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Characterization and magnetic properties of Fe;_,Ni, nanowire arrays
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Detailed fabrication, structure, and magnetic properties of Fe;_,Ni, nanowire arrays were investigated. The
dependence of structural variation on the Ni content was determined by x-ray diffraction, showing different
behaviors of nanowire arrays from the bulk and particle systems. The magnetic properties in the temperature
range of 5 to 300 K were studied and results show the coercivity at 300 K does not monotonically decrease as
Ni content increases. When the applied field is along the long axis, the temperature dependence of coercivity

for Fe( ¢gNig 3, and Fe( 19Ni g; nanowire arrays shows a linear decreasing with increasing temperature, which
can be understood by a phenomenological nucleate model.
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I. INTRODUCTION

The recent development of techniques allows the fabrica-
tion and the measurements of nanostructure magnetic mate-
rials, such as magnetic nanoparticles' and nanowire arrays.”
Since the dimensions of these materials are reduced to values
comparable to the domain-wall width, the interesting
magnetic* and other physical properties* have been discov-
ered. From the application point of view, artificial magnetic
nanowires have a potential for ultrahigh density magnetic
recording media.2 Until now, much attention on magnetic
nanowire arrays has been paid to the magnetic properties of
metal>’ and alloy systems.%’

Though pure magnetic metal nanowire arrays provide a
model to investigate the magnetic properties of a quasi-one-
dimensional system, a further limitation in magnetic param-
eters associated with these nanowire arrays will restrict the
application to industry comparing the arrays of alloy nano-
wire, in which the magnetic parameters can be modified not
only by the physical dimension but also by the composition.

Recently, Zhu et al.® reported the macromagnetic proper-
ties of the Fe, 4,Nij ¢ nanowire array. Khan and Petrikowski’
studied the magnetization and structural properties of soft
magnetic Fe,4Ni;, nanowires and the Fe,4Ni,, layer. Ercole
et al.'" studied the finite size effects in the static and dynamic
magnetic properties of the FeNi wire array. Then Adeyeye et
al.'! reported the magnetostatic interactions and magnetiza-
tion reversal in FegoNi,, flat wire arrays using magnetoresis-
tance measurements. Lee et al.'> reported the effect of an-
nealing temperature on the coercivity of the Fe,Nijg
nanowire array. Several aspects of the properties of the Fe
-Ni nanowire array have been investigated in the above-
mentioned works. However, the structure and magnetic prop-
erties for the large composition range of Fe-Ni have not been
systematically investigated yet.

In the present work, we present the composition depen-
dence of structure and magnetic properties in Fe;_,Ni, nano-
wire array and the comparison with the bulk and particles
system. The temperature dependence of magnetic properties
of the Fe,_,Ni, nanowire array is also presented.

II. EXPERIMENTAL

Arrays of Fe,_Ni, (0<x<1) nanowire were produced
by electrodepositing Fe** and Ni** into a porous alumina
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template (PAT). The details of preparation of PAT can be
found elsewhere.'? In this experiment, Al foils (99.999%)
were annealed at 500 °C for about 48 h, then anodized at
40 V (dc) in 0.3 M H,C,0, aqueous solution at 15 °C for
1 h. After the porous templates were removed, the second
anodized step was performed under the same conditions as
above. Mixture aqueous solutions containing FeSO,-7H,0,
NiSO,-6H,0, H3BO,, and ascorbic acid were used for elec-
trodeposition, and the composition of the Fe;_,Ni, nanowire
can be adjusted by varying the Fe?*:Ni** ratio in the solu-
tion. The pH value of the electrolyte was maintained at about
3.0. Considering the difference of deposit rate between Fe?*
and Ni2*, to ensure the same length of nanowire for a differ-
ent Ni composition, all electrochemical depositions were
conducted at 50 Hz, 13 V rms with deposition time ranging
from 10 to 15 min. After deposition, samples were kept in
pure alcohol solution to avoid oxidation. For convenience,
the nanowire arrays with PAT were removed from the re-
sidual Al substrate by saturated aqueous solution of HgCl,
before measuring x-ray diffraction (XRD) and magnetic
properties. Nanowires were liberated from the PAT by dis-
solving it into an aqueous solution of NaOH before the ob-
servation with a transmission electron microscope (TEM).

Micromorphologies of the PAT and the nanowires were
obtained by atomic force microscopy (AFM) (SPM-9500)
and TEM (JEOL 2000), respectively. Detailed structural
characterizations of nanowires were conducted by selected-
areas electron diffraction (SAED) in the TEM observation.
The crystal structure of nanowires with PAT was determined
by XRD. The atomic percentages of the Fe and Ni in the
nanowires were measured by an atomic absorption spectro-
scope (AAS). The magnetic properties of Fe,_,Ni, nanowire
arrays at various temperatures were measured using a
vibrating-sample magnetometer (VSM) and a Quantum De-
sign magnetometer [MPMS XL superconducting quantum
interference device (SQUID)], respectively.

III. RESULTS AND DISCUSSION

A three-dimensional AFM image of the PAT prepared by
the method mentioned above is shown in Fig. 1, displaying
an ordered array of circular pores. The average diameter of
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FIG. 1. AFM image of PAT with the pore diameter about
50 nm.

the pores is about 50 nm, and the bridge between adjacent
pores is about 70 nm, which generates a pore density of
about 5% 10'%/cm?. Similar results could also be found in
Ref. 14, which a perfect pore structure is formed in alumina
template except for a small difference of the pore parameter
due to the different experimental condition.

Figure 2(a) shows a representative TEM image of
Fe,_,Ni, nanowires liberated from PAT, revealing that the
nanowires have relatively regular cylindrical shape with
about 50 nm in diameter. The length of nanowires is nearly
uniform, and the longest nanowires are about 4 um. Some
shorter ones may be due to the breaking. For TEM observa-
tion, free nanowires were kept in a NaOH aqueous solution
to avoid oxidation. The diameter of nanowires determined by
TEM agrees well with the pore diameter in PAT. Nanowires
are polycrystalline for all composition ranges as revealed by
the dark field image as that in Ref. 15 and SAED. The rep-
resentative SAED pattern of Fe,sNij 75 nanowires shown in
Fig. 2(b) demonstrates a face-centered cubic (fcc) structure.
The diffraction rings correspond to the plane of (111), (200),
(220), and (311), respectively.

Dependence of Ni content in Fe,_ Ni, nanowires (ob-
tained by AAS) on the ratio of Ni?*:Fe?*, a, in the electro-
lyte is shown in Fig. 3. It appears that the Ni content x
increases with increasing ratio a. It is known that Ni is less
electronegative than that of Fe according to the theory of
galvano-electrochemistry. Therefore, the deposit rate of Ni
should be higher than that of Fe. However, the Ni content, x,
is about 0.5 when a=7, indicating the deposit rate of Ni** is
lower than that of Fe?*. The anomalous codeposition phe-
nomenon has also observed in depositing the Fe-Ni film.!®
Furthermore, in Fig. 3, there are two different slopes in the x
versus a curve. The slope for ¢ <10 is much larger than that
for a> 10, despite the x linear increasing with a in both two
ranges. This phenomenon can be ascribed to the changes of
kinetic mechanism as Ni** ions increase and confirmed by
measuring the current density of electrodeposition.

Figure 4 presents the XRD patterns of Fe,_,Ni, nanowire
arrays, the circular and triangle dots denote the body-
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FIG. 2. (a) TEM image of the nanowires with about 50 nm in
diameter, longest wires are about 4 um. (b) The SAED patterns of
the Fe,5Nig 75 nanowires.

centered cubic (bcc) and fce phases, respectively. Since all
PATs have an amorphous structure, there are no diffraction
peaks corresponding to them. The results show that the
Fe,_Ni, nanowire arrays have a bcc structure alone for
x<0.35, a mixed phase of bcc and fcc coexists for
0.35<x<0.5 and only a fcc phase for x>0.5. The phase
transition, from bcc to fcc, of Fe,_ Ni, nanowire arrays is
similar to those of bulk!” and particles'® of the Fe-Ni alloy.
However, the mixture phase in the bulk and particle
systems occurred in the range of 0.05<x<0.72,'7 and
0.2<x<0.4,'8 respectively. The region of the x value corre-
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FIG. 3. Variations of Ni content x in the nanowires as a function
of Ni**:Fe?" ratio a in the solution. The solid line is a guide to the
eyes. The dotted-dashed and dashed lines are the linear fitting re-
sults for <10 and a> 10, respectively.

sponding to the two-mixed-phase coexistence is narrower for
nanowires than that for bulk and particles. Comparing to
Fe-Ni particles fabricated by the method of hydrogen plasma
reaction,'® this region goes to a high Ni content in Fe,_Ni,
nanowire array system. The similar phenomenon is also ob-
served in other nanowire systems.!” The difference of phase
boundary between nanowires and particles can probably be
attributed to the electrochemical deposition method in which
there is one dimension free (long axis) to grow and two
dimensions (diameter) limited. On the other hand, the de-
posit rate of Fe?* is much higher than that of Ni**, which
indicates that the bee structure (like Fe) forms more easily
than the fcc structure (like Ni) and results in the bce-fee
mixed composition range shifting to a high Ni composition.

In order to investigate the magnetic properties of Fe,_ Ni,
nanowire arrays, hysteresis loops and initial magnetization
curves for all samples have been measured at various tem-
peratures. The hysteresis loops were measured with the ap-
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FIG. 4. XRD patterns of PAT filled with Fe;_Ni, nanowire
arrays.
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FIG. 5. The hysteresis loops and initial magnetization curves of
the Fey7,Nig,g and Feg 9Nijpg; nanowire arrays with the applied
field parallel () and perpendicular (L) to the long axis of nano-
wires. The asterisk denotes the initial magnetization curves.

plied field parallel (ll) and perpendicular (L) to the long axis
of nanowires, while the initial magnetization curves were
measured with the applied field parallel to the long axis di-
rection (|l). Figure 5 shows typical results for two nanowire
arrays of Fe( ;,Nij»g and Fe 19Nij g; at 300 K, which exhibit
bce and fee structure, respectively. The shape of hysteresis
loops of other samples with different Ni content and tem-
perature are similar to Fig. 5, but the magnetic parameters,
such as coercivity, saturated magnetization, and remanence,
are different. Comparing the hysteresis loops between the
field parallel and perpendicular to the long axis for these two
samples, it was found that the easy axis of nanowires is
parallel to its long axis in spite of their different structure.
Similar results have been also reported in the other magnetic
nanowire arrays systems.”’ This is because of the strong
shape anisotropy. Mossbauer-effect results, in which the
static magnetic moments are all parallel to the long axis of
nanowires,'>2! support this point. It was also found that the
magnetic moment cannot reverse until the applied field gets
to a critical value, suggesting a high-energy barrier between
the two states. In addition, it is apparent that the saturated
field of Fe 19Nijg; nanowire arrays in a perpendicular direc-
tion is smaller than that of the Feg;,Nij,g nanowires.
Figure 6(a) shows the coercivity (H_) versus Ni content
and Fig. 6(b) shows the squareness (M,/M,) of the hysteresis
loops versus Ni content for Fe;_ Ni, nanowire arrays at
300 K. With increasing x, the coercivity with the applied
field parallel to the long axis decreases linearly first and
reaches minimum at x=0.5, and then increases to a maxi-
mum near x=0.7, then decreases again when x>0.7. This
interesting tendency may be attributed to the changes of the
saturated magnetization, which is controlled by the structure
and content of the samples. Due to the complicated tendency
with Ni composition in Fe-Ni bulk alloy and the difficulty of
measuring the accurate mass of nanowires in PATs, the
saturated magnetization in nanowire arrays is in progress
and the results will be discussed later. In Fig. 6(b), the
squareness (M,/ M) with the applied field parallel to the long
axis is greater than 0.8 and obviously larger than that with
the applied field perpendicular to the long axis for all
Fe,_,Ni, (0<x<1), indicating again that the samples have a
strong magnetic anisotropy with easy direction parallel to the
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FIG. 6. (a) The coercivity (H_) versus Ni content (x) for the
Fe,_Ni, nanowire array at 300 K. Solid lines are guides to the
eyes. The dashed lines are the linear fitting results for x<<0.5 and
x>0.5, respectively. (b) The squareness (M,/M ) versus Ni content
for the Fe,_,Ni, nanowire array at 300 K. Solid lines are guides to
the eyes.

long axis and perpendicular to the surface of PAT. Compar-
ing with Fe-Ni bulk alloys, which have isotropic soft mag-
netic property with small coercivity for about several Oe,
nanowire systems exhibit larger coercivity and squareness.

Figures 7(a) and 7(b) show the temperature (7) depen-
dence of H_. for two typical samples, FejqgNips, and
Fe, 19Nig g;, with the applied field parallel to the long axis of
nanowires. It is apparent that the H,. was nearly linear over a
temperature range of 5—-300 K. This tendency is in contrast
with the models of nucleation due to the thermal activation,
in which there is a relationship of H, with T'2. Therefore,
how to understand the linear relationship of H, with T is a
fundamental problem.

It is well known that the influence of temperature on the
magnetization reversal is usually proceeded by changing the
intrinsic magnetic parameters, such as the saturated magne-
tization (M), the magnetocrystalline anisotropy constant,
etc. Considering the accurate mass of nanowires could not be
obtained, the temperature dependence of magnetization (M)
with a saturated field is given in Fig. 8. M decreases with
increasing temperature and obeys the 7% law. Since the
nanowire mass does not depend on the temperature, the T
dependence of M will show the correct temperature depen-
dence of M, which indicating M, can be expressed as>>

FeO. 1 9N10.81
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FIG. 7. Temperature dependence of coercivity, H,, (a) for
Fe63Nig 3, and (b) for Feg 19Nigg; nanowire arrays. Solid squares
in (a) and (b) denote the measured data. Solid lines in (a) and (b)
are linear fitting results of Eq. (4) with temperature being indepen-
dent of M. The dotted lines in (a) and (b) are the fitting results of
Eq. (5) with M(T) changing with temperature at 7°/2.

M(T) = M(0)(1 - CT*?). (1)

Here M (T) and M(0) are the values at a temperature of T
and 0 K, respectively. The magnetocrystalline anisotropy
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FIG. 8. The temperature (7) dependence of M with a saturated
field parallel to the long axis of the nanowire.

144412-4



CHARACTERIZATION AND MAGNETIC PROPERTIES OF...

constant (K;) decreases with increasing Ni content, from
4.2x10* J/m* with x=0 (Fe) to —4.8 X 10* J/m? with x=1
(Ni),2>?* and can be omitted when comparing to the shape
anisotropy.'> The XRD and electron diffraction results show
that the nanowire arrays are polycrystalline, therefore, no
major contribution from the magnetocrystalline anisotropy
would be expected. Figures 7(a) and 7(b) show that, with the
temperature increasing from 5 K to 300 K, the coercivity
decreases about 50% and 30% for Fey4Nigz, and
Fe 19Nipg; nanowire arrays, respectively. While the satu-
rated magnetization decreases only about 10%. This indi-
cates that there is another more important factor to influence
the temperature dependence of coercivity.

Considering the large shape anisotropy and demagnetiza-
tion energy, the magnetic moments for the domains in the
nanowires should be parallel or antiparallel to the long axis.
Assume that two stable magnetic states, that is, moments
“up” and “down,” correspond to the parallel and antiparallel
states, the nanowire system could be considered as a bistable
system.”’> The two states are separated by an energy barrier.
As the temperature increases, some magnetic moments will
overcome the energy barrier and the magnetization reverses.
The result is similar to that of an equivalent applied field to
reverse the magnetization. The thermal fluctuations will in-
fluence the magnetization reversal.

Temperature dependence of coercivity can be understood
based on the above bistable-state thermal fluctuation model.
Assume that the magnetization reversal started from a rever-
sal magnetization nucleus with the activation volume v. The
energy barrier involved in the magnetization reversal is ex-
pressed by?®

E=E,+H

JE
H (2)

H
where E is the field independent part of E. JE/JH is related
to the magnetic viscosity coefficient. At the coercive field, it

may be written, taking into account thermal activation
effects,?” that

E+HE CostT (3)
+H,— = ,
00w k

where kg and T is the Boltzmann constant and temperature,
respectively. During the magnetization reversal process, two
energy terms are expected to contribute to the energy barrier
E,, that is, the domain-wall energy and the magnetostatic
energy. Since nucleation of a single m-domain wall at the end
of wire leads to smaller energy barrier,?® the domain-wall
energy can be derived by E,=ys, where 7 represent the en-
ergy density of the domain wall and s is the surface of the
activation volume. The magnetostatic energy Ed=a47TM?v,
where M, is the saturation magnetization and « is a phenom-
enological parameter. Thus,

vs  25kgT

H.=odmwM;,— —

4
vM, uvM; @

The activation volume v is proportional to VA/K.; and
y=4VAK,;,*® where A is the exchange stiffness constant. In
molecular field theory, the exchange stiffness constant varies

PHYSICAL REVIEW B 72, 144412 (2005)

as S%, where S is the spin, and hence A is expected to vary
with Mf. K. is the effective anisotropy constant. In our
nanowires system, the contribution from magnetocrystalline
anisotropy can be omitted due to the polycrystalline structure
and the shape anisotropy has the main contribution on K.
We assume that it is similar to a uniaxial anisotropy and K¢
is thus proportional to M2.23

If we assume that M| is a constant at low temperature due
to the high Curie temperature, thus y and v are independent
of the temperature, which means that coercivity is linearly
dependent on the temperature. The fitting results for the
Fe( 6sNig3, and Feg 9Nijg, nanowires are shown in Figs.
7(a) and 7(b), respectively, with the saturation magnetization
M, derived from the bulk Fe-Ni alloy.>*3! It can be found
that the experimental results of coercivity agree well with the
linear temperature dependence predicted by Eq. (4). This re-
sult is consistent with the Fe nanowire-filled carbon
nanotube.?? The fitting activation volumes for two samples
are about 1X10° nm? and 9 X 10° nm?, respectively. The
value of «, 0.07 and 0.2, for these two samples may indicate
that the nucleation starts from the end of the nanowires; the
experimental proof has been found by Mossbauer spectra
results,”! and other calculations gave the similar behavior.*3
The T dependence of H,. of the other Fe-Ni alloy nanowire
array shows a similar tendency, although the parameters are
different.

Since M, changes about 10% in the temperature range
5-300 K, we now consider the influence of M, to Eq. (4).
The second term ys/vMSOC4stKeff/ VA/K M ;=kM g, thus
Eq. (4) becomes

25k, T
vM(T)’

H.=KM(T) - (5)
where K is another phenomenological parameter. M(T) is
determined by Eq. (1). The fitting result by Eq. (5) is also
shown in Fig. 7, in which the M(0) derived from the bulk
materials and the parameter C in Eq. (1) is derived by fitting
the experimental data in Fig. 8. It can be found that the
fitting result is still perfect with the experimental data. The
coercivity is nearly linear with temperature, in spite of the
T2 law of saturated magnetization. This result indicates that
the temperature dependence of M, has a minor effect on
coercivity, and about 10% of the changes to M, will not
obviously change the linear temperature dependence of co-
ercivity. The fitting activation volume (1.4 X 10° nm® and
1.3 10* nm? for Fe4Niy3, and FegoNiyg;, respectively)
are larger than the case where M is independent of tempera-
ture. The reason for this result is that the decreasing of M
will help more magnetic moments reverse and thus lead to a
larger activation volume. It is worth noting that the model
predicted by Eq. (4) is different from the actual nucleation
mode. It is only a phenomenological model to interpret the
results of hard magnetic materials.?’

IV. CONCLUSION

In summary, the fabrication, structure, and magnetic prop-
erties of the Fe;_,Ni, nanowire array have been studied sys-

144412-5



LIU et al

tematically and compared with bulk or particles. AFM and
TEM results show that the diameter of nanowires is about
50 nm, and the length is about 4 wm. Structure study by
SAED and XRD shows that the Fe,_,Ni, nanowire arrays
have a bcc structure alone for x<<0.35, a mixed phase of bcc
and fcc coexists for 0.35<<x<<0.5, and only a fcc phase for
x>0.5. The phase boundary of Fe,_,Ni, nanowires array is
different from that of the bulk and particle system. The hys-
teresis loops at various temperatures are studied. The depen-
dence of coercivity on Ni content (x) at 300 K, with the
applied field parallel to the nanowires, shows that the coer-
civity linearly decreases with both x<<0.5 and x> 0.7, while
in the range of 0.5 to 0.7, the coercivity increase with in-
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creasing of x. The coercivity with the applied field along the
long axis linearly decreases with increasing temperature is
found for the Feg¢gNig3, and Fej9Nijg; nanowire arrays,
which are interpreted by a phenomenological nucleate
model.
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