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Abstract

In this study, nanotube arrays of nickel-phosphate have been developed by electroless deposition into sub-micro to nanometer sized pore
of the porous alumina templates by hypophosphite electrolytic solution composed of , NN&a&HPO,, NaGH30, and NaCgHs07 at
80-100°C and pH= 3-6. The dimension of the formed nanotubes has 1 um in length, 200-300 nm in diameter and 80-150 nm in thickness
of tube walls. Transmission electron microscopy examination of the nanotubes clearly show amorphous hallow structure with a average
grain size of~ 5 nm. The hysteresis loops of the nanotube arrays show a coercive field of about 200 Oe under treatmenpi5%B50N
atmosphere at 500 as the magnetic field was applied along parallel and perpendicular to tube axis. The nanotube arrays also exhibit
an anisotropic magnetic property with easier saturation along the perpendicular direction. However, both coercive field and saturation of
remanent magnetization of the nanotube arrays become lower while continually increasing heat treatment temperaturé@yp to 900
0 2005 Elsevier SAS. All rights reserved.

1. Introduction because AAO (anodic aluminum oxide) has high oriented
porous structure with uniform and nearly parallel pores that
Magnetic film and nanowires have been the most inter- can be organized the pseudo ordered nanowires or nanotubes
esting and intensely investigated fields of material in recent array. Such structure also shows high magnetic anisotropy
yearq1-5]. The fabrication of magnetic metal arrays has not phenomena with the shape axis parallel to the nanowire ar-
only the fundamental worth in these materials but also their rays.
potential utilization in magnetic recording. For high density On the other hand, it is well known that transition met-
storage media, one single nanosized pattern, ordered nanoals such as Fe, Co, Ni and their alloy have higher satura-
dots or nanotubes is a single domain structure and denotesion magnetization as well as Curie temperature, and lower
one bit signal. Magnetic period nanostructure arrays as ancrystalline anisotropy. Furthermore, magnetic properties are
ultra-high-density magnetic storage can achieve recordingstrongly influenced by the dimension and crystal properties,
densities of more than 100 Ghim?, which is more than  which also depend on the physical structure of templates
the continuous magnetic film of 40 Gpin? [6-8]. Arrays and growth mechanism of wires or tubes. Recently, mag-
of ferromagnetic nonodots, nanowires or nanotubes may benetic properties of nickel nanowires have been investigated
fabricated by several methods such as e-beam lithographypy several groups because nickel nanowires show important
imprint technology or template. The porous template can be applications in magnetic recordifg3,14]
considered as one quicker and cheaper method to prepare  compared with the electrodepositing method, electroless
highly perpendicular magnetic anisotropy struct{§e12] deposition needs neither power nor smooth interface. In this
study, it was found that there exist some variation in nu-
* Corresponding author. Tel.: +886-3-5731818; Fax: +886-3-5725400. Cléation rate from heterogeneities process and some defects
E-mail address: sychen@cc.nctu.edu.t8.-Y. Chen). are also induced in this process. By adjusting deposition,
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we have fabricated uniform size nanotube and nanowire ar- a 12
rays by autocatalytic electroless deposition in AAO. Fur-
thermore, the effect of experimental conditions on the mor- 0.6 =
. . - Nizt

phology of nanostructure will be discussed. The preliminary E/V
results of their magnetic properties are also reported. oo L
2. Experimental procedure 0.6 = Ni

High ordered AAO templates with pore diameter of about 12 1 1 1 1
50—200 nm were used from commercial porous alumina ' 2 o 10 14
templates (Whatman 6809 7013). The electrolyte solution b 12 pH
was prepared from NiS£(0.05 M), NakbPO, (0.04 M), '
NaGH302 (0.01 M) and NgCsHs07 (0.005 M). One side
of AAO templates was sputtered with 200 nm Au film as 0.6 |-
catalytic layer. The coated template was first immersed in EV HPO, | Hpo, |mPoz
an aqueous solution and kept at low vacuum environment oo L 4 PO
to enhance the solution into the pores. Subsequently, Ni—P ' 4
nanowire arrays were deposited in the pores from the elec- H,
trolyte solution at 80-95C and pH 3—6 adjusted by sulfuric -0.6

acid and ammonia. For obtaining the isolated Ni—P nanowire
arrays, the Ni—P deposited AAO was dissolved in 5 wt% H,PO, | RN
NaOH solution at 25C for 20 min and then slightly washed - 2 6 10 14
several time to remove the original AAO template. pPH

The mlorogtructure and morphology were characterlged Fig. 1. () The diagram of pH-potential of Ni=B group and (b) P—pD
by transmission electron microscopy (TEM) and scanning g oup at room temperature.
electron microscopy (SEM). The magnetic properties were
measured by magnetometer. X-ray diffraction (XRD) and
energy dispersive spectra (EDS) are employed to study the
morphology and chemical composition of nanotubes. The
magnetic property of Ni—P nanotubes is characterized using
a vibrating sample magnetometer (VSM).

Ni and NiO are illustrated in Ni-pD group: Ni keeps sta-
ble at low potential for any pH values. If potential increases
(> —0.25 V), Ni will be oxidized as Ni* (at pH < 6) or
NiO (at pH> 6). In pH-potential of P—hHIO group, it can
be found that HPO,—H,PO; group appears at pH 6 in
acid region and HPO,—HPQO; group appear at pH 6 in
alkaline region. It is clear to understand that Ni could be
formed regardless of at acid and alkaline electrolytic bath.
However, precipitated NiO is much easily formed in alka-
. . 0 line electrolytic bath so that it would be better to control the
electroless bath if total electrochemical potenidl® value bath at the pHe 6. Besides, while changing temperature and

is positive. The autocatalytic redox reactions of Ni—P nano- complex agent (NagH30, and NaCgHs05), pH-potential
tube arrays in an acid medium are shown in the following will be shifted but the tendency remains sir,nilar.

equations:

3. Resultsand discussion

The redox reactions would take place spontaneously in

After removing the AAO in aqueous NaOHig. 2shows

. 24 _ : o_ the SEM image of Ni—P nanotube arrays formed in an elec-
Ni(H20)6%" +2€" — Ni +6Hz0, EO =-025V, trolytic bath at 90C and pH= 4.5. The nanotubes were
H2PQ, +HO, — HoPO; +2H™ +2e7, E"=-05YV, estimated with the average dimension of 200-300 nm and
HoPQ; + 2H™ + 26~ — P+ HOp, E9— _025V. length of about 2 pm. The TEM image of Ni—P nanotubes in

Fig. 2c further shows that these nanotubes are uniform with
The E° represents the single electrode potential. If the the wall thickness about 40 nm and the corresponding elec-
EO value of a reducing reaction is lower than that of oxide tron diffraction pattern indicates it is an amorphous struc-
reaction, the Ni—P deposited reaction will possibly take place ture. So far, most of the investigations in the literature have
in electrolytic solution. According to thg® value, Ni and P demonstrated the solid nanowires structure can be developed
could be reduced by NaiPO,(5q). However, as arule, these via AAO template. However, in this work, the formation
reaction could not proceed without catalyst. Therefore, Au of the tube structure could be explained as follows. As the
film usually acts as a catalyst in the reaction. Au was sputtered into the pores, hollow structure could be
Fig. 1 shows pH-potential of Ni-O group and P—kD formed as show irfrig. 2d. Next, the deposited Ni—P could
group at room temperature. Three stable regions 8t Ni  cause preferring growth on the pore wall to form nanotubes.
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Fig. 2. (a), (b) Up view and side view of the SEM image of Ni—P nanotube arrays controlling electrolytic bathGafd pH= 4.5. (c) TEM image and
diffraction pattern of Ni—P nanotubes. (d) The hollow structure of catalyst Au film after removing the AAO in NaOH(aq).
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Fig. 3. An energy disperse spectrometry analysis of nanotubes. The conduc-
tor film is the composition of Ag and Pd. Fig. 4. XRD diagram of Ni—P nanotubes (a) As-deposited sample reveals
amorphous structure and (b) heated up to B0@ample at 95%M/ 5%H,
atmosphere appears as Nickel HCP phase.
The energy disperse spectrometry analysis indicates that the
nanotubes are composed of Ni andARy( 3). decrease under high pH valu€ig. 5a shows this kind of
The XRD patterns ofrig. 4a further indicate that the  structure where many sheet residues appear due to the depo-
Ni—P nanotubes exhibit amorphous structure witth nm sition of NiO. On the other hand, at lower pH value, i.e., 3,
ultra-fine grains. However, as the nanotubes were heated uboth reduction and deposition rate of metal ions in the elec-
to 500°C in 95%N>/5%H, atmosphere, Nickel HCP phase trolytic bath become faster at the bottom of the pore. There-
was detected as shownfhiig. 4b. The grain size in the Ni-P  fore, nanowires instead of nanotubes were grown along the
nanotubes increases with increasing temperature. At€00  pore channel to form a solid structuféid. 5o).
the average grain size was estimated as 35 nm. Fig. 6 shows the hysteresis loop of the Ni—P nanotubes
Moreover, it was found that different solution pH values array measured at room temperature. The H(pl) and H(pd)
in electrolytic bath result in the morphology change of the represent external magnetic field parallel to Ni-P nanotubes
nanostructure. The wall of the nanotubes becomes thinnerand perpendicular to Ni-P nanotubes, respectively. While
while increasing pH to 6 because the deposited rate will the sample was heated less than 300no clear hystere-
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Fig. 5. (a) The SEM image of thinner wall nanotubes are obtained while
increasing pH to 6. (b) The solid nanowires structure is generated atpH

heating the sample up than 500, a distinct hysteresis loop
(Fig. 8b) begins to appear and this suggests the formation of
crystalline structure. It would be also found that both satu-
ration magnetization (Bs) and remanence (Br) of H(pl) are
larger than those of H(pd). However, the coercive field (Hc)
for H(pl) and H(pd) orientation are similar about 200 Oe. As
compared with the Hc of Co—P nanowires (800-1300 Oe),
the Ni—P nanotubes array are more suitable for magnetic
recording.

The hysteresis loop also shows different magnetic aniso-
tropy and this indicates that the easily magnetized direction
is perpendicular to the nanotubes axis. Moreover, the arrays
appear very low remanent magnetization less than 20% Bs.
However, while continually increasing heat-treatment tem-
perature up to 900C, both coercive field and saturation
of remanent magnetization of the nanotube arrays become
much lower. This indicates that magnetic anisotropy of the
nanotube arrays gradually disappears under overmuch ther-
mal effect.

4. Conclusion

Electroless deposition with Au catalyst can be applied to
fabricate Ni—P magnetic nanotube arrays by controlling elec-
trolytic bath at 90C and pH= 4.5-6. The studies indicate
that the highly ordered array nanotubes are amorphous struc-
ture with the average diameter of 200—300 nm and length of
2 um and form a highly ordered array. The hysteresis loop
of the array nanotubes shows magnetic anisotropy with the

sis loop of Ni—P nanotubes array was detected as shown ineasily magnetized direction perpendicular to the nanotubes
Fig. 6a that might be related to the amorphous structure. As axis.

o
L% I

Fig. 6. The hysteresis loop of Ni—P nanotubes array measured at room temperat@, 300°C, 700°C and 900°C.



900 S-C. Linetal./ Solid State Sciences 7 (2005) 896-900

References [8] P.L. Lu, S.H. Charap, IEEE Trans. Magn. 30 (1994) 4230.
[9] S. Park, S. Kim, S. Lee, Z.G. Khim, K. Char, T. Hyeon, J. Am. Chem.

[1] C.A. Ross, M. Hwang, M. Shima, H.l. Smish, M. Farhoud, T.A. Soc. 22 (2000) 8581.
Savas, W. Schwarzacher, J. Parrochon, W. Escoffier, H. Neal Bertram, [10] A.J. Yin, J. Li, W. Jian, A.J. Bennett, J.M. Xu, Appl. Phys. Lett. 79
F.B. Humphrey, M. Redjdal, J. Magn. Magn. Mater. 249 (2002) 200. (2001) 1039.

[2] AJ. Bennett, J.M. Xu, Appl. Phys. Lett. 82 (2003) 3304. [11] Y.W. Wang, G.W. Meng, C.H. Ling, G.Z. Wang, L.D. Zhang, Chem.

[3] M. Shima, M. Hwang, C.A. Ross, J. Appl. Phys. 93 (2003) 3440. Phys. Lett. 343 (2001) 174.

[4] X.Y. Yuan, G.S. Wu, T. Xie, Y. Lin, L.D. Zhang, Nanotechnology 15  [12] W. Chen, S.L. Tang, M. Lu, Y.W. Du, J. Phys.: Condens. Matter 15
(2004) 59. (2003) 4623.

[5] X.Y. Yuan, G.S. Wu, T. Xie, Y. Lin, G.W. Meng, L.D. Zhang, Solid [13] G. Sauer, G. Brehm, S. Schneider, K. Nielsch, R.B. Wehrspohn,
State Commun. 130 (2004) 429-432. J. Choi, H. Hofmeister, U. Gosele, J. Appl. Phys. 91 (2002) 3243.

[6] R.M. White, R.M.H. New, R.F.W. Pease, |IEEE Trans. Magn. 33 [14] Y. Lei, W.-K. Chim, Z. Zhang, T. Zhou, L. Zhang, G. Meng, Ph. Fritz,
(1996) 990. Chem. Phys. Lett. 380 (2003) 313-318.

[7] D. Routkevitch, A.A. Tager, J. Haruyama, D. Almawlawi, M. Mos-
kovits, J.M. Xu, IEEE Trans. Electron Devices 43 (1996) 1646.



	Synthesis and magnetic properties of highly arrayed nickel-phosphate nanotubes
	Introduction
	Experimental procedure
	Results and discussion
	Conclusion
	References


