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Structure and magnetic properties of Fe-Co nanowires in self-assembled arrays
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Arrays of Fe12xCox (0.0<x<1.0) nanowires have been fabricated by codepositing Fe and Co into porous
anodic alumina. Transmission electron microscope results show that the nanowires are regular and uniform,
about 7.5mm in length and 20 nm in diameter. Structural determination by x-ray diffraction indicates that
bcc(a), fcc(g), and hcp(«) Fe-Co phases appear with variation in composition. However, the phase bound-
aries are different from that in bulk Fe-Co alloys. Magnetic hysteresis loops measured at temperatures ranging
from 5 K to 300 K demonstrate that the arrays of nanowires exhibit uniaxial magnetic anisotropy which is
dependent on the shape of each individual nanowire. With increasing Co content, the coercivity of the nano-
wire arrays, with the magnetic field applied parallel to the wire, first increases and then reaches a maximum
value before decreasing. The behavior is interpreted using a magnetization reversal model based on ‘‘chains of
spheres’’ and the symmetric fanning mechanism.

DOI: 10.1103/PhysRevB.66.134436 PACS number~s!: 75.50.Bb, 61.46.1w, 81.15.Pq
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I. INTRODUCTION

Recently, electrodeposited magnetic nanowires and t
arrays have attracted much attention for their distinct
properties and potential applications. From the point of vi
of applications, they appear possible for ultrahigh-dens
magnetic recording media.1–3 The magnetic recording den
sity in conventional longitudinal recording is typically les
than 50 Gb/in.2, the limit determined by thermal instability.4

However, arrays of magnetic nanowires have the potentia
produce a recording density in excess of 100 Gb/in.2.5 A
further point of technological importance is that anodizat
of aluminum is a cheap process for the synthesis of a
scale porous structure. Magnetic materials can be electr
posited into the pores by ac electrodeposition. Recently,
romagnetic Fe~Refs. 5 and 6!, Co ~Refs. 5 and 7!, Ni ~Refs.
8 and 9!, and Fe-Ni ~Ref. 10 and Co-Ni~Ref. 11! alloy
nanowires have been studied. However, Fe-Co nanow
have, to date, not been investigated. Fe-Co bulk alloys
important magnetic materials due to both a high satura
magnetization and Curie temperature, parameters that ca
be matched by any other alloy system. Fe-Co alloys
mainly used as soft magnetic materials12,13 due to their rela-
tively low coercive field. By contrast, arrays of nanowir
exhibit both a high coercive field and a high squareness r
resulting from shape anisotropy; they make arrays of Fe
nanowires potentially useful for high-density magne
recording.

Generally, the coercive field and squareness ratio dep
on the magnetization reversal process. Consequently
magnetization reversal process in arrays of nanowires
attracted much attention.14,15 While the chains-of-sphere
model with a fanning mechanism has succeeded in des
ing the behavior of elongated single-domain particles,16,17 it
is difficult to prepare a system of elongated single-dom
particles. Currently, chains of iron and cobalt particles ha
been fabricated by both a chemical method15 and by
0163-1829/2002/66~13!/134436~6!/$20.00 66 1344
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electron-beam lithography.14 These preparation methods a
not only rather difficult but the aspect ratios of the samp
are also not high enough, so the coercivity is much low
than the value predicted by the chains-of-spheres mode
Jacobs and Bean. We have found that one-dimensio
nanowires can provide samples with high aspect ratios
that these arrays of nanowires display much higher coer
ity and squareness. Furthermore, not only can nanowire
many kinds of materials be fairly easily synthesized by
electrochemical method, but also the diameter and lengt
the nanowires be easily controlled. Here we compare exp
mental results for the nanowires with the chains-of-sphe
model and use these model predictions to discuss the m
netization reversal process in these nanowires.

II. EXPERIMENT

The arrays of Fe12xCox (0.0<x<1.0) nanowires have
been prepared by coelectrodepositing Fe and Co into an
aluminum oxide~AAO! templates. The preparation of th
AAO templates has been described elsewhere in detail.5,6 In
the process of preparing AAO templates, the Al fo
~99.999%! were anodized at 15 v~dc! for 1 h in 1.2 m
H2SO4 aqueous solution at 20 °C, using the Al foil as th
cathode. The Fe and Co atoms were electrodeposited into
AAO templates from an aqueous bath containi
FeSO4•7H2O, CoSO4•7H2O, HBO3, and ascorbic acid
The compositions of the Fe12xCox nanowires were adjuste
by varying the Fe21: Co21 ion ratio in the baths. ThepH
value of the electrolyte was maintained at about 3.0. T
electrodepositions were all conducted at 200 Hz and 1
~ac! for a duration of 5 min, using graphite as the count
electrode. The AAO films filled with nanowires were re
moved from the Al substrates using aqueous HgCl2. The
nanowires were liberated from the AAO film by dissolvin
the alumina layer with aqueous NaOH.

Structural characterizations were performed by means
©2002 The American Physical Society36-1
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x-ray diffraction~XRD! using a Rigaku D/Max-2400 diffrac
tometer with CuKa radiation, and the atomic percentages
Fe and Co in the nanowires were obtained by atomic abs
tion spectroscopy~AAS!. The morphology of the AAO films
and the regularity of spacing of nanowires were monito
by transmission electron microscopy~TEM! using a JEOL
20003 microscope operating at 75–100 kV. The magne
properties of the arrays were investigated using a Quan
Design model 6000 magnetometer~PPMS!.

III. RESULTS AND DISCUSSION

A TEM image of an AAO template prepared as mention
above is shown in Fig. 1. This indicates that the average
of the pores is about 20 nm, while the pore density in
AAO film is about 4.1631011/in.2. If each nanowire could
record a bit cell of information, then the AAO film filled with
magnetic nanowires could achieve theoretical bit densi
exceeding 400 Gb/in.2.

Figure 2 shows a representative TEM image of two int
twined nanowires which are about 20 nm in diameter a
7.5 mm in length. The corresponding aspect ratio of t
nanowires is approximately 375. As the same conditio
were used to prepare AAO templates and to electrodepos
samples, nanowires of different compositions are assume
be approximately the same size. A bright and a dark fi
image of a group of nanowires are shown in Fig. 3. Her
can be seen that the nanowires are both regularly spaced
uniform in size. The dark field image shows that the nano
ires are not single crystal, but rather resemble a chain of d
This can be understood as due to a growth process that i
continuous; specifically the depositional reaction only occ
in the negative half cycle of the ac electrodeposition proce
According to micromagnetic calculations, the critical radi
for single-domain formation is 8.4 and 11.4 nm for isolat
Fe and Co particles,18 respectively. Normally, the critical ra
dius of a sphere in a long chain is much bigger than tha
an isolated particle because of the interaction between
spheres, as reported by Martinet al.14 The radius of the
spheres comprising the nanowires can be approximate

FIG. 1. TEM image of an AAO film with average pore size
about 20 nm.
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the radius of the pore (;10 nm) in the AAO film; conse-
quently, it is reasonable to assume that all of the Fe12xCox
nanowires are chains of single-domain spheres.

In Fig. 4 the concentration of Co in these Fe12xCox
nanowires~obtained by AAS! is plotted against the ionic
fraction of Co21 in the electrolyte. The sum of the Fe21 and
Co21 ion fractions in the solution is set to unity. Such line
behavior in the codeposition of Fe21 and Co21 ions is not
obvious. Since Co is less electronegative than Fe, the d
sitional velocity of Co is slightly higher than that of Fe
Thus, the concentration of Co in these nanowires is sligh
higher than the concentration of Co21 in the corresponding
solution, which is consistent with the results in deposit
Fe-Co films.19 Using this relationship~Fig. 4!, it is easy to
obtain Fe12xCox nanowires of any desired alloy compositio

FIG. 2. TEM image of two intertwined Fe-Co nanowires wi
length about 7.5mm.

FIG. 3. The bright field and dark field TEM images of a bun
of Fe-Co nanowires.
6-2
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simply by choosing the appropriate atomic proportion of
metals in the aqueous sulfated solutions.

The x-ray diffraction patterns of AAO films filled with
Fe12xCox nanowires are shown in Fig. 5. These patterns
dicate clearly a texture in the deposited AAO films. A
Fe12xCox nanowires withx<0.82 have a body-centered
cubic ~bcc! structure with a @110#-preferred orientation.

FIG. 4. Plot of the concentration of Co atomic fraction obtain
by AAS against the ionic fraction of Co21 in the electrolyte. Solid
line is a least-squares fit to the data.

FIG. 5. X-ray diffraction patterns of AAO films filled with
Fe12xCox nanowires of various compositions obtained using
Ka radiation.
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Fe12xCox nanowires with a small amount of Fe—x50.92,
for example—exhibit a mixture of bcc and face-centere
cubic ~fcc! structures with a@111#-preferred orientation.
When x.0.92, a cubic- to hexagonal-close-packed~hcp!
structural transition occurs. Pure Co in a AAO film exhib
an hcp structure with a@1000#-preferred orientation. Thus th
phase transitions in Fe-Co nanowires are similar to thes
bulk Fe-Co alloys; however, the phase boundary in nano
ires is different from that in the bulk.20 The a→g transition
in Fe12xCox nanowires occurs betweenx50.82 and 0.92,
and theg→« transition occurs betweenx50.92 and 1.00; in
bulk Fe-Co alloys the stable structures at room tempera
and below are bcc for 0%–73% cobalt and fcc for 73%–9
cobalt. As is also well known, for Co fine particles, theg
phase appears with an average particle size below 40 nm
fine particles with particle size below 20 nm are of pure f
structure.21 By contrast, the Co nanowires with diamet
;20 nm have nog phase present, because the length is
the mm scale. Table I shows XRD data for the Fe12xCox
nanowires. The values of the lattice parameterd are slightly
larger than these of bulk alloys20 of the same composition
which means that the lattices in nanowires are expande
comparison with the bulk.

We have measured the hysteresis loops of the Fe12xCox
nanowires in self-assembled arrays with AAO film support
room temperature and 5 K. Figure 6 shows two typical h
teresis loops for the Fe0.38Co0.62 sample at 300 K, hereH(i)

TABLE I. The XRD data for the Fe12xCox nanowires.d is the
average interplanar spacing along the preferred orientation.

x 0.00 0.22 0.44 0.62 0.82 0.92 1.00

(hkl) ~110! ~110! ~110! ~110! ~110! ~111! ~1000!
d(Å) 2.027 2.033 2.025 2.022 2.011 2.049 2.18

FIG. 6. The hysteresis loops of the Fe0.38Co0.62AAO film at 300.
H(i) indicates that the applied field is parallel to the nanowir
H(') indicates that the applied field is perpendicular to t
nanowires.
6-3
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andH(') indicate that the applied field is parallel or perpe
dicular to the nanowires. The hysteresis loops of the ot
samples are generally similar to these in shape, with so
differences in the values of the coercive field, saturat
magnetization, and remanence. Such hysteresis loops re
that all arrays exhibit uniaxial magnetic anisotropy with t
easy axis along the length of the nanowires. According to
XRD patterns, these easy axes are@110# and@1000# for bcc-
and hcp-structured nanowires, respectively. However,
bulk Fe-Co alloys, the easy axes, due to the magnetocry
line anisotropy, are along the@100# and @0001# directions,
respectively, for the bcc and hcp structures. The shape o
nanowires~with aspect ratio'375) results in a very strong
shape anisotropy, far higher in fact than the magnetocrys
line anisotropy, so that the easy axis orients along
nanowires.

Figure 7 shows the composition dependence of the c
civity and squareness (MR /MS) of the hysteresis loops fo
the Fe12xCox AAO films with the field applied along the
nanowires, at 300 and 5 K. With increasing Co concen
tion, the coercivity of the arrays of nanowires with the ma
netic field parallel to the wires initially increases, reache
maximum, and then decreases to a minimum arounx
50.22. This tendency is attributed principally to the var
tion of the saturation magnetization of the Fe12xCox nano-

FIG. 7. The composition dependence of the coercivity a
squareness ratio (Mr /Ms) of the arrays of Fe12xCox nanowires at
300 and 5 K. The applied field is parallel to the nanowires.
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wires; this will be discussed later in detail. Although the bu
Fe-Co alloy is a soft magnetic material, the coercive field
the arrays of Fe12xCox nanowires~exceptx51.0) with the
applied field parallel to the nanowires is, due to shape ani
ropy, larger than 2000 Oe. The squareness ratio at room
perature is above 0.92 for samples with 0.10<x<0.92 with
the applied field along the nanowires; this indicates that
arrays of Fe12xCox nanowires have excellent perpendicul
magnetic characteristics. The coercivity and squareness
of the pure Co AAO film are the lowest among the series
Fe12xCox nanowires examined at both 300 and 5 K. Th
likely reflects the rather strong magnetocrystalline anisotro
in hcp Co nanowires. The magnetocrystalline anisotro
constant (K1) of hcp Co is about 10 times that of other cub
Fe-Co alloys.22 The magnetocrystalline anisotropy is als
much stronger at low temperature and the axis of minim
magnetocrystalline energy is not along the length of
nanowires, so the squareness ratio of the Fe12xCox nanow-
ires at 5 is lower than that at 300 K.

It is well known that the remanent magnetization, coerc
ity, and shape of the hysteresis loop depend on the mag
zation reversal process. Thus, in order to understand the
parallel coercivity of magnetic nanowires, it is important
investigate the magnetization reversal process in them. E
individual nanowire resembles a chain of spheres in sha
and arrays of nanowires exhibit uniaxial magnetic anis
ropy. Thus the chains-of-spheres model appears well su
to interpret the magnetization reversal process in nanowi
Hereafter, we adopt this model in conjunction with paral
rotation and symmetric fanning mechanisms16,17 to study the
magnetization reversal process in magnetic nanowires. E
nanowire is assumed to be an ideal chain of single-dom
spheres with uniaxial magnetic anisotropy. Each two ad
cent spheres in the chain have only one contact point, so
spheres are magnetically isolated and the exchange inte
tion between spheres is consequently neglected. Further
effect of magnetocrystalline anisotropy is not consider
With the above assumptions, using the chains-of-sphe
model, the coercivity16 of the nanowires for the parallel ro
tation mechanism is

HC5
m

a3
6Kn5pMSKn . ~1!

In the case of symmetric fanning, the parallel coercivity16 of
the nanowires is

HC5
m

a3
~6Kn24Ln!5

pMS

6
~6Kn24Ln!, ~2!

where

Ln5 (
i 51

(n21)/2, i<(n11)/2
n2~2i 21!

n~2i 21!3
, ~3!

d

6-4
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Mn5 (
i 51

(n22)/2, i<n/2
n22i

n~2i !3
, ~4!

and

Kn5Ln1Mn5(
i 51

n
n2 i

ni3
. ~5!

Herem is the dipole moment of a sphere, of diametera, n is
the number of the spheres in a nanowire, andMS is the
saturation magnetization of the nanowires.

The MS value of bulk Fe12xCox alloys22 is used to ap-
proximate theMS value of Fe12xCox nanowires of the same
composition. The diametera is set at 20 nm because th
average pore diameter is around 20 nm. The nanowire le
is about 7.5mm, so the number of spheres in a nanowire
equal to the aspect ratio (n'375). Using the above param
eters, we have calculated the coercivity of the Fe12xCox
nanowires for these two magnetization reversal mechani
at room temperature. The results are shown in Fig. 8.
coercive fields predicted by the symmetric fanning mec
nism agree roughly with the experimental results at 300~Fig.
7!. Deviations likely arise from the following factors tha
were neglected:~i! The interactions between the nanowir
in the AAO film: these should cause a lower coercive field
comparison with that of a single nanowire.7 ~ii ! The MS of
the Fe-Co nanowires was assumed to be equal to theMS of
the bulk alloys, since it could not be measured due to
technical reasons. However, the calculated results for the
allel rotation mechanism are far larger than the experime

FIG. 8. The calculated coercivity of Fe12xCox nanowires as a
function of composition using the ‘‘chains-of-spheres’’ model
conjunction with the parallel rotation and symmetric fanni
mechanisms.
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values, with the total energy of the system calculated w
the parallel rotation mechanism also being higher than
with the symmetric fanning mechanism. Thus the chains-
spheres model with symmetric fanning, rather than para
rotation, appears more appropriate to describe the mag
zation reversal mechanism in these nanowires. Further, s
all of the Fe12xCox nanowires are uniform in geometry, the
according to Eqs.~1! and~2!, the coercivity of the Fe12xCox

nanowires should be proportional to the saturation magn
zation. The coercivity variation with composition shown
Fig. 7 is generally similar to the variation of the saturati
magnetization of bulk Fe-Co alloys with compositio
changes. However, aroundx50.22, this correlation is bro-
ken, and the reasons for the drop in coercivity at this co
position is unclear at the present time.

As the saturation magnetization increases with decrea
temperature, then these same equations predict that the
civity will increase with decreasing temperature. Figure
shows the experimental coercivity and the relative satura
magnetization of Fe nanowires in a self-assembled array w
AAO film support as a function of temperature. There
again a general proportional relationship between the c
civity and saturation magnetization, although we suggest
the much stronger magnetocrystalline anisotropy at low te
perature is the main factor responsible for the deviatio
from the predicted relationship.

IV. CONCLUSION

The Fe12xCox nanowires in self-assembled arrays ov
the whole composition range have been successfully p
duced by the electrochemical method. By using several
perimental techniques, the structure and magnetic prope
of the arrays have been investigated. We find that all of
Fe12xCox AAO films have an easy axis along the length
the nanowires, high coercivity, and high squareness r
with the applied field parallel to the nanowires. This ind
cates that the AAO films filled with Fe12xCox nanowires are
promising candidates for high-density magnetic record
media. The theoretical coercivity of the Fe12xCox nanowires

FIG. 9. The experimental coercivity and the relative saturat
magnetization of the AAO films filled with Fe as a function o
temperature.
6-5
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calculated by using the chains-of-spheres model with s
metric fanning agrees well with the experimental results.
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