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Microstructure and magnetic properties of ferromagnetic Co9Pt nanowire arrays electrodeposited into self-assem

anodic alumina templates have been investigated. X-ray diffraction shows that as-prepared Co–Pt nanowires a

FCC polycrystalline structure. The nanowires with diameter do80nm are mainly of (1 1 1) preferred orientation

the wire axis. For a specific diameter, the coercivity and the remanent ratio with the external magnetic field para

the nanowire axis, i.e., the parallel geometry, are larger than those of the perpendicular geometry. With temper

increasing from 90 to 600K, above two physical quantities in the perpendicular geometry decrease monotonically,

those of the parallel geometry change little. The dependence of the coercivity and the remanent ratio on temper

and the nanowire diameter can be explained after the shape and the magnetocrystalline anisotropies, and the di

magnetic interaction are considered. For the parallel and perpendicular geometries, the coercivity decreases

increasing diameter d as a linear scale of 1=d2 and approaches each other in the two geometries for large d

degradation of coercivity in Co–Pt nanowires with increasing diameter is suggested to come from the curling mo

magnetization reversal process.

r 2005 Elsevier B.V. All rights reserved.
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Porous anodic alumites are considered
particularly attractive template materials for
rication of nanowires, because the pore dens
high, the pore distribution is uniform and

reserved.
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shape anisotropy, the magnetic easy axis wi
aligned along the magnetic nanowires with st
perpendicular magnetic anisotropy if the
length is much larger than its diameter. There
the magnetic nanowire arrays are expected to
great potential applications in high-density
pendicular magnetic recording [3]. Many kin
magnetic metals and alloys, such as Fe, Co
and their alloys Fe–Co and Fe–Ni have
prepared by electro-deposition into self-assem
anodic alumina oxide (AAO) templates [4–10]
magnetic nanowire arrays, microstructure,
netic interaction, and magnetization reversal
cess have been studied extensively. For
nanowires, the squareness of hysteresis l
along the nanowire axis, i.e., the parallel geom
is far below one unit despite large shape a
tropy. Two possible reasons have been prop
First, the magnetostatic interaction between n
boring wires has a serious influence on
magnetization reversal process of magnetic n
wires. Secondly, in addition to the shape a
tropy, the magnetocrystalline anisotropy also
an influence on the magnetization reversal pro
If the easy axis of the magnetocrystalline a
tropy is not aligned along the nanowire axis
squareness along the nanowire will be reduce
is noted that attention has recently been foc
on the magnetocrystalline anisotropy of nano
and on the correlation between the microstru
and the magnetic properties. Therefore, studi
the coercivity in the parallel and perpendi
geometries are required.

Cobalt–platinum alloys have been extens
studied because of importance in both
research and potential applications [11–16]. F
well-known, single-phased, disordered Co–P
loys can be formed in a wide composition ra
For some specific compositions, the transfo
tion from disorder to order has been obse
after annealing at high-temperatures [11].
ondly, disordered and ordered Co–Pt alloy
easy to have perpendicular anisotropy and
latter ones can have magnetic perpendi
anisotropy as large as about 4� 107 erg=cm3

Thirdly, the Co–Pt alloy films have large p
Kerr effect at short wavelengths [13]. Finally,
,
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resistance [14]. Therefore, Co–Pt alloys
potential applications in the fields of mag
optical and magnetic storage. In this paper
report on preparation of Co–Pt nanowires
their magnetic properties. Up to now, few re
have appeared on fabrications of Co–Pt
nanowires [11,15,16]. The evolution of the m
structure and the magnetic properties of C
nanowires with diameter and temperature
studied.
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Co9Pt nanowires 3-mm long with diff
diameters were prepared by electrodepositio
order to prepare AAO templates, high p
(99.99%) Al sheets were first ultrasonically
greased in tricholoroethylene and then etche
NaOH. Subsequently, the sheets were electro
ished for 3min in a mixed solution of C2H2O6

HClO4 (volume ratio ¼ 4: 1). Then they
anodized in different acidic solution suc
1.2M sulfuric acid and 0.6M oxalic acid
60min. After the completion of AAO temp
the electrodeposition was conducted at 200Hz
13V AC at room temperature for a duratio
5min by using graphite as the counter-elect
The Co and Pt atoms were electrodeposited
templates from an aqueous bath containing
H2PtCl6 � 6H2O and 11.2 g/L CoSO4 � 7H2O.
L boric acid was added to adjust the pH val
5.0. The composition of the Co–Pt nanowires
adjusted by varying the volume ratio of
H2PtCl6 � 6H2O and CoSO4 � 7H2O solut
With atomic absorption spectroscopy (AAS)
Co content of the Co–Pt nanowire was found
about 90 at%. In this study, transmission elec
microscopy (TEM) was used to determine
morphology of AAO films, as well as topogra
diameter, and length of nanowires. The m
structural characterization of nanowires was
formed by X-ray diffraction (XRD). The mag
properties of the arrays at various tempera
were measured using vibrating sample ma
ometer (VSM) with a maximum external mag
field of 1:0T.



3. Results and discussion
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Fig. 1(a) shows a plan-view TEM micrograp
oxalic-acid anodized AAO template sample
30V DC for 60min. Highly ordered nano
arrays were formed with an average diamet
40 nm. In experiments, the average diameter o
pores was found to increase linearly with an
ing voltage. For further TEM measurem
Co–Pt nanowires were liberated from the A
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s of
For
the
and
ano-
, the
and
mall
n of
ction
r to
ition
s are

rious
eters
ig. 3
ano-
ature
the

rallel
the
the

er at

and
ð?Þ,
Þ as a

Cð?Þ

not
ch is
[17].
asing
the

sðkÞ

Fig. 1. (a) Plan-view TEM micrograph of an AAO templat

with 40nm diameter holes. (b) TEM image of Co–Pt nanowire

liberated from AAO template.
f

f

-
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NaOH. Co–Pt nanowires were found to be
smooth and not very uniform along the nano
with an average length of about 3-mm, as show
Fig. 1(b).
Before X-ray measurements, Al substrates

removed from the AAO films by using aqu
HgCl2 to avoid the influence of the Al subst
Co–Pt nanowires are still kept in the A
templates, which have flat surfaces. Fig. 2 s
the XRD spectra of aligned Co–Pt nanowir
the AAO film with different diameters. The sp
clearly indicate that Co–Pt nanowires have
structure with preferred texture orientation
(1 1 1), (2 0 0), and so on along the wire axis.
nanowires with do80 nm, the intensity of
(1 1 1) peak is much larger than those of others
the lattice constant a0 ¼ 3.33 (A for Co–Pt n
wires. For the diameter of 80 nm however
diffraction peaks of (0 0 1), (1 1 0), (2 0 0),
(2 2 0) become stronger in comparison with s
diameters, showing a more random distributio
grain orientations. Moreover, Co(1 1 1) diffra
peak was detected at 2y ¼ 44:4�. In orde
verify a homogeneous distribution in compos
and structure for do80 nm, more experiment
required.
Hysteresis loops were measured at va

temperatures for nanowires with various diam
in the parallel and perpendicular geometries. F
presents typical hysteresis loops for Co–Pt n
wires with a diameter of 60 nm in the temper
range 90–600K. For the present sample,
coercivity and the squareness in the pa
geometry are much larger than those of
perpendicular geometry. The coercivity in
two geometries tends to approach each oth
low temperatures.
Fig. 4 shows the coercivity in the parallel

the perpendicular geometries HCðkÞ and HC

and remanent ratio Mr=MsðkÞ and Mr=Msð?

function of temperature. In Fig. 4(a), H

decreases monotonically and HCðkÞ does
decrease monotonically as T increases, whi
in accordance with report by Paulus et al.
DHC ¼ HCðkÞ �HCð?Þ increases with incre
temperature. As shown in Fig. 4(b), along
parallel direction the remanent ratio Mr=M
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Fig. 2. X-ray diffraction patterns of AAO films filled with

aligned Co–Pt nanowires with diameters of (a) 40 nm, (b

60 nm, and (c) 80 nm. All diffraction peaks belong to Co–Pt

except for Co (1 1 1) in (c).

-1

0

1

-1

0

1

-10 -5 0 5 10

-1

0

1

-10 -5 0 5 10

⁄⁄

⊥

450K ⁄⁄

⊥

350K

⁄⁄
⊥

M
 (

ar
b.

un
its

)

300K ⁄⁄
⊥

200K

H (kG)

⁄⁄
⊥

150K

H (kG)

⁄⁄
⊥

90K

Fig. 3. Magnetization hysteresis loops for an array of 60 nm

diameter Co–Pt nanowires in AAO template at different

temperatures. The solid and dash curves refer to the external

magnetic field parallel and perpendicular to the wire axis,

respectively.
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Mr=Msð?Þ in perpendicular geometry decre
This indicates that the magnetic easy axis
away from the nanowire axis at low temperat
.
s
.

nanowires with the diameters of 40 and 80 n
room-temperature. For the diameter of 40 nm
coercivity in the parallel geometry is larger
that of the perpendicular geometry and
coercivity in the two geometries approaches
other for the diameter of 80 nm. For diamete
40 and 80 nm however, the squareness in
parallel geometry is larger than that of
perpendicular geometry. Similar phenomena
also observed in other kinds of nanowires
attributed to the parallel alignment of the
netic easy axis along the wire axis [4–10]. T
fore, for Co–Pt nanowires with small diame
the easy axis of magnetic anisotropy favors t

)
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Fig. 4. Temperature dependence of (a) coercive field and (b)

remanent ratio in two geometries. The empty and filled boxes

refer to the parallel and perpendicular geometries, respectively.
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Fig. 5. Magnetization hysteresis loops for an array of (a) 40 nm

and (b) 80 nm diameter Co–Pt nanowires in AAO templates.

The solid and dash curves refer to the parallel and perpendi-

cular geometries, respectively.
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angular dependence of the coercivity and
remanent ratio for the diameter of 40 nm.
coercivity and the remanent ratio change sim
neously with the direction of the applied mag
field. However, for 80 nm the dependence is
different. Although the remanent ratio chang
the same way as that of 40 nm, the coercivity
not change much.

In order to explain above experimental resu
Figs. 3–6, several aspects must be considered.
because of the large aspect ratio of Co–Pt nanow
the shape anisotropy energy 2pM2

S is expected to
a dominant role in the effective magnetic aniso
-

s

,
,

is the saturation magnetization. Secondly, the
netocrystalline anisotropy must be taken into
count. For present Co–Pt nanowires with
diameters, the (111) orientation of most grains
thus the easy axis of the magnetocrystalline a
tropy are also aligned along the nanowire
Although the magnetocrystalline anisotropy is i
order of 105 erg=cm3, about one order smaller
the demagnetization energy [16], it has an app
effect on the effective magnetic anisotropy. Fi
since the squareness is still less than one uni
small diameters, magnetostatic interaction bet
neighboring nanowires should be considered [18
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Fig. 6. Angular dependence of (a) coercivity and (b) remanen

ratio for the diameter of 40nm, where yH is the angle between

the applied magnetic field and the wire axis.

T.R. Gao et al. / Journal of Magnetism and Magnetic Materials 300 (2006) 471–478476
energy consists of the demagnetization energy
the magnetocrystalline anisotropy EK, and
dipolar magnetostatic interaction energy
Here, we have EdeðkÞoEdeð?Þ, EKðkÞoEK

and EdiðkÞ4Edið?Þ, where k refers to the ma
tization parallel to the wire axis and ? to
magnetization perpendicular to the wire axis
small diameters, the total energy of the nano
with the magnetization along the wire ax
smaller than that of the perpendicular geom
and the easy axis favors to be aligned along
wire axis. As the voltage is increased during
fabrication of AAO templates, the diamete
pores and the density of pores are incre
simultaneously. With the density of pores inc
ing, the dipolar interaction is increased and
l
,
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,
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r
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geometries for large diameters [19]. In this
the easy axis favors to be aligned perpendicul
the wire axis. Therefore, the coercivity in the
geometries crosses as a function of the diamet
shown below. Although the shape anisotro
the major contribution to the magnetic anisotr
the evolution of the coercivity and the rema
ratio in the parallel and the perpendicular ge
tries results from a competition among the s
and magnetocrystalline anisotropies, and
dipolar magnetostatic interactions. The resu
Fig. 4 might hint that, as the temperatu
lowered, the difference of the dipolar mag
static interaction between the parallel and per
dicular geometries is increased more rapidly
those of the magnetocrystalline and the s
anisotropies. It should also be pointed that o
reasons cannot be excluded, such as a dist
tion in the orientations of crystallographic
and an enhancement of the magnetocrysta
anisotropy in small grains with respect to
materials.
For the present Co–Pt nanowires, the r

temperature HC in the parallel and the perp
cular geometries decreases rapidly as the nano
diameter is increased. When the diamete
increased from 40 to 70 nm for example, H

the parallel geometry decreases from 243
870Oe. Moreover, the difference between the
configurations becomes small with the diam
increasing. More remarkably, Fig. 7 shows
the coercivity in the two geometries scales
linear function of 1=R2, where R is the radi
nanowires. As is well known, for mag
nanowires the magnetization reversal mecha
strongly depends on the diameter. For a sp
material, there is a critical radius RC, whe
transition of coercivity behavior can usuall
observed. If R4RC, the magnetization rev
process can be described by curling mode an
coercivity decreases with increasing diamete
nanowires. Using the spin S, Curie temper
TC and saturation magnetization MS for
Co–Pt alloy, the critical diameter can be estim
[20]. It is smaller than 20 nm in the present
and close to that of 14 nm for Co0:65
nanowires [16].
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much larger than the critical value, the magne
tion reversal process is dominated by cu
mode. Thus, the HC of nanowires is give
follows [21]:

HC ¼
2pkA

MS

1

R2
þ

2KU

MS
,

where the right term 2KU=MS is the magneto
talline anisotropy field with uniaxial anisot
constant KU. The dependence of the coercivit
the radius in Fig. 7 can be fitted very well using
(1), indicating that the magnetization rev
process can be described by curling mode
As shown in Fig. 7, HC for 80 nm is larger
that of 70 nm, which may originate from exis
of Co component and more random alignme
grain orientations in Co–Pt component as sh
the results in Fig. 5(b).
Arrays of Co–Pt nanowires with various
meters have been successfully prepared by ele
deposition into the pores of AAO templates.
as-prepared Co–Pt nanowires were observe
XRD to have FCC structure with pref
orientation of (1 1 1) along the nanowire.
coercivity of nanowires in the parallel geome
larger than that of the perpendicular geometry
approaches each other in the two geometrie
large diameters and low-temperatures. T
experimental results can be qualitatively expla
after taking into account the shape and mag
crystalline anisotropies, and the dipolar mag
interaction. Since the diameter is larger than
critical value, the magnetization reversal pr
can be described by curling mode, and
coercivity in the two geometries decreases w
linear scale of 1=R2 as the nanowire diamet
increased. The structure of the nanowires is f
to have a strong influence on the mag
properties.
-

s

)

-

This work was supported by the National Sc
Foundation of China Grants nos. 1017
60271013, 60490290, and 10021001, and the
Key Project of Fundamental Research Grant
2001CB610602 and 2002CB613504, JSNSF,
Shanghai Nanotechnology Program Center
0252nm004).
l
.

f

[1] G.T.A. Huysmans, J.C. Lodder, J. Wakui, J. Appl.

64 (1988) 2016.

[2] M. Moskovits, J.M. Xu, IEEE Trans. Magn. 43 (1996

[3] D.J. Sellmyer, M. Zheng, R. Skomski, J. Phys.: Co

Matter 13 (2001) R433.

[4] Y. Peng, H.L. Zhang, S.L. Pan, H.L. Li, J. Appl. Ph

(1999) 7405.



[5] Z.Y. Chen, Q.F. Zhan, D.S. Xue, F.S. Li, H. Kunkel,

G. Williams, J. Phys.: Condens. Matter 14 (2002) 613.

heng

3341.

. Rev

(2000

unkel

B 6

agn

eller

yashi

15;

resko

[13] D. Weller, H. Brandle, C. Chappert, J. Magn. Magn.

Mater. 121 (1993) 461.

Tohji,

(2003)

leton,

ongh,

zquez,

M.A.

220.

hyay,

12282.

opad-

.

ARTICLE IN PRESS

T.R. Gao et al. / Journal of Magnetism and Magnetic Materials 300 (2006) 471–478478
[6] X.Y. Zhang, G.H. Wen, Y.F. Chan, R.K. Z

X.X. Zhang, N. Wang, Appl. Phys. Lett. 83 (2003)

[7] R. Skomski, H. Zeng, M. Zheng, D.J. Sellmyer, Phys

B 62 (2000) 3900.

[8] L. Sun, P.C. Searson, C.L. Chien, Phys. Rev. B 61

R6463.

[9] Q.F. Zhan, Z.Y. Chen, D.S. Xue, F.S. Li, H. K

X.Z. Zhou, R. Roshko, G. Williams, Phys. Rev.

(2002) 134436.

[10] Q.F. Liu, C.X. Gao, J.J. Xiao, D.S. Xue, J. Magn. M

Mater. 260 (2003) 151.

[11] Y.H. Huang, H. Okumura, G.C. Hadjipanayis, D. W

J. Appl. Phys. 91 (2002) 6869.

[12] S. Shiomi, H. Okazawa, T. Nakakita, T. Koba

M. Masuda, Jpn. J. Appl. Phys. 232 (3A) (1993) L3

L. Uba, S. Uba, V.N. Antonov, A.N. Ya

R. Gontarz, Phys. Rev. B 64 (2001) 125105.
,

.

)

,

6

.

,

,

,

[14] C.N. Chinnasamy, B. Jeyadevan, K. Shinoda, K.

J. Appl. Phys. 93 (2003) 7583.

[15] N. Yasui, A. Imada, T. Den, Appl. Phys. Lett. 83

3347.

[16] I. Mallet, K.Y. Zhang, C.L. Chien, T.S. Eag

P.C. Searson, Appl. Phys. Lett. 84 (2004) 3900.

[17] P.M. Paulus, F. Luis, M. Kröll, G. Schmid, L.J. de J
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