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Magnetization reversal process and magnetic relaxation of Fe3Pt nanowire arrays fabricated by electrodepo-
sition have been investigated by means of micromagnetic simulation and magnetization measurements. Time
dependence of magnetization reveals that the nanowire arrays exhibit a strong magnetic viscosity effect. The
magnetic viscosity coefficients S, which are dependent on temperature and magnetic field, achieve maximum
values near the coercivity. The activation volume V*, defined as the effective volume involved in the magne-
tization reversal process, increases with temperature as T1/2 and linearly with the diameter, which is consistent
with the theoretical prediction of the thermally activated magnetization reversal process.
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I. INTRODUCTION

Magnetic properties of magnetic nanowire arrays have
been extensively investigated because of their potential ap-
plications in ultrahigh-density magnetic recording media as
well as their significance in fundamental research. Owing to
the strong magnetic shape anisotropy,1,2 magnetic nanowire
arrays exhibit both high coercive fields and squareness ratio
with the easy magnetization direction along the wire axes.
The fundamental issues include the shape anisotropy, the di-
polar interaction between the nanowires, and size effect on
magnetic properties.3–5 Among them, the understanding of
the magnetization reversal process for magnetic nanowires is
of primary importance, and consequently, the emphasis has
been put on the magnetization reversal mechanism and re-
lated magnetic behavior.6–10 Several experimental tech-
niques, such as micro-superconducting quantum interference
device �SQUID� magnetometry,11–14 ferromagnetic
resonance,15,16 and magnetic force microscopy17 have been
employed to investigate the magnetization reversal process
of nanoparticles and nanowires. The results showed that the
magnetization reversal of particles could be described by the
classical Néel-Brown model for rotation in unison. However,
as far as the magnetic wires are concerned, the magnetization
reversal appears to proceed with inhomogeneous reversal
mode, such as curling or nucleation followed by the propa-
gation of the domain wall.

It is well known that the thermal stability is very critical
to the high-density magnetic recording media with areal den-
sity of Tbits/ in2. Therefore, in addition to the static magnetic
properties, the potential application of the nanowire arrays
also depends on the hysteresis properties and dynamical be-
havior concerning the thermally activated magnetization re-
versal process and magnetic relaxation. Although such ex-
periments have been performed on bulk materials and
magnetic thin films,18–20 the detailed magnetic viscosity be-
havior for nanowire arrays has rarely been reported.

In our previous work, shape anisotropy and temperature
dependence on the magnetic properties with thermally acti-
vated reversal mechanism of the Fe3Pt nanowire arrays have
been investigated.21 In this work, we simulated the magneti-

zation reversal process of a hexagonal cell of 4�4 array for
Fe3Pt nanowires with d=10 nm. The simulated coercivity is
in good agreement with the experimental one. Furthermore,
time dependence of magnetization indicates that the nano-
wire arrays exhibit a strong magnetic viscosity effect, which
was discussed in terms of the Stoner-Wohlfarth model.

II. EXPERIMENT

The Fe3Pt nanowire arrays were fabricated by ac deposi-
tion into the anodic aluminum oxide �AAO� templates with
different diameters. The AAO templates were prepared by a
two-step anodization process controlled by the anodization
voltage and electrolyte such as sulfuric acid and oxalic acid.
Transmission electron microscopy �TEM� indicates that the
nanowire diameters vary from about 8 to 60 nm. Fe3Pt nano-
wires were electrodeposited into self-assembled nanoporous
templates by ac deposition in the electrolytes consisted of
45 g/ l HBO3, 0.03M FeSO4, and 0.01M Pt�NO2�2�NH3�2

with the pH value of 3.0–3.3. The ac deposition process was
conducted under 15 Vac with the frequency of 200 Hz for
300 s. The structural characterization of the Fe3Pt nanowire
arrays was performed using x-ray diffraction pattern and
TEM, which indicate that the Fe3Pt nanowires have fcc
structure with the �110� preferred orientation along the nano-
wire axes.

The magnetic properties of the Fe3Pt nanowire arrays
have been investigated by means of SQUID magnetometry
with the applied field parallel and perpendicular to the nano-
wire axes, respectively. It was revealed that the shape mag-
netic anisotropy plays a dominant role in the overall mag-
netic anisotropy of the nanowire arrays, driving the easy
magnetization axis along the wire axes. The temperature de-
pendence of coercivity has been interpreted by the thermally
activated magnetization reversal process with the Stoner-
Wohlfarth model. In order to understand the magnetization
reversal process at ground state, micromagnetic simulation
with the three-dimensional version of the OOMMF code was
performed to simulate the hysteresis loop of the Fe3Pt nano-
wire arrays.22 In addition, we have investigated the magnetic
relaxation of the Fe3Pt nanowire arrays.
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III. RESULTS AND DISCUSSIONS

Figure 1 illustrates the easy axis hysteresis loop for Fe3Pt
nanowire arrays with diameter of 10 nm measured by
SQUID magnetometer at T=5 K. Although the shape mag-
netic anisotropy plays a dominant role in the overall mag-
netic anisotropy of the nanowire arrays of Fe3Pt nanowire
arrays, the coercivity parallel to the nanowires of 2.72 kOe is
much smaller than the shape anisotropy field of 7.8 kOe. The
large discrepancy between measured coercivity and shape
anisotropy field implies that the exchange coupling of nano-
particles in one nanowire and the magnetostatic interaction
between nanowires cannot be neglected. Modeling an array
with macroscopic dimensions to compare with experimental
value is difficult due to the large number of wires. Previous
simulation of magnetostatically coupled Ni nanowires dem-
onstrated that the coercivity decreases with increasing num-
ber of interacting wires and the simulated coercivity ap-
proaches to the experimental value when the numbers of
interacting wires increase up to 16.23 In order to take into
account the interaction with neighboring wires and, at the
same time, use reasonable computational time, the following
model and parameters were assumed on the basis of our ex-
perimental results.

�1� A hexagonal cell of 4�4 array of Fe3Pt nanowires
was chosen to simulate the magnetization reversal process.
The nanowire diameter d=10 nm, wire length L=400 nm,
the center-to-center spacing between the wires is 40 nm, and
the unit cell size is 1.25�1.25�10 nm3.

�2� Although it is well known that the magnetic proper-
ties change significantly in nanostructure, the saturation
magnetization and exchange stiffness are very close to those
of corresponding bulk materials in nanowire arrays when the
diameter is up to 10 nm. Therefore, it is reasonable to use
approximately the saturation magnetization of MS
=1250 emu/cm3 and the exchange stiffness of A=2.57
�10−12 A/m for the bulk Fe75Pt25.

24

�3� Fe3Pt is known as soft magnetic with easy magneti-
zation axes along the �100� direction, and the nanowire ar-
rays fabricated by electrodeposition are disordered fcc struc-
tures with �110� preferred direction along the nanowire axis.
The Fe3Pt nanowire arrays exhibit strong uniaxial magnetic

anisotropy due to the shape anisotropy, which is much higher
than magnetocrystalline anisotropy. From the magnetic hys-
teresis loops it could be seen that the switching field is much
higher than the magnetocrystalline anisotropy field, which is
usually several hundreds of oersteds. Although its magneto-
crystalline anisotropy constant is not known, the fcc structure
with high symmetry for Fe3Pt suggests its magnetocrystal-
line anisotropy constant is the same order of magnitude as
that for Fe. Previous investigation for Fe nanowire arrays
indicated that the shape anisotropy constant is 1 order of
magnitude larger than that of the magnetocrystalline aniso-
tropy constant K1.21,25 Hence, the magnetocrystalline aniso-
tropy can be neglected reasonably.

The simulated hysteresis loop for the Fe3Pt nanowire ar-
rays is plotted in Fig. 1. For comparison, the hysteresis loop
for one single Fe3Pt nanowire was also simulated and plotted
in Fig. 1. The coercivity decreases from 3.7 kOe for one
single nanowire to 2.8 kOe for 4�4 array of Fe3Pt nano-
wires. The simulated value of coercivity is in good agree-
ment with the measured coercivity HC�. However, the rema-
nence squareness S� exists with a relatively large deviation,
which is related to the surface magnetic moment of the mag-
netic moments deviating from the wire axes of the nano-
wires.

The magnetization configuration of the Fe3Pt nanowire
arrays near the coercivity can give insight into the magneti-
zation reversal. Since the nucleation starts at the end of the
wire and the rest of the sample remains mostly homoge-
neously magnetized, we only plot the magnetization state in
the region of 40 nm from the bottom of Fe3Pt nanowire ar-
rays �Fig. 2�a�� and a full view of magnetization configura-
tion for one central nanowire �Fig. 2�b��. An applied field of
−3.0 kOe results in most of the magnetic moments for nano-
wires being switched in the direction of the applied field �−z
direction�. Note that this field is not strong enough to switch
a single decoupled wire �3.7 kOe�. The reversal of some
wires occurs because the stray field of neighboring wires
adds to the external field and leads to a higher field to switch
the magnetic moment. From the magnified view on the top of
one nanowire �Fig. 2�c��, it can be seen that the magnetic
moments start to rotate out from the easy axis at the ends of
the nanowires, implying that the nucleation mode for the
nanowires with d=10 nm deviates slightly from homoge-
neous rotation.

The magnetization reversal and coercivity of the nano-
wires are very sensitive to the nanowire diameter. Shtrikman
and co-workers have predicted that for perfect infinite cylin-
ders with different diameters, the magnetization reversal oc-
curs by coherent rotation, magnetization curling, and buck-
ling mode.26,27 Usually coherent or uniform rotation occurs
when the nanowire diameters are smaller than the critical
diameter dcoh=�24A /�0MS

2.28 When the diameters are larger
than the critical diameter dcoh, the magnetization reversal
process occurs by magnetization curling mode or buckling
mode.

For the magnetization curling mechanism, coercive fields
decrease with increasing diameter and could be written as

FIG. 1. �Color online� Measured �closed circles� and simulated
�solid squares� hysteresis loops with the field applied parallel to the
wire axis for Fe3Pt nanowire arrays. The green line with triangles is
the hysteresis loop for one single Fe3Pt nanowire for comparison.
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Hc� =
2�kA

�0Ms

1

d2 + Ha, �1�

where A is the exchange stiffness, k is the geometry depen-
dent parameter, and d is the diameter of the nanowires. Fig-
ure 3 plots the coercivity parallel to the nanowire axes as a
function of nanowire diameter at 5 and 300 K, respectively.

The dotted line is the fitted result for the curling reversal
mode. The fitted exchange parameters are A=1.25
�10−12 A/m and A=8.02�10−13 A/m at 5 and 300 K, re-
spectively, which are in agreement with the values of the
magnetic materials.29

Since the homogeneous rotations and the curling mode
represent extreme nucleation modes with vanishing ex-
change energy and vanishing stray fields, respectively, theo-
retical prediction has shown that there may exist another re-
versal mode, i.e., buckling reversal mode. The buckling
mode can be described approximately as a homogeneous ro-
tation for each cross section, whereas with a sinusoidal varia-
tion along the cylinder axis. For the magnetization buckling
reversal mode, the dependence of coercive fields on nano-
wire diameter can be written as30

Hc� =
2�kA

�0Ms

1

d2/3 + Ha. �2�

The solid lines in Fig. 3 are the fitted curves for the buck-
ling reversal mechanism using Eq. �2�. Although the differ-
ence of fitting curves corresponding to these two modes is
not so large, our simulation results for magnetization con-
figuration near coercivity �Fig. 2� demonstrate that the rever-
sal starts at one end of the wire and then propagates through
the whole wire. The variation of the amplitude of magneti-
zation along the cylinder axis at the two sides of nanowire
implies that the buckling mode is favorable in magnetization
reversal process.

In our previous work, the temperature dependence of co-
ercivity of the Fe3Pt nanowire arrays with the diameter d
=10 nm has been discussed in detail.21 It was demonstrated
that in addition to the intrinsic variation of the K, A, and MS,
the thermal fluctuations play an important role in the magne-
tization reversal process of the nanowire arrays. If we take
the thermal effect into account with the energy barrier pro-
posed by Néel31 and Brown,32 which is usually written by

�E = KV�1 −
H

H0
�m

. �3�

The temperature dependence of the coercivity has been
interpreted by the above thermally activated reversal mecha-
nism with m=2.0, suggesting the nanowires exhibit similar
behavior as that of the Stoner-Wohlfarth model, correspond-
ing to the nanowires with the easy magnetization direction
along the wire axes. Due to the thermally activated reversal
mechanism playing an important role in the Fe3Pt nanowire
arrays, the time dependence of the magnetization M�t� would
show a strong magnetic viscosity effect. For the nanowire
arrays, by applying an external magnetic field, the probabil-
ity of the magnetization jumped over the energy barrier is
P�t�=e−t/�. Therefore, the magnetization is expected to vary
exponentially with time M�t�=M�0�e−t/�, where �
=�0 e−�E/kBT. The exponential time dependence of magneti-
zation has been attributed to the single energy barrier height.
However, exponential behavior has seldom been observed
due to different energy barriers coming from the distribution
of the anisotropy and size in real systems. The grains with
smaller volumes or anisotropy will decay faster and the ob-

FIG. 2. �Color online� �a� Magnetization state at the bottom of a
hexagonal cell of 4�4 arrays for Fe3Pt nanowires with d=10 nm in
the magnetic field of H=−3.0 kOe. �b� Magnetization configuration
of one central nanowire. �c� Magnified view on the top of one
nanowire. The colors represent the z component of the magnetiza-
tion. The yellow �light gray� cones are magnetized states, whereas
the red �dark gray� cones represent the states of magnetization that
have switched for �a� and the remanent state for �b� and �c�,
respectively.

FIG. 3. Coercivity parallel to the wire axes as a function of the
nanowire diameter. The solid squares are the experimental results,
whereas the solid and dashed lines are the fitted results using the
curling and buckling reversal modes, respectively.
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served dynamics of the magnetization decay is more like the
superposition of the exponential decays with different energy
barriers. As a result, the observed time dependence magneti-
zation is approximately linearly dependent on the logarithm
of time as follows:

M�t� = M0�1 − S�T,H�ln t� , �4�

where S�T ,H� is the magnetic viscosity coefficient caused by
the thermally activated magnetization reversal. The magnetic
relaxation measurement procedure is as follows: the tem-
perature is fixed at the desired value and saturated with a
positive applied field, then the desired negative reversed field
is set and held constant, and the magnetization decay mea-
surements M�t� have been measured for thousands of sec-
onds.

Figure 4 illustrates the time dependence of magnetization
M�t� for the Fe3Pt nanowire arrays with the wire diameter
d=10 nm at 300 K in different fields. It appears that the
magnetization has logarithmic time dependence, exhibiting a
typical relaxation behavior. Since the magnetic relaxation be-
havior is significant around Hc, we chose the applied fields of
0.85Hc, 0.88Hc, and 0.89Hc as an example to plot in Fig. 4.
According to Eq. �4�, the magnetic viscosity coefficients
S�T ,H� can be obtained by fitting the time dependence of
magnetization. The small deviation in the M /M0 observed at
1100 and 1250 s for applied fields of 0.88Hc, and 0.89Hc is
due to the measurement error. Figure 5 shows the field de-
pendence of magnetic viscosity coefficients S�T ,H� at differ-
ent temperatures for Fe3Pt nanowire arrays, from which it
can be seen that the magnetic viscosity coefficients increase
with increasing temperature. The viscosity coefficients S
present the peak values near the coercive fields Hc with dif-
ferent temperatures. The maximum values of the magnetic
viscosity coefficients Smax are observed to increase with in-
creasing temperature, as plotted in the inset of Fig. 5.

Bruno et al. have reported that single activation energy
barrier fails to describe the observed relaxation phenomena
with perpendicular easy magnetization. If it is assumed that
there exists a certain distribution of the energy barrier, it
should be33

−
dM�t�
d ln�t�

=
kBT

�EA
. �5�

Therefore, S�T ,H� increases with increasing temperature
�Fig. 5�. On the other hand, the energy barrier with the
Stoner-Wohlfarth model is controlled mainly by shape aniso-
tropy, having the minimum value when the applied fields are
near the coercive field, indicating the strongest magnetic vis-
cosity effects.

Temperature dependence of the magnetic relaxation
would further allow us to get insight into the understanding
of the magnetic properties of nanowires and determine the
parameter of the activation volume V*, which has the mean-
ing of the magnetization initially reversed to overcome the
energy barrier during the thermally activated reversal pro-
cess. The activation volume can be experimentally deduced
by measuring the time dependence of the magnetization
M�t�, which can be expressed as

V* =
kBT

Ms	� H2 − H1

ln t2 − ln t1
�	

Mirr

. �6�

Usually the activation volume is dependent on temperature
and wire diameter. As discussed above, magnetization rever-
sal is initiated by thermally activated reversal process with
the energy barrier �E=KV0�1−H /H0�2. According to the
definition of the activation volume V*=−�1/Ms����E /�H�,
activation volume can be given by

V* =
1

2
V0

1/2
 kBT ln�f0��
K

�1/2

, �7�

where K is the anisotropy constant, f0 is the attempt fre-
quency, and � is the relaxation time. Due to the nonlinearity
of the energy barrier, thermal activation volume V* is usually
different from the physical volume V0.

Figure 6�a� shows the activation volume V* as a function
of temperature for the wire diameter d=10 nm. It can be
seen that by increasing the temperature, the activation vol-
umes V* increase with the values from 30 to 240 nm3. By
fitting the experimental points with Eq. �7�, it can be seen

FIG. 4. Time dependence of the magnetization M�t� at 300 K
with different applied fields for the Fe3Pt nanowire arrays with the
wire diameter d=10 nm.

FIG. 5. Field dependence of magnetic viscosity coefficients
S�T ,H� at different temperatures. The inset shows the maximum
values of the magnetic viscosity coefficients Smax as a function of
temperature.
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obviously that the activation volume V* is roughly consistent
with T1/2 for the temperature range of 5–300 K. Assuming

that the single wire volume is V0= 1
4�d2L, the activation vol-

ume V* should be proportional to the wire diameter d. Figure
6�b� shows that the activation volume V* increases with di-
ameter from 200 nm3 for d=8 nm up to 2000 nm3 for d
=60 nm. The activation volume V* is 1 order of magnitude
smaller than that of the wire volume for all the wire diam-
eters, which confirms the localized mechanism with ther-
mally activated reversal process.

IV. CONCLUSION

In summary, magnetization reversal mechanism and mag-
netic relaxation of the Fe3Pt nanowire arrays with different
diameters have been investigated by means of micromag-
netic simulation and magnetization measurements. The nano-
wire arrays show strong magnetic viscosity effect, which is
much evident at high temperatures and strongest near the
coercive fields of the nanowire arrays. The activation volume
dependence on temperature and diameter is consistent with
the prediction of the thermally activated magnetization rever-
sal mechanism.
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