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Abstract
A large enhancement of the magnetic anisotropy of Ni nanowires (NWs) embedded in anodic
aluminium oxide porous membranes is obtained as a result of an induced magnetoelastic (ME)
anisotropy contribution. This unusual large anisotropy enhancement depends on the diameter of
the NWs and exceeds the magnetostatic (MS) contribution. As a consequence, it leads to effective
magnetic anisotropy energies as large as 1.4 106´ erg cm−3, which are of the same order of
magnitude and comparable to the MS energies of harder magnetic materials like Co NWs.
Specifically, from ferromagnetic resonance experiments, the magnetic anisotropy of the NWs has
been observed to increase as its diameter is decreased, leading to values that are about four times
larger than the corresponding value when only the MS anisotropy is present. Our results are
consistent with the recently proposed growth mechanism of Ni NWs that proceeds via a poly-
crystalline stage at the bottom followed by a single-crystalline stage with texture [110] parallel to
the axis of the NWs. A strong correlation between reducing the diameter of the NWs with the
decrease of the length of the poly-crystalline segment and the enhancement of the effective
magnetic anisotropy has been shown. Magnetization curves obtained from alternating gradient
magnetometry experiments show that the average ME anisotropy results from the competition
between the magnetic anisotropies of both crystalline segments of the NWs. Understanding the
influence of size and confinement effects on the magnetic properties of nanocomposites is of prime
interest for the development of novel and agile devices.

Keywords: nanowires, magnetoelastic, alumina porous membranes, ferromagnetic resonance,
size reduction

(Some figures may appear in colour only in the online journal)

1. Introduction

Tuning magnetic properties of arrays of nanowires (NWs)
embedded into a host non-magnetic template is of considerable
interest for the development of novel devices based on magnetic

nanocomposites like bit patterned media for perpendicular
magnetic recording [1, 2], microwave devices [3–8] and spin
transfer torque devices [9–12]. Besides structural features,
magnetization reversal processes and inter-element dipolar
interactions, several recent reports show that the interaction
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between the template and the nanoelements can also be used to
modify the magnetic properties of nanocomposite materials.
Recent advances on the control of magnetic properties of
multiferroic/magnetoelectric heterostructures and composites
[13–16] have proven its potential for the development of novel
and functional devices. For instance, an interesting material
intended for the development of agile microwave devices
operating at room temperature is based on a two phase nano-
composite material made of magnetostrictive NWs embedded
in a piezoelectric porous membrane [13]. Other studies have
reported on the influence of the host matrix made of different
materials, as for instance polycarbonate [17–20] and porous
anodic aluminium oxide (AAO) [21] membranes, on magne-
toelastic (ME) effects in arrays of magnetic NWs at low
temperature. However, since the physical mechanism of these
ME effects is based on the thermal expansion coefficients
mismatch between the host porous membrane and the metallic
NWs, they cannot be exploited for devices operating at room
temperature. These previous studies suggest that both, the host
matrix material and the diameter of the nanowires are important
parameters that have direct influence on the magnetic properties
of these nanocomposites. Integrating and exploiting these
properties in a material capable of operating at room temper-
ature is desirable for the development of magnetically tunable
agile devices.

In this work we present a study on the room temperature
magnetic anisotropy of arrays of Ni NWs embedded in porous
AAO membranes, which has been done by performing
alternating gradient magnetometry (AGM) and ferromagnetic
resonance (FMR) experiments. The magnetic anisotropy
energy of these arrays of NWs exhibits an enhancement as
large as 8.6 105´ erg cm−3 that is even larger than the value
due to the magnetostatic (MS) contribution ( 5 105» ´
erg cm−3). This energy enhancement corresponds to a con-
finement-dependent ME anisotropy contribution that strongly
depends on the diameter and length of the NWs. The FMR
measurements are consistent with the presence of a poly-
crystalline segment that appears during nucleation at the early
growth stage, which is subsequently followed by an epitaxial
growth along the crystallographic direction [110] which is
parallel to its axis. As a reference, arrays of low diameter
permalloy (Py: Ni80Fe20) NWs embedded in AAO mem-
branes present no magnetic anisotropy enhancement, so its
magnetic anisotropy simply corresponds to magnetostatic
contributions. Since Py has no magnetostriction this result
indeed corroborates the ME nature of the magnetic anisotropy
enhancement observed in arrays of magnetostrictive Ni NWs.
Furthermore, measurements of initial magnetization curves
also allow to obtain the ME anisotropy contribution, which
depends on the diameter of the NWs and is consistent with a
competition between the corresponding energy excess of the
two crystalline segments.

2. Experimental

Arrays of Ni and Py NWs have been fabricated by a standard
three-probe electrodeposition technique. In this work we have

used commercial 50 and 90 μm thick AAO membranes from
Synkera Technologies, Inc. with pores diameter (d) and
porosity (P) in the ranges 18–100 nm and 10%–15%,
respectively. A Cr(20 nm)/Au(600 nm) layer is evaporated
onto one side of the membranes to serve as a cathode for the
electrodeposition and as a ground plane for the FMR
experiments. Ni and Py NWs are grown, respectively, from
electrolytes with compositions 262.8 g l−1 NiSO4 + 30 g l−1

H3BO3 with the pH adjusted to 4; and 131.4 g l−1 NiSO4 +
5.6 g l−1 FeSO4 + 24.7 g l−1 H3BO3 with the pH adjusted to
3. Electrodeposition is done in potentiostatic mode at room
temperature by applying potentials of –1.05 V and –1 V for
Ni and Py respectively. Arrays of Ni NWs with different
lengths in the range 8–72 μm were fabricated by controlling
the growth time. The lengths of the different arrays of NWs
were confirmed by optical and scanning electron microscopy
(SEM) observations. X-ray diffraction (XRD) measurements
have been carried out for the determination of the crystalline
structure of the NWs by using Co K 1a radiation of wave-
length 1.79 Ål = . Assuming that all the pores are filled
electrochemicaly, the packing fraction of the array of NWs
corresponds to the porosity of the membrane. For the char-
acterization of the magnetic anisotropy of the arrays of NWs
studied in this work, room temperature FMR and AGM
experiments have been performed. FMR measurements have
been done by using the microstrip transmission line method
[22] and absorption spectra have been recorded in the field
swept mode by applying the external DC field in the direction
of the NWs axis in the range 0−10 kOe. The linear trans-
mission coefficient T 10S 20= is obtained from the measured
field swept insertion loss parameter S. It must be stressed that
FMR measurements are done in the saturated state in order to
make sure that the NWs are in the single domain regime. The
fact that the aspect ratio of the NWs analyzed in the present
study is larger than 10 means its critical radius is of about
600 nm, which further corroborates the single domain regime
of the NWs [23]. AGM measurements in the field range
±10 kOe have been performed by recording both: hysteresis
loops with the external field applied along their axis and
initial magnetization curves after AC demagnetization in the
directions parallel and perpendicular to their axis.

3. Results

The first evidence of a significant enhancement of the room
temperature magnetic anisotropy of arrays of Ni NWs is
observed from the FMR experiments. Figure 1(a) shows
absorption spectra recorded at 27 GHz for arrays of Ni NWs
with lengths between 28 and 40 μm and with diameters and
packing fractions of 18 nm and 10% (dashed–dotted line),
35 nm and 12% (dotted line), and 100 nm and 15% (dashed
line). The resonance field at the minimum of the absorption
peak for the 100 nm diameter array of Ni NWs shown in
figure 1 (a), lies very close to the upper field limit of the
vertical shaded area corresponding to the resonance field Hr

0[ ],
which is due only to the MS anisotropy contribution and can
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be obtained from the resonance condition

f
H H . 1r

r
0

ms ( )[ ]

g
= +

In this equation fr is the resonance frequency, Hms is the MS
field including the shape and the dipolar interaction terms [22]
given by

H M P2 1 3 , 2ms s ( ) ( )p= -

where Ms = 485 emu · cm−3 and 3.09 GHzg = kOe−1 are
respectively the saturation magnetization and the gyromag-
netic ratio for Ni. On the other hand, in the case of the 18 and
35 nm diameter arrays of Ni NWs their corresponding major
absorption peaks are located at much lower resonance field
values (≈1.8 kOe for the former and 3.5 kOe for the later)
that clearly indicate that their effective anisotropies are larger
than the one for the Ni NW array with d = 100 nm and
particularly larger than the MS contribution. As a comparison,
figure 1(b) displays the absorption spectra recorded at 27 GHz
for an array of 35 nm diameter Py NWs, whose resonance
field value corresponds to the expected value due to the MS
contribution given by equation (1), with Ms = 850
emu · cm−3 and 2.97 GHzg = kOe−1 for Py. From
figures 1(a) and (b), the resonance fields for the two arrays
of Ni NWs with diameters of 18 and 35 nm are lower than

their expected values considering only the magnetostatic
contribution using equation (1) (see the shaded area) and still
lower than the resonance field for the Py NW array (vertical
line). The shaded area in figure 1(a) accounts for the variation
of P for the different arrays of Ni NWs, such that the lower
the value of P the lower the resonance field. Therefore, the
observed resonance field shift with respect to the shaded area
of more than 5 kOe is larger than the MS field,
H 1.68 2.13ms » - kOe for P in the range 10%–15%.
Although these arrays exhibit an additional anisotropy
contribution of the same order of magnitude as that of the
MS contribution, it can not be explained in terms of the
magnetocrystalline anisotropy (K 0.5 101

5= - ´ erg cm−3

and K 0.2 102
5= - ´ erg cm−3) because it is negligible in

comparison with the MS contribution at room temperature
[24, 25]. The fact that Py has zero magnetostriction [18]
reinforces the assumption that for low diameter arrays of Ni
NWs the shift of the resonance field toward lower values from
that of equation (1) must be the result of an additional size
dependent ME anisotropy contribution. It must be stressed
that the fabrication process and the FMR measurements in the
present work have been carried out at room temperature.

From the global minimum of the absorption spectra
recorded at different frequencies, the corresponding disper-
sion relation is obtained. Figures 1(c) and (d) show the dis-
persion relation for each of the samples considered in
figures 1(a) and (b). The shift of the resonance field to lower
values observed for the low diameter NWs in figure 1(a)
corresponds to an upward shift of the resonance frequency, so
that higher frequencies indicate a larger anisotropy energy.
Particularly, the zero field resonance frequency for the 18 nm
diameter NWs is about four times larger than the expected
value due only to the MS contribution (see the shaded area),
which means that in this case its magnetic anisotropy is
dominated by an anisotropy contribution of ME origin that is
clearly larger than the MS contribution. The shift of the
absorption spectra toward lower values of the resonance field
when decreasing d reveals that the magnetic anisotropy of Ni
NWs is closely related to their size dependent-crystalline
structure. That is, low diameter Ni NWs have preferential
growth along the crystalline direction [110], whereas large
diameter NWs have no preferential growth along a specific
crystalline orientation as already reported [26–28].

The features observed in figure 1(a) are corroborated in
our arrays of NWs with diameters of 18, 35 and 100 nm from
the XRD patterns shown in figures 2(a)–(c). As seen in the
figure, the crystalline structure of the 18 and 35 nm diameter
NWs is well oriented along the [110] direction because only
the peak corresponding to the (220) plane is visible. As the
diameter increases to 100 nm, the peak for the (111) plane
becomes more pronounced in comparison to the one for the
(220) plane and peaks for other planes are now visible,
revealing the polycrystalline feature of the NWs.

Besides the resonance field shift, the absorption spectra
for the 35 nm diameter Ni NW array of figure 1 (a) displays a
complex non-symmetric line-shape that is slanted and pre-
sents a shoulder besides the main absorption peak. Broad and
asymmetrical FMR spectra can be regarded as the

Figure 1. Room temperature absorption spectra recorded at 27 GHz
for arrays of (a) Ni and (b) Py NWs. Ni NWs have d and P values of
18 nm and 10% (dashed–dotted line), 35 nm and 12% (dotted and
continuous lines) and 100 nm and 15% (dashed line), whereas for Py
NWs d= 35 nm and P= 12%. The vertical line and shaded area,
that accounts for variations of P, indicate the values of Hr

0[ ] due only
to the MS contribution (see equation (1)) for arrays of Py and Ni
NWs, respectively. The dispersion relations for the samples in (a)
and (b) are displayed respectively in (c) and (d). Dashed lines are
linear fits and arrows indicate the resonance field for each dominant
absorption peak. The gray line and shaded area correspond
respectively to the dispersion relations for Py and Ni arrays of NWs
that result from MS contributions.
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superposition of different absorptions. Such peaks can be
interpreted as distributions of resonance fields, which in turn
are associated to anisotropy distributions with a double peak
line-shape. This feature indicates that the NWs present two
different magnetic anisotropy distributions. Similar absorp-
tion spectra were already reported in the case of Co nanowires
exhibiting different magnetocrystalline anisotropy contribu-
tions [29]. The asymmetrical feature of the absorption spectra
and the presence of two main magnetic anisotropies is further
evidenced as the length of the NWs is changed as observed in
figure 3. This figure displays the normalized field sweep
absorption spectra recorded at 30 GHz for 35 nm diameter Ni
NWs with P = 12% and lengths of about 9% (8 μm), 19%
(17 μm), 40% (36 μm) and 80% (72 μm) of the maximum
attainable length corresponding to the membrane thickness
(≈90 μm). The effect of the NWs length is further evidenced
for arrays of NWs with larger diameters, as shown in figure 3
(b) from the comparison between the FMR spectra recorded at
27 GHz for the two arrays of 100 nm diameter NWs with
lengths of 22 and 28 μm. These changes are related to a
complex growth mechanism of the NWs for which the crys-
talline structure along its axis changes during the growth. As
reported in the case of Sb and Co [30], as well as Ni NWs
[31, 32], an initial 3D nucleation mechanism is followed by a
2D epitaxial growth, leading to a change in the NWs structure
from poly-crystalline to single-crystalline. Moreover, several
reports have shown that these features depend on the diameter
of the NWs [26–28]. Therefore long enough NWs have a two
stage crystal growth as shown schematically in figure 3(c),
where each crystalline segment presents a local magnetic
anisotropy associated to one of the two absorption peaks in
the spectra. The fact that the resonance field for both
absorption peaks lie at lower field values than the one for the

MS anisotropy contribution (vertical dashed–dotted line in
figure 3(a)), further corroborates the presence of different ME
anisotropy contributions associated to each crystalline seg-
ment along the NWs. Since the amplitude of an FMR
absorption peak is proportional to the volume of probed
magnetic material, longer (shorter) arrays of NWs are
expected to display an increase (decrease) in the amplitude of
the absorption peak corresponding to the single-crystalline
segment in comparison with the amplitude of the absorption
peak corresponding to the polycrystalline segment. Indeed, as
shown in figure 3(a) the absorption spectra for the largest
length NWs, as those of figure 3(c) displays a dominant
absorption peak at lower resonance fields, whereas the
opposite behavior is observed for the shorter NWs as those of
figure 3(d). This observation corroborates the assumption that

Figure 2. XRD patterns of arrays of Ni NWs with diameters of (a)
18 nm, (b) 35 nm and (c) 100 nm.

Figure 3. (a) FMR absorption spectra recorded at 30 GHz for arrays
of Ni NWs with d = 35 nm, P = 12% and lengths h = 8 μm, 17
μm, 36 μm and 72 μm. The shaded curves are gaussian distributions
used in the two peak fit of the absorption spectra for the largest
length NW array. (b) FMR spectra recorded at 27 GHz for two arrays
of NWs with d = 100 nm and lengths of 22 and 28 μm. The vertical
dashed lines correspond to the resonance field Hr

0[ ] given by
equation (1), which is due only to the MS anisotropy contribution.
Schematic representation of the two stages system for (c) long and
(d) short NWs, where the poly- and single-crystalline stages
correspond respectively to the dark and bright segments.
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the low and high field absorption peaks arise respectively
from the second and the first crystalline segments of the NWs.

Furthermore, the hysteresis loops measured with the field
applied along the NWs axes provide further evidence of the
changes in their magnetic properties with both the NWs’
diameter and length. As shown respectively in figures 4(a)
and (b), the remanence squareness M Mr s( ) increases as the
diameter decreases and the length increases, indicating that
depending which parameter is modified the uniaxial easy axis
of magnetization is either weakened or reinforced along the
axis of the NWs. The arrays of NWs of figure 4(a) correspond
to those of figure 1(a), so the decrease of remanence and
coercive field is clearly related to both, the different ME
anisotropy contributions for each array and an increase of the
dipolar interaction field between NWs for larger d and P, as
suggested by the increase of the shearing of the hysteresis
loops [33]. In the case of the arrays of NWs in figure 4(b) no
significant effects due to shearing of the hysteresis loops are
observed, indicating that the decrease of the remanence
squareness as h is decreased is due to variations in the ME
contribution for each array of NWs, as suggested by
figure 3(a).

4. Discussion

Both FMR and magnetometry measurements show a sig-
nificant increase of the effective magnetic anisotropy in these
Ni NWs. Moreover, the fact that Py NWs behave as expected
considering only shape anisotropy and dipolar interaction

effects, suggests a ME effect in Ni NWs as the origin of the
high magnetic anisotropy. As mentioned before, the
magnetocrystalline anisotropy in Ni is too low with respect to
the MS contribution and to the observed increase in the
effective anisotropy, so in the following it is neglected.
However, the FMR spectra shown in figures 1(a) and 3(a),
show a complex line-shape that suggest the presence of more
than one absorption peak. In this sense, the FMR spectra are
analyzed considering a two-stage growth. Since the amplitude
of the absorption peaks are proportional to the probed
volume, the absorption amplitude (T) for each peak, as those
shown in figure 3(a), allows obtaining an approximate value
of the length of both crystalline segments. In the present
analysis, for each peak T is fitted to a two-peak Gaussain/
Lorentzian function. For instance figure 3(a) shows the two
gaussian distributions (shaded curves) used in the two-peak fit
performed to the 72 μm long NW array. Since the total
sample surface probed by the FMR experiment is the same for
each sample, then T is proportional to the total length of the
NWs, denoted by h. Let hs and hp be the lengths of the single-
and poly-crystalline segments so that h h hs p= + , while Ts
and Tp are their corresponding absorption amplitudes, then
the ratio (r) between their lengths is

r
T

T

h

h
. 3s

p

s

p
( )= =

Then, the length of the poly-crystalline segment can be
expressed as a function of the total NW length and the ratio
between the absorption amplitudes, which is determined from
its two-peak Gaussian/Lorentzian fit, in particular

h
h

r1
. 4p ( )=

+

The total length of the NWs, h, has been determined from the
cross section view of the sample using optical microscopy as
shown in figure 5 (a) for a 50 μm thick AAO membrane and
by SEM, as shown in figure 5(b) for a 90 μm thick AAO
membrane. With this information and equation (4) it is then
possible to determine hp. Figure 5 (c) shows the comparison
between the variations of hp (filled circles) and h (empty
circles) as a function of h for a series of samples with
d = 35 nm. As observed, short NWs are mostly poly-
crystalline (h hp » ) until hp reaches a maximum value of
about 12 mm , above which the length of the single-crystalline
segment increases as h increases. Low enough NWs
(h 12 m m ) have a small amount of [110] grains which
give the low ME anisotropy contribution at lower resonance
fields, in agreement with the FMR spectra in figure 3(a).
Besides, as observed in figure 5(d), varying the diameter of
the NWs for long enough arrays has a little effect on the
length of the poly-crystalline stage. This figure shows an
increase of hp from 10.4 to 17.1 μm as d is increased from 18
to 100 nm (filled squares) for arrays of NWs with h in the
range 28−40 μm (empty squares). The large length of these
NWs insures that the obtained hp values correspond to the
maximum length of the poly-crystalline segment for each
diameter, as suggested by figure 5(c) which shows that hp
tends to a limiting as h increases. The value hp = 17.1 μm for

Figure 4. (a) Hysteresis loops recorded by applying the external field
in the direction parallel to the NWs for arrays with (a) diameter and
porosity equal to 18 nm and 10%; 35 nm and 12%; 100 nm and 15%
and (b) d = 35 nm and P = 12% but with different length values of
8 μm, 24 μm and 72 μm.
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the 100 nm diameter array with h = 28 μm means that r 1< ,
which explains why the main FMR absorption is located at
high resonance fields corresponding to the poly-crystalline
stage absorption (see figure 1 (a)). Our results are then
consistent with previous studies that already reported a two-
stage growth mechanism in Ni NWs that can be controlled via
the length of the NWs [31, 32]. As a consequence, h is a key
parameter that allows to induce appreciable changes in the
line-shape of the FMR absorption spectra for arrays of Ni
NWs for whatever its diameter. Indeed, Dellis et al, have
shown that even large diameter (d= 220 nm) and long
enough Ni NWs are single crystalline with preferential
orientation along the [110] direction parallel to the NWs
[31]. Furthermore overall changes in the crystalline structure
of the NWs are mediated by the variation of d [26–28], which
in turn influence the value of hp as observed in figure 5(d).

On the other hand, the analysis of the magnetic aniso-
tropy of arrays of Ni NWs is discussed in terms of the ME
energy which corresponds to an additional contribution that
reinforces the easy axis of magnetization lying along the axis
of the NWs. In the case of the FMR experiments each
absorption peak in the spectra is associated to one of the two
crystalline segments, where its corresponding resonance field
H i

r
[ ] is determined to a first approximation using the resonance

condition

f
H H H , 5i ir

r ms me ( )[ ] [ ]

g
= + +

where Hms is the MS field given by equation (2), i = p and
i = s stand respectively for the poly- and the single-crystalline
segment and H K M2i i

me me s
[ ] [ ]= is the uniaxial ME anisotropy

field parallel to the axis of the NWs, being K i
me
[ ] the ME energy

associated to segment i. It must be stressed that the orientation
of compressive or tensile stresses upon the NWs is unclear
and needs further investigations, which is out of the scope of
the present study. Therefore, the ME fields for each
crystalline segment are considered as average fields that
reinforce the easy anisotropy axis of the NWs. Equation (5)
includes Hms, which is the same for both single- and poly-
crystalline segments and since this field is known,
equation (2), it follows that the ME field H i

me
[ ] corresponds

to the resonance field shift H H H i
r r

0
r

[ ] [ ]d = - . As a con-
sequence the ME anisotropy energy is given by

K M H
1

2
. 6i

me s r ( )[ ] d=

Complementary information about the ME contribution
can be obtained from the uniaxial effective magnetic aniso-
tropy energy K A

eff
[ ] determined from magnetization curves.

This energy is defined as the difference between the magnetic
energies needed to saturate the sample from the demagnetized
state, measured along the hard and easy directions of mag-
netization. Specifically, if m⊥ and m are the normalized
initial magnetization curves measured perpendicular and
parallel to the axis of the NWs, then

K
M

m H m H
2

d d , 7A
H H

eff
s

0 0

s s

( )[ ]
∣∣

∣∣⎡
⎣⎢

⎤
⎦⎥ò ò= -^

^

where Hs⊥ and Hs are the saturation fields in the
corresponding applied field directions once m⊥ and m reach
the value 0.98. Figure 6 shows initial magnetization curves
recorded by applying the external field in the directions
parallel and perpendicular to the axis of an array of Ni NWs
with d = 35 nm and P = 12%. The integrals of equation (7)
for each direction of the applied field are represented by the
shaded areas beneath the curves. The value of K A

eff
[ ] allows to

obtain the ME energy K A
me
[ ] from AGM experiments, which

adds to the MS contribution K M H2ms s ms( )= , that is

K K K . 8A A
me eff ms ( )[ ] [ ]= -

Magnetization curve measurements do not distinguish
between the ME energy contributions of both crystalline
segments, but they are incorporated into the ME energy given
by equation (8). One may expect that, depending on the
values of the diameter and length of the NWs, K A

me
[ ] will be

determined mainly in terms of Kme
s[ ] or K p

me
[ ].

Figure 7(a) shows the ME energies Kme
s[ ] (circles), Kme

p[ ]

(squares) and K A
me
[ ] (filled triangles) as a function of the dia-

meter of the NWs, determined using equations (6) and (8). As
expected, Kme

s[ ] increases with reducing the diameter of the
NWs in agreement with the increase of the single crystalline
preferential growth at low diameters. Conversely, lower ME
energy values are obtained from the polycrystalline segment
of the NWs, where no clear dependence of Kme

p[ ] with d is
observed. The ME energy (K A

me
[ ]) obtained from initial

Figure 5. (a) Optical microscopy and (b) SEM micrographs of the
cross section of two different AAO porous membranes, showing the
length of the NWs and membrane thickness. Comparison between
the total NWs length h (open symbols) and the length of the poly-
crystalline segment, hp (filled symbols) as a function of: (c) the total
length for NWs of constant diameter (35 nm) and (d) the NWs
diameter. The dark and bright areas represent respectively the length
of the poly- and single-crystalline segments of the NWs.
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magnetization curves (filled triangles) decreases with
increasing d and takes values in the whole range of about
1.9–8.2× 105 erg cm−3. As seen in the figure, for low (large)
diameter NWs, K A

me
[ ] is very close to the characteristic values

of the ME energy Kme
s[ ] (Kme

p[ ]) determined from FMR experi-
ments. This behavior is consistent with longer (shorter) poly-
crystalline segments as the NWs diameter increases (decrea-
ses), as observed in figure 5(d). The ME anisotropy measured
from the hysteresis loops reflects the competition of these
contributions which is weighted by the length of each

segment. Moreover, the intensity of the XRD peaks in the
spectra shown in figures 2(a)–(c) are then mainly dominated
by variations of r, which can be controlled by either varying
the diameter or the length of the NWs.

Figure 7(b) shows the variation of K K,me
s

me
p[ ] [ ] and Kme

A[ ]

versus h in the range 8−72 μm, for arrays of 35 nm diameter
Ni NWs. As in figure 7(a), Kme

p[ ] does not significantly change
with h, which is in agreement with the results shown in
figure 5(c), that show that hp reaches a maximum value that
does not depend on the total length of the NWs. Conversely,
the strong variation of Kme

s[ ] with either d or h shows that it is
sensitive to volumetric variations, such that larger energies
are present in low size single-crystalline segments. Besides
the effective ME anisotropy, K A

me
[ ] lies between Kme

s[ ] and Kme
p[ ]

but it approaches to one of them whether the NWs are long or
short enough. Since Kme

A[ ] corresponds to an overall average
ME energy, then it must result from the addition of both
separate contributions, Kme

s[ ] and Kme
p[ ], weighted by their

corresponding length ratios r h hp p= and r h h 1s s= =
rp- . The ME energy written as a volume weighted average

reads

K r K r K1 , 9p
me p me p me

s( ) ( )[ ] [ ]= + -

whose variations with d or h (empty triangles), shown in
figures 7(a) and (b), fairly explain the behavior of K A

me
[ ].

Consequently, equations (8) and (9) provide two different but
equivalent methods for the determination of the overall
average ME energy in Ni NWs.

The previous results show that a significant enhancement
of the magnetic anisotropy is observed in either very long or
low diameter Ni NWs embedded in AAO membranes. This
unusual anisotropy enhancement is one order of magnitude
higher than the magnetocrystalline anisotropy of Ni and is the
result of an induced ME anisotropy contribution. As a con-
sequence, effective (MS+ME) anisotropy energies as large as
1.4 106´ erg cm−3 are obtained, so they are of the same
order of magnitude and comparable to the MS anisotropy
energy for arrays of Co NWs of about 4.3 106´ erg cm−3. It
must be stressed that this is the first time to our knowledge
that this large effect is reported, which we attribute to the fact
that most of the previous reports are focused on the study of
the magnetic properties of short Ni NWs, with lengths in the
range 6−12 μm [34–37]. Furthermore, our results are con-
sistent with a two stage growth where the length of the initial
poly-crystalline segment decreases by decreasing the diameter
of the NWs. Although the ME anisotropy of this segment is
not significantly sensitive to size variations, the corresponding
ME anisotropy of the single-crystalline segment does depends
on both its diameter and length. So very high ME anisotropy
values are obtained for NWs with very small single-crystal-
line segments which have very low lengths and low dia-
meters. Besides, although the overall average anisotropy of
the arrays corresponds to a weighted average of the ME
anisotropies of both crystalline segments, it takes very high
values for low diameter NWs with very short single-crystal-
line segments.

Figure 6. Initial magnetization curves recorded after AC demagne-
tization in the directions parallel (dashed line) and perpendicular
(continuous line) to the NWs for an array with d = 35 nm and
P = 12%. Shaded areas correspond to the integrals in equation (7).

Figure 7. Variation of K K,me
s

me
p[ ] [ ] and Kme

A[ ], obtained using
equations (6) and (8), as a function of (a) the diameter and (b) the
length of the NWs for arrays with d = 35 nm. The weighted average
FMR ME energy (Kme) determined using equation (9) is also
displayed. Dotted lines are guides for the eye.
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5. Conclusions

From AGM and FMR experiments we have shown the pre-
sence of a size-dependent ME anisotropy contribution, that is
induced at room temperature in arrays of Ni NWs embedded
into the pores of AAO membranes. Particularly, higher ME
effects are observed in low diameter and very long NWs,
leading to a ME anisotropy contribution that reinforces the
easy axis of magnetization and exceeds the magnetostatic
anisotropy of the NWs. Such an increase of the magnetic
anisotropy, yields zero field resonance frequencies of up to
four times the value due to the magnetostatic contribution and
closer to characteristic values recorded for poly-crystalline Co
NWs. Our results are consistent with a two stage crystal
structure, where a short poly-crystalline segment at the
beginning of the NWs growth is followed by a single-crys-
talline segment oriented along the [110] direction, parallel to
the NWs axis. From FMR measurements different ME con-
tributions are obtained for both crystalline segments, such that
the contribution for the single crystalline segment is higher
and size dependent. Measurements of initial magnetization
curves along with a simple mathematical expression for the
effective ME energy yield values that are consistent with an
overall average ME energy, which can be obtained as a
weighted average from the FMR ME contributions of the two
crystalline segments. Understanding particular properties of
nanocomposites like size and confinement effects on the
magnetic properties of their constituents is of prime interest
for the development of agile devices with tunable operation
parameters.
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