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Abstract

We have investigated the temperature dependence of the magnetic properties and the magnetic relaxation of the Fe55Co45 nanowire

arrays electrodeposited into self-assembled porous alumina templates with the diameter about 10 nm. X-ray diffraction (XRD) pattern

indicates that the nanowire arrays are BCC structure with [1 1 0] orientation along the nanowire axes. Owing to the strong shape

anisotropy, the nanowire arrays exhibit uniaxial magnetic anisotropy with the easy magnetization direction along the nanowire axes. The

coercivity at 5K can be explained by the sphere chains of the symmetric fanning mechanism. The temperature dependence of coercivity

can be interpreted by thermally activated reversal mechanism as being the localized nucleation reversal mechanism with the activation

volume much smaller than the wire volume. Strong field and temperature-dependent magnetic viscosity effects were also observed.

r 2006 Elsevier B.V. All rights reserved.

PACS: 75.50.Ss; 82.45.Aa; 75.60.Jk; 75.75.+a
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1. Introduction

Ferromagnetic nanowires are of particular interest due
to the significance in the potential applications in the high-
density magnetic storage technology as well as the
fundamental research [1]. Although the bulk Fe–Co alloys
are mainly used as soft magnetic materials due to the
relatively low coercive fields, the nanowire arrays exhibit
both high coercive fields and squareness ratios due to the
strong shape anisotropy. Therefore, the potential applica-
tions and fundamental research have stimulated a deep
understanding of the magnetization mechanism for mag-
netic nanowires. Recently, the emphasis has been put on
the magnetic dynamics reversal mechanism and the related
magnetic behavior [2–10]. Shtrikman and Aharoni [11,12]
have predicted that for perfect infinite cylinders, the
magnetization reversal occurs by coherent rotation, but
the observed coercivity is three or four times smaller than
- see front matter r 2006 Elsevier B.V. All rights reserved.
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that of coherent rotation reversal mechanism because the
defects in the nanowires would lead to localized nucleation.
Jacobs and Bean [13] treated the long cylinders consisted of
chains of spheres in which the magnetization reversal
proceeds as symmetric fanning mechanism. However, for
the delocalized model above the spins reverse simulta-
neously in which the thermal effect is not taken into
consideration. Braun and Knowles [14,15] investigated the
magnetization reversal of the wires with finite length, which
involves the nucleation of a small volume and the
magnetization reversal is dominated by nucleation process.
In order to confirm the theoretical predictions, Wernsdor-
fer et al. have applied micro-SQUID magnetometer to
study the individual nanowire [9,10] and nanoparticle
[16,17]. Although comprehensive studies have undertaken
on the Fe, Co, Ni and Fe1�xNix nanowire arrays
[2,3,6–8,18], it is necessary to investigate the thermally
activated magnetization reversal process of self-assembled
Fe–Co nanowire arrays in detail. In this paper, we
fabricated the Fe55Co45 nanowire arrays by electrodeposi-
tion and performed a detailed study of the temperature
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Fig. 1. Typical X-ray diffraction spectrum of the Fe55Co45 nanowire

arrays.
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Fig. 2. Hysteresis loops of the Fe55Co45 nanowire arrays at 5K. HJ

denotes the applied field parallel to nanowire axes, H? indicates the

magnetic field perpendicular to nanowire axes.
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dependence magnetism and magnetic relaxation. It was
found that the temperature-dependent coercivity behavior
can be explained by thermally assisted magnetization
reversal mechanism. Furthermore, the activation volume
as a function of temperature was also studied and the
values of the activation volume are two-order magnitudes
smaller than that of the wire, which speaks in favor of the
magnetization reversal mechanism being the localized
nucleation reversal mechanism. In addition, magnetic
relaxation measurements indicate that the nanowire arrays
exhibit strong temperature and field-dependent magnetic
viscosity effects, which give an insight into understanding
the magnetization reversal mechanism for nanowire arrays.

2. Experimental

The ordered porous alumina templates for fabricating
the nanowire arrays were prepared by anodizing aluminum
foils in sulfuric acid solution with two-step anodization
process. The preparation of the alumina templates were
reported elsewhere [19]. Fe55Co45 alloy nanowires were
electrodeposited into self-assembled nanoporous templates
from solution containing 0.5M FeSO4 and 0.5M CoSO4

by ac deposition with the pH value of 3–3.5. The
composition of Fe55Co45 nanowire arrays was determined
by inductively coupled plasma analysis (ICP method). The
structure of the deposited nanowires was investigated by
X-ray diffraction (XRD). The morphology was character-
ized by transmission electron microscopy (TEM), which
indicates that the nanowires are regularly uniform with the
diameter about 10 nm and the length several mm. The
magnetic properties were measured by superconducting
quantum interference device (SQUID) magnetometer and
physical property measurement system (PPMS) magnet-
ometer in the temperature range from liquid Helium
temperature to room temperature.

3. Results and discussions

Fig. 1 shows the typical X-ray diffraction pattern with
Cu Ka radiation of the Fe55Co45 nanowire arrays. It can be
seen that only [1 1 0] peak is visible corresponding to the
BCC structure, which indicates that the nanowires are BCC
structure with [1 1 0] preferred orientation along the
nanowire axes. Magnetization measurements have been
performed on the whole nanowire arrays in order to take
advantage of the orientation of the wires inside the
templates. Fig. 2 shows the magnetic hysteresis loops of
the Fe55Co45 nanowire arrays at 5K. It can be observed
that when the applied field is parallel to the nanowire
arrays, the hysteresis loop is very square with the
remanence squareness Mr/Ms 0.968 and the coercivity
3.21 kOe. While when the applied field is perpendicular to
nanowire axes, the hysteresis loop is sheared. The smaller
coercivity and the remanence squareness Mr/Ms are about
0.522 kOe and 0.072, respectively. Similar shapes of
magnetic hysteresis loops are measured in the temperature
ranging from 5 to 300K. These characteristics illustrate
that the nanowire arrays have easy magnetization direction
along the wire axes due to the strong shape anisotropy. The
applied Mössbauer spectroscopy for Fe nanowire arrays
has proved that the shape anisotropy dominates the overall
magnetic anisotropy in the nanowire arrays [20]. Although
the competition of the dipolar interaction and shape
anisotropy determined the easy direction parallel or
perpendicular to the wire axes [21], but for our nanowire
arrays the main anisotropy origin is the shape anisotropy
and the easy direction axes are along the wire axes. In
addition, the coercive field at 5K parallel to the nanowire
axes is in agreement with the chain spheres of the symmetric
fanning mechanism HðsyÞ ¼Msð6Kn� 4LnÞ=6 ¼ 3:15 kOe,
where Ms ¼ 1950 emu/cc is the saturation magnetization
for bulk Fe55Co45 alloy [22,23]. On the other hand,
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when the field is perpendicular to the wire axes the
transverse coercivity being 0.522 kOe observed in our
result should mainly come from the magnetocrystalline
anisotropy [20].

Fig. 3(a) illustrates the temperature dependence of the
remanence squareness Mr/Ms and the saturation fields Hk.
It can be seen that the remanence squareness values parallel
to axes (Mr/Ms (J) values change from 0.968 to 0.982 ) are
much higher than those of perpendicular to the wire axes
(Mr/Ms (?) values vary from 0.072 to 0.055). The trans-
verse saturation fields Hk? are twice larger than those of
the parallel saturation fields HkJ, which means that it can
be easily saturated along the wire axes than perpendicular
to the wire axes. The above characteristics reprove that the
magnetic easy magnetization axes are along the wire axes
within the whole temperature range. Usually the transverse
saturation fields Hk? are nearly equal to the anisotropy
fields HA for nanowire arrays, which are dominated
by demagnetization field 2pMs. But it is should be noted
that our experimental values are even larger than the
theoretical value HA ¼ 2pMs ¼ 12:3 kOe, especially in low
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Fig. 3. (a) Remanence squareness Mr/Ms and saturation coercive fields Hk

dependence on temperature. Solid squares and circles denote the applied

field parallel to nanowire axes (J), Open squares and circles indicate the

magnetic field perpendicular to nanowire axes (?). (b) Normalized

saturation magnetization Ms dependence on temperature.
temperature region where the saturation fields Hk? are
about 20 kOe. Moreover, the transverse saturation fields
Hk? decrease monotonically with increasing the tempera-
ture. The similar results were also observed in ultrathin Fe
nanowire arrays by Zhang et al. [24]. They explained the
larger transverse saturation fields caused by the surface
spin effects at the surface of the wires because of small size,
which are much more difficult to align even with high
magnetic field.
Fig. 3(b) shows the temperature dependence of satura-

tion magnetization Ms. It obviously can be seen that the
magnetization decreases monotonically with increasing the
temperature. It is noteworthy that the temperature
dependence of magnetization does not obey the T3/2 Bloch
law as usually described for the bulk alloy. A T�1 relation
was obviously observed in the low temperature regime,
which may originate from the contribution of the small
fraction of superparamagnetic or paramagnetic clusters to
the mainly magnetic entities [25,26]. Moreover, the
disordered surface spins give the paramagnetic contribu-
tion to the magnetization [24]. Taken the paramagnetic
contribution into consideration, the temperature depen-
dent magnetization behavior can be described by

MsðTÞ ¼M0½AT�1 þ Bð1� aTaÞ�, (1)

where the first term is the paramagnetic contribution from
the supermagnetic particles and surface spins, the second
term is magnetic contribution usually expressed as the
nonbulk Bloch law [27,28]. A and B is the portion of
paramagnetic and ferromagnetic components in the
sample. Using Eq. (1) we fit the magnetization from 5 to
300K, the fitted parameters are A ¼ 0:081, B ¼ 0:989,
a ¼ 2:1� 1023 and a ¼ 0:443. On the basis of the fitting
parameters A and B, one can estimate about 8%
paramagnetic or superparamagnetic phase components in
the sample. The explanation for Bloch exponent a smaller
than 3/2 should be due to the reduced dimensionality and
the surface effects in the nanowire arrays [28]. Conversion
electron Mössbauer spectroscopy (CEMS) [29] technique
has been used to investigate the magnetic moment
orientation for the Fe nanowire arrays indicating that
magnetic surface moments will deviate the wire axes
especially at the ends of the nanowires due to the surface
spins. Therefore, the observed temperature-dependent
magnetization is superimposing the spin wave contribution
of the non-bulk system and paramagnetic contribution
from supermagnetic particles and the surface spins [26].
Owing to the high Curie temperature of the Fe–Co alloy
nanowires, the magnetization variation from 5 to 300K is
only about 4%.
Fig. 4 presents the temperature dependence of normal-

ized coercive fields Hc parallel to wire axes. As illustrated in
Fig. 4(a), the coercive fields Hc(sy) are expected to decrease
about 4% from 5 to 300K on the basis of the symmetric
fanning mechanism since the coercivity is proportional
to the saturation magnetization Ms(T), i.e. HcðsyÞ ¼

Msð6Kn� 4LnÞ=6. However, the coercive fields Hc fall
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down drastically about 25% from 5 to 300K, indicating
strong temperature-dependent characteristics. The large
discrepancy between the Hc(sy) and the experimental
values Hc indicate that the decrease of Ms is not the only
reason to reduce the coercivities.

It is well known that there are two mechanisms
responsible for the temperature dependence of magnetic
properties. One originates from the intrinsic contribution
of K, A and Ms. Another one comes from the thermally
activated jumps over metastable energy barriers [30,31].
Usually, the temperature dependence of the coercivities
could be described by the thermally assisted magnetization
reversal mechanism. Taking thermal effect into considera-
tion, the temperature dependence of coercivities can take
the form as follows [1]:

HcðTÞ ¼ HcðsyÞ 1�
kBTðln f 0tÞ

KV

� �1=m
( )

; (2)

where Hc(sy) is the switching field without thermal
fluctuation, K is the anisotropy constant, V is the switching
volume, f0 is the attempt frequency and t is the relaxation
time. However, Hc(sy) is temperature dependent and varies
as that of Ms(T), the Eq. (2) can be written as

HcðTÞ ¼
Msð6Kn � 4LnÞ

6
1�

kBTðln f 0tÞ
KV

� �1=m
( )

; (3)

where Ms(T) dependence on temperature is determined by
Eq. (1). The characteristic feature of Eq. (3) involved of a
term T1/m correction to the coercivities in additional to the
intrinsic temperature dependence of the coercive fields. In
general, m takes a value from 1.5 to 2.0 and the m value
depends on the symmetry of the activation energy barrier.
For the ideal aligned and interaction free spherical Stone-
r–Wohlfarth particles m ¼ 2.0 [1,30,31], while in more
cases m ¼ 1.5 corresponds to the misaligned particles,
which is the natural result of nonsymmetric energy
landscape leading to the nucleation mechanism [3,30–32].
The detailed explanation has been given by Eq. (6) and
Fig. 3 in Ref. [5].
Using the Eq. (3), the coercivities as a function of

temperature are fitted with m ¼ 1.5, 2.0, respectively. It is
clearly seen that m ¼ 1.5 can fit the experimental results
within the temperature range from 5 to 300K as indicated
in Fig. 4(b). It can be concluded that the nanowire arrays in
our experiment behave more like the misaligned particles
and the magnetization reversal is initiated from the
localized reversal nucleus within a small region as called
the activation volume. Since the direction of magnetic
moment at surface deviate from the nanowires axes by
magnetization measurement and conversion Mössbauer
spectra, the misaligned particles corresponds to m ¼ 1.5
rather than m ¼ 2.0 for well aligned particles. Therefore,
we consider it as the magnetization reversal of the
nanowires occurs with the localized nucleation mechanism
due to the defects between the crystallites, morphological
inhomogeneities, dipolar effects and surface magnetism in
the nanowires which will result in the behavior of the
nanowires different from the ideal Stoner–Wohlfarth
particles for the polycrystalline nanowires.
The activation volume can be used to understand the

magnetization reversal process and the definition is as
follows [3,30,31]:

V� ¼ �
1

Ms

qDE

qH
, (4)

where V� has the meaning of the effect volume in which the
magnetization is initially reversed to overcome the energy
barrier because of thermal fluctuations. The energy barrier
E is usually taken the power law as follows associated with
nonlinear dependence on H [1]

DE ¼ KV 1�
H

H0

� �m

. (5)

Using the equations above, the activation volume can be
described by

V� ¼
m

2
V 1=m kBT lnðf 0tÞ

K

� �m�1=m

. (6)

It can be seen that the activation volume V� is different
from the physical volume V and is proportional to Tm�1=m

[33]. In the case the aligned Stoner–Wohlfarth particles,
where m ¼ 2.0, the thermal activation volume becomes
(compare Ref. [4]) V� ¼ 1

2
V 1=2½kBT lnðf 0tÞ=K �1=2. Whereas

for m ¼ 1.5, the thermal activation volume becomes

V� ¼ 3
4
V 2=3 kBT lnðf 0tÞ

K

� �1=3
, (7)

so the thermal activation volume is proportional to T1=3.
Kirby et al. [33] have given the similar results for thin films,
but no experimental evidence on the activation volume
dependence on temperature is present for nanowires.
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The sweep rate dependence of the coercivities can be
used to measure the activation volume V� and the
expression is Hc ¼ constþ ðkBT=MsV Þ lnðdH=dtÞ. The
coercivities as a function of the logarithm of the sweep
rate were measured shown as the inset of Fig. 5. The slope
is obtained by fitting the experimental data of the sweep
rate dependence of coercivities and is proportional to
kBT=MsV

�, from which the activation volumes can be
derived. Fig. 5 shows the activation volumes as a function
of temperature from 5 to 300K. It can been seen that with
increasing the temperature, the activation volume increases
too and the value obtained at 300K is about several times
larger than that of 5K. Certainly, the increase in the
thermal activation volume for nucleation is expected at
high temperature since the nucleation should become easier
in which the magnetization can jump over the energy
barrier. It can be found that the experimental points are
roughly consistent with T1=3 for the temperature range
from 5 to 300K, which means that the experimental results
are in agreement with the theoretical prediction. The
activation volumes are two-orders of magnitude smaller
than the wire volume, implying that the spins do not rotate
simultaneously and the magnetization reversal mechanism
is initiated in small region, i.e. the localized reversal
mechanism. The reason for the localization is due to the
imperfections at the grain boundaries and the crystalline
defects in the wires because the nanowires are polycrystal-
line and textured [5].

Since the thermally activated process plays important
role in nanowire magnetization reversal, the nanowire
arrays will present a characteristic time dependence of the
magnetization due to the thermal perturbations; that is to
say, the nanowire arrays would show strong magnetic
viscosity effects. Magnetic viscosity is the time dependence
of magnetization M(t) at the applied field H usually risen
from the thermal activation which involves metastable
states with a distribution of energy barriers [34,35]. For the
arrays of the nanowires, by applying an external magnetic
field, the probability of the magnetization jumped over the
energy barrier is PðtÞ ¼ e�t=t. Therefore, the magnetization
is expected to vary exponentially with the time
MðtÞ ¼Mð0Þe�t=t, where t ¼ t0e�DE=kBT . The exponential
time dependence of magnetization has been attributed to
the single energy barrier height. But to our knowledge such
behavior has been seldom observed due to the distribution
of the energy barriers in real systems [36,37]. Usually, the
observed dynamics of the magnetization decay is more like
the superposition of the exponential decays with different
energy barriers. Experimentally the observed magnetiza-
tion dependence on time at a given temperature T and
applied field H is approximately linearly dependent on the
logarithm of time as follows [1,3–6,38]:

MðtÞ ¼M0½1� SðT ;HÞ lnðtÞ�, (8)

where S(T,H) is the magnetic viscosity caused by the
thermal activation of magnetization reversals over activa-
tion energy barriers. Usually S(T,H) is field and tempera-
ture dependent and is expected to reach peak value near the
coercive field and go to zero with T decreasing to zero. The
magnetic relaxation measurement procedure is as the
following: the temperature is fixed at the desired value
and saturated in a positive applied field, and then the
desired negative reversed field is set and held constant,
the magnetization decay measurements M(t) have been
measured for thousands of seconds. Fig. 6 is the time
dependence of magnetization with the applied field
H ¼ �3.0 kOe at 50K. It can be seen that the magnetiza-
tion has logarithmic time dependence exhibiting a typical
relaxation behavior. The experimental data can be fitted
using the Eq. (8) and the magnetic viscosity parameter S

can be obtained. The field dependence of magnetic
viscosity parameters at different temperatures are plotted
in Fig. 7. For each temperature the viscosity parameter S

presents the peak value near the coercive field. This is
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because the energy barrier controlled mainly by shape
anisotropy will be lowered under the applied field and has
the minimum value when the applied field close to the
coercive field, where the magnetization can jump over the
energy barriers easily so the magnetic viscosity effect is the
strongest. As the applied field further increases, the field
effect on the magnetic arrays would dominate the
anisotropy and the thermal activation, so the magnetic
viscosity coefficients decrease again. The magnetic arrays
exhibit a bell-shaped curve as a function of the applied field
peaked near the coercive field. On the other hand, as the
temperature increases the magnetic relaxation becomes
more important and the magnetic viscosity effects become
more evident. This is because when the temperature is
higher the thermal fluctuations are stronger and the
magnetization can jump the energy barrier easier than at
the low temperature.
4. Conclusion

The temperature dependence of the magnetic properties
and the magnetic relaxation of Fe55Co45 nanowire arrays
have been studied. XRD pattern indicates that the crystal
structure of the nanowire arrays is BCC structure with
[1 1 0] preferred orientation along the wire axes. Magneti-
zation measurements indicate the shape anisotropy is
dominant with the easy direction along the wire axes.
The thermal-assisted magnetization reversal mechanism
can be used to explain the temperature dependence of
coercive fields. In addition, magnetic relaxation measure-
ments indicate that the nanowire arrays show strong
magnetic viscosity effects. The activation volume as a
function of the temperature reveals that the activation
volume increases with increasing the temperature and
consistent with the theoretical prediction. The fact of
activation volume far smaller than wire volume proves that
the magnetization reversal mechanism is the localized
nucleation reversal mechanism.
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