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Abstract A new type of magnetic material, Fe7Co3

nanowires, was successfully synthesized for the first time

via a simple electrodeposition method. Highly uniform,

self-ordered porous anodic aluminum oxide (AAO) mem-

branes were prepared by the way of electrochemical.

Fe7Co3 alloy nanowire arrays were fabricated in the porous

alumina template in an aqueous solution of FeCl2 and

CoCl2 by direct current electrodepositing. The micro-

structures of nanowires and AAO template were charac-

terized by XRD, SEM, and TEM. The results show that a

single Fe7Co3 nanowire is 40 nm in width and 2.5 lm in

length with a preferred crystal face (110) during growing.

The Fe7Co3 nanowire arrays have uniaxial magnetic

anisotropy with easy magnetization direction along the

nanowire axis due to the large shape anisotropy. It also

shows that Fe7Co3 nanowire is a well-soft magnetic phase

compared with Fe nanowires. It illustrates that Fe7Co3

possess higher saturation magnetization.

Introduction

A great amount of attention has been paid to the fabrication

of magnetic nanowires recently for their potential utiliza-

tion in ultra-high-density magnetic recording media [1–5].

A great deal of progress has been made in the synthesis of

various nanostructures with controllable morphology and

properties [6–10]. Currently, the nanowires are mainly

fabricated on a template synthesis by porous alumina

membranes [11]. Compared with other several different

templates, the size of AAO holes can be readily controlled

and the AAO template can be considered as a quicker and

cheaper way to prepare highly perpendicular magnetic

anisotropy nanowires [12–16].

It is well known that the Fe1-xCox alloy series have

higher saturation magnetization [17]. Moreover, magnetic

properties are not only influenced by the dimension and

crystal properties but also depend on the physical structure

[18, 19], so Fe1-xCox alloy series nanowires especially

Fe7Co3 alloy nanowires with body centered cubic (bcc)

structure have been a very interesting aspect of research

because of large uniaxial magnetocrystalline anisotropy

and higher saturation magnetization.

In this article, direct current electrodepositing method

was adopted to fabricate Fe7Co3 nanowires which were

prepared into porous anodic aluminum oxide (AAO) tem-

plate. Their structural characteristics, chemical composi-

tion, and magnetic properties were studied in this article.

Experiment

Anodic aluminum oxide template was prepared by two-

step methods, high purity (99.999%) Al sheets were

anodized at 40 V and 283 K in 0.3 M oxalic acid solution.

The first step was carried out for 4 h, and the second step

was carried out for 8 h. The saturated CuCl2 solution was

used for removing the remaining Al substrate, and the

5 wt% H3PO4 solution was used for removing the barrier

layer at 333 K for 40 min, then the nanopores with a

diameter of 40 nm were formed. A thin Au layer was

sprayed onto undersurface of the continuous holes film, and

in this case, Au layer serves as the cathode during direct

current electrodeposition. Fe7Co3 nanowire arrays were

fabricated out by the nucleation and growth of Fe7Co3
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embryos in the holes on the AAO templates using a direct

current electrochemical deposition method. Here, the

electrolyte consists of 0.35 M FeCl2, 0.15 M CoCl2, 2 g/L

H3BO3, and 3 g/L ascorbic acid at a pH value of 2.4.

Deposition was carried out at room temperature with a DC

voltage of 2 V, using graphite as counter electrode. Fe

nanowires were fabricated by the similar way besides the

composition of the electrolyte is different (the electrolyte

consists 0.35 M FeCl2, 2 g/L H3BO3, and 3 g/L ascorbic

acid at a pH value of 2.5). The solution was continuously

agitated by a magnetic stirrer during the deposition. The

Fe7Co3 and Fe nanowires were liberated from AAO tem-

plate in the 10 wt% sodium hydroxide solution.

X-ray diffraction (XRD, Philips X’Pert MPD), scanning

electron microscopy (SEM, Hitachi S-4800), and transmis-

sion electron microscopy (TEM, Philips Tecnai F20) were

used to study the morphological feature, microstructure, and

size of the AAO template and Fe7Co3 nanowires. The crystal

structure of Fe7Co3 nanowires was investigated using a high-

resolution transmission electron microscopy (HRTEM, Phi-

lips Tecnai F20) and selected area electron diffraction

(SAED, Philips Tecnai F20), and average contents of Fe7Co3

nanowires were determined by field emission transmission

electron microscope and energy dispersive X-ray spectrom-

eter (FE-TEM/EDX, Philips Tecnai F20), and the magnetic

properties of the samples were analyzed by vibrating sample

magnetometer (VSM, Lake Shore Model-7407).

Results and discussion

The XRD pattern of as-deposited Fe7Co3 nanowire is

shown in Fig. 1. It can be seen that X-ray diffraction

measurements show three diffraction peaks: an especially

strong peak occurring at 44.76�, a weaker peak at 82.45�,

and the weakest peak at 65.12�. The XRD pattern is in

agreement with the data of bulk or thin film of Fe7Co3

diffraction line standard (JCPDS Card Number 48-1618).

These peaks show the deposition of Fe7Co3 nanowires with

a preferred growth direction [110] along the crystallo-

graphic axis. The chemical reactions during the deposition

of Fe7Co3 nanowires can be understood as follows:

Oxidation OH� � e� ! 2H2Oþ O2 "
Reduction 7Fe2þ þ 3Co2þ þ 20e� ! Fe3Co7

2Hþ þ 2e� ! H2 "
Fe7Co3 deposition could occur in the pores of the AAO

template with the assistance of DC voltage, according to

the formulations.

The SEM images in Fig. 2 show the top-view and the

lateral-view of a porous alumina template which is used in

this study. It is indicated in Fig. 2a that the average

diameter of pores is about 40 nm and the length of nano-

holes is about a few tens of micrometers. It is proved by the

experiment that the diameter of nanoholes can be con-

trolled by varying the anodized time.

Figure 3 is the schematic diagram to show the growth

process of the Fe7Co3 nanowires during the deposition.

There are three kinds of atomic arrangements of a single

nanowire in the diagram which are in agreement with the

XRD pattern. This diagram is only a simple show of three

kinds of atomic stackings along with the crystal directions

[110], [200], and [211], but not reveal the preferred growth

direction [110] during the deposition.

Figure 4a shows typically the TEM images of as-grown

Fe7Co3 nanowires liberated from template. The diameter

of a single nanowire is 40 nm which is equal to the

average diameter of pores in template and the length of

nanowires is 2.5 lm. The aspect ratio (length to diameter)

is 62.5, as expected they are looked continuous along all

the length. There are some branches adhering the nano-

wires that can be seen in Fig. 4a, which is the remnant of

alumina template cannot be removed. It is clearly indicated

by Fig. 4b that the Fe7Co3 nanowires are polycrystalline

structures which are further to be illustrated in Fig. 4c.

And Fig. 4c also shows lattice diffraction contrast stripes

image by the HRTEM image in which the interplanar

distances are measured to be about 0.200, 0.140, and

0.113 nm which are in agreement with the (110), (200),

and (211) crystalline planes of the Fe7Co3. Figure 4d

shows a select area electron diffraction (SAED) pattern of

the single nanowire. There are three strong and discon-

tinuous rings with scattered spotty reflections, and the

three rings are all indexed to (110), (200), and (211)

reflections of bcc Fe7Co3 phase, illustrating that Fe7Co3

alloy nanowires are polycrystalline which is in accordance

with the results of XRD, which proved that the deposited

product are Fe7Co3 nanowires.
Fig. 1 X-ray diffraction pattern of Fe7Co3 nanowires embedded

inside porous of the AAO template
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To further verify the composition of as-prepared nano-

wires, the EDS test was recorded. As shown in Fig. 5 and

Table 1, the atomic ratio of Fe and Co element is about

68.92/31.08 which can further demonstrates that the stoi-

chiometric formula of deposited product is Fe7Co3.

The magnetic properties of Fe7Co3 nanowires arrays

were studied by VSM with an external field of 5 KOe at

room temperature. The M/MS-H loops of the as-prepared

Fe7Co3 nanowires with external magnetic field parallel and

perpendicular to the nanowires are displayed in Fig. 6.

Obviously, the sample has an easy magnetic axis parallel to

the axis of the nanowires. This indicates that the shape

anisotropy is higher than magnetocrystalline anisotropy.

It also shows that Fe7Co3 nanowires have typical soft

magnetic behavior.

The magnetization in external magnetic field of ferro-

magnetic material is mainly influenced by atomic magnetic

momentstructure. 4s electrons of outermost electronic shell

orbit of 3d transition metals such as Fe and Co easily get

rid of bound of atomic nucleus and become free electrons,

therefore, the 3d orbit becomes the outermost orbit. As a

consequence, it is very easily influenced by the vicinity

metallic ions (positive) and become the adjacency orbit.

Thus, magnetism arising from 3d unpaired electron orbit

momentum can be ignored. To 3d transition metals, their

atomic magnetic moment is mostly depended on their

electron spin magnetic moment.

Ms Tð Þ ¼�l0e=me�xe ¼�2MBgs s¼ þ1=2; �1=2ð Þ
MB ¼ l0e=2me

g¼ h=2p

9
>=

>;

ð1Þ

where l0 is the permeability of vacuum, e electron charge,

me electron mass, xe spin angular momentum, MB Bohr

magneton, and h Planck constant.

According to the Slater-Pauling curve, Fe7Co3 in

Fe1-xCox alloy series possesses the maximum MS(T) of

about 2.5 MB (Bohr magneton). Therefore, according to

formula (1), Fe7Co3 should possess the highest saturation

magnetization in Fe1-xCox alloy series [20, 21] and should

be an excellent type of soft magnetic phase.

Permeability l is the most important parameter that is

used for characterizing the properties of soft magnetic

phase.

l ¼ l0 þ l0MM=MH ð2Þ

According to formula (2), the better soft magnetic

phases should possess the higher permeability. Therefore,

Fe7Co3 nanowires should possess higher permeability.

It is well known that Fe is a very excellent type of

soft magnetic phase. In order to illustrate the soft mag-

netic properties of Fe7Co3 nanowires, Fe nanowires are

Fig. 2 SEM images of a top-

view of AAO template and

b lateral-view of AAO template

Fig. 3 The schematic diagram of growth process of the Fe7Co3

nanowire
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used as comparison. Figure 7a shows the hysteresis loops

of the Fe7Co3 and Fe nanowires at room temperature

with an external field being parallel to the axis of the

nanowires. It can be clearly seen that the Fe7Co3 nano-

wires possess higher saturation magnetization, while

Fe7Co3 and Fe nanowires have the utterly close and low

coercivity. The initial magnetic curves of Fe7Co3 nano-

wires and Fe nanowires are shown in Fig. 7b in which

the permeability of Fe7Co3 nanowires is much higher

than Fe nanowires. The result of Fig. 7 shows that

Fe7Co3 nanowires is an excellent type of soft magnetic

phase.

Fig. 4 Microstructures of

as-deposited Fe7Co3 nanowire

arrays. a TEM image of

as-deposited Fe7Co3 nanowire

arrays. b TEM image of a single

Fe7Co3 nanowire with 40 nm in

diameter. c The corresponding

HRTEM image. d SAED

pattern of a single nanowire

Fig. 5 Representative energy dispersive X-ray (EDX) spectra of

Fe7Co3 alloy nanowires

Table 1 Composition and atomic ratio of Fe7Co3 alloy nanowires

Element Weight

percentage

Atomic

percentage

Fe K 67.76 68.92

Co K 32.24 31.08

Fig. 6 Hysteresis loop of Fe7Co3 alloy nanowires at room temper-

ature with an external field parallel and perpendicular to the axis of

the nanowires
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Conclusions

In conclusion, a new kind of Fe7Co3 nanowires arrays has

been successfully synthesized for the first time via a simple

electrodepositing method in this article. The result of XRD

and HRTEM shows that the nanowires have a bcc poly-

crystalline. The hysteresis loop of the array demonstrates

strong magnetic anisotropy with the easily magnetized

direction being parallel to the nanowires axis. Fe7Co3

nanowire has the highest saturation magnetization in

Fe1-xCox alloy series and it is one of the materials with

high saturation magnetization and low coercivity which

illustrates that Fe7Co3 nanowires can be used as an

excellent soft magnetic phase in further application such as

ultra-high-density magnetic recording media.
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