permittivity, €, is the permit-
tivity at extremely high frequency. fyq and f; are the
Debye relaxation frequency and the natural relaxation

frequency respectively.
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Fig. 2. The XRD pattern (a) and the VSM of the as-
prepared Ni—P nanotubes within AAO templates (b).
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Fig. 3. (a) Permittivity spectra and (b) permeability

spectra, where open symbols denote experimental results
and lines represent fitting results.
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Fig. 4. The value of u//(/)~2f~1 as a function of fre-
quency.

The permeability spectra of the nan-
otube/paraffin composite samples are shown in
Fig. 3(b).

peak around f = 7.94 GHz and some minor fluctua-

The imaginary part (u') shows a major

tions elsewhere. The real part (u’) exhibits an obvious
peak at 7.15 GHz. In the GHz region, the magnetic
loss can be caused by the natural resonance and eddy
current effect. To determine whether the eddy cur-
rent effect is a contributor, we need to evaluate the
value of C' = p/(p/')~2f~1. If “C” remains constant
when the frequency is varied, then the eddy current
effect will lead to magnetic loss.[??) Figure 4 depicts
the value of C for the sample, which varies drastically
in the whole frequency range, meaning that the eddy
current effect is suppressed in the measured frequency

range. So the resonance peaks in Fig. 3(b) can be
ascribed to the natural resonance mechanism or other
mechanisms, rather than the eddy current effect.
The high frequency permeability of a ferromag-
netic material depends on many factors, such as the
saturation magnetization, magnetic moment config-
uration, magnetic anisotropy, damping constant, in-
duced eddy current, etc. In order to interpret the
experimental results, we have fitted the permeability

spectra using the Kittel equation as[??]

xo(l+iaf/fr)
(I+iaf/fi)? - (f/fr)27

where f is the frequency, f, is the well-known nat-

p(f) =1+

(6)

ural resonance frequency, « is the damping constant
and xo is the static magnetic susceptibility. The fit-
ting results from the p”’—f spectrum for yg, «, and
fr are 0.09, 0.113, and 7.89 GHz respectively. All
these values are in a reasonable range. The mea-
sured f; value is 7.94 GHz, while the value of f,. ob-
tained from fitting is 7.89 GHz. With the fitted pa-
rameters, the p'—f spectrum is then calculated. The
fitted curves, to some extent, accord well with the
experimental results. Besides, our fitted natural res-
onance frequency (7.89 GHz) is close to that found
in NiggFejp nanowires (8.2 GHz-11.7 GHz) by Xiao
et al.?* To justify the natural resonance frequency
(fy) further, the f; value of Ni-P nanotube can be
roughly calculated based on the simplified equation:
fr = v/ (drMs + Hy)Hy, where v is the gyromag-
netic ratio (8.79x10% Oe-s) and Hy is the magne-
tocrystalline anisotropy field. Since we do not have
Hy and M; values of Ni-P nanotube, we use the val-
ues of Ni for the rough calculation: Mj is 4.78x102% Gs
(1 Gs=10"* T) and Hy is 2x10? Oe. The natural res-
onance frequency is roughly calculated to be about
9.79 GHz, which is close to the one fitted (7.89 GHz)
in Fig. 3(b).
calculation and the fittings might originate from the

The difference in f, value between the

rough values of Hy and M. Moreover, there are mi-
nor fluctuations observed in the experimental perme-
ability spectra deviating from the fitted curve, which
might be associated with the different magnetic mo-
ment configurations in the special hollow structure of
nanotubes. Similarly, other investigators have pointed
out based on the micromagnetism simulations of mag-
netic nanostructures (such as nanowires, nanorings)
that the inhomogenous magnetic moment configura-
tions along a nanostructure element could result in
different peaks in a magnetic permeability dispersion
spectrum, such as the central part and the two ends
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of a nanowire can result in different dispersion peaks
at different frequencies in the pu—f spectrum but the
frequencies of dispersion peaks due to this mechanism
are usually larger than 20 GHz.[?~27] Therefore we
can conclude that the observed peak in the pu—f is due
to the natural resonance peak.

The electromagnetic wave absorption property of
an absorber is dependent on six parameters, such as
the thickness (t) of the absorber, ¢/, &”, i/, 1", and fre-
quency (f). The criterion of absorption performance
usually is expressed by the reflection loss (I'gy) in
dB unit. Based on the measured complex permittiv-
ity and permeability and on the assumption that a
single layer of Ni-P nanotubes/paraffin composite is
attached to a metal plate, the electromagnetic wave
absorption properties can usually be evaluated by the
following equation:(28:2]

Try, = 2010g |(Zin — Z0)/ (Zin + Z0)) » (7)

where Z; is the impedance of free space and Z;, is
the input impedance of the absorber, which can be
expressed as

Zin = Zo/ /& tanb{j (2 ft/c)\/ier}  (8)

Igy/dB

rosor EEE N

—-20 —-15 —10 =5

with ¢ being the speed of light. Figure 5(a) is a
three-dimensional graph which clearly shows the elec-
tromagnetic wave absorption properties of Ni-P nan-
otube/paraffin composite with different thicknesses
within the measurement frequency range of 1 GHz—
18 GHz. The grey colour bar in Fig. 5(a) indicates
different I'ry, values in dB unit corresponding to dif-
ferent colours. For many applications, the I'gy, value
smaller than —10 dB is acceptable. Figure 5(b) clearly
shows the bandwidths (I'rr, < —10 dB) of electro-
magnetic wave absorption for absorbers with different
thicknesses. For instance, when ¢ is 5 mm, the band-
width with the I'gy, value less than —10 dB is 0. When
t is 7 mm, the bandwidth is in a range of 7.15 GHz—
8.90 GHz, as shown the “a—b” section in Fig. 5(b).
By this method, it is very handy to obtain an overall
knowledge on the bandwidth of any absorber with any
thickness. It should be noted that figure 5(b) has a
different grey colour bar. This is because in order to
show the bandwidth with I'ry, less than —10 dB, its
colour bar in Fig. 5(b) must start with a colour on the

right end side corresponding to —10 dB.
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Fig. 5. Microwave absorption properties of Ni-P nanotubes: (a) three-dimensional illustration; (b) the band-

width with the I'ry, value smaller than -10 dB.

4. Conclusions

Amorphous Ni-P nanotubes have been success-
fully fabricated by an electroless chemical deposi-
tion method. The measured magnetic hysteresis
loops show that the Ni-P nanotube array exhibits an

isotropic behaviour. The complex relative permittiv-

ity and permeability dispersion behaviours have been
studied within 1 GHz-18 GHz.
permittivity on frequency can be explained by the

The dependence of

multi Lorentzian dispersion law. The permeability
dispersion spectra can be fitted to the Kittel equa-
tion. The effect of eddy current on high frequency
permeability is found not to play a role. Finally, we
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have presented that it is easier to find the bandwidths

of absorbers with different thicknesses by using a two-

dimensional graph, which can be useful for designing

electromagnetic wave absorbers.
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