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Interconnected or crossed magnetic nanowire networks have been fabricated by electrodeposition into a polycarbonate template
with crossed cylindrical nanopores oriented £ 30° with respect to the surface normal. Tailor-made nanoporous polymer mem-
branes have been designed by performing a double energetic heavy ion irradiation with fixed incidence angles. The Ni and
Ni/NiFe nanowire networks have been characterized by magnetometry as well as ferromagnetic resonance and compared with
parallel nanowire arrays of the same diameter and density. The most interesting feature of these nanostructured materials is a
significant reduction of the magnetic anisotropy when the external field is applied perpendicular and parallel to the plane of the
sample. This effect is attributed to the relative orientation of the nanowire axes with the applied field. Moreover, the microwave
transmission spectra of these nanowire networks display an asymmetric linewidth broadening, which may be interesting for the
development of low-pass filters. Nanoporous templates made of well-defined nanochannel network constitute an interesting
approach to fabricate materials with controlled anisotropy and microwave absorption properties that can be easily modified by

adjusting the relative orientation of the nanochannels, pore sizes and material composition along the length of the nanowire.

1 Introduction

Over the last two decades, arrays magnetic nanowires (NWs)
electrodeposited into nanoporous templates have received sig-
nificant attention since they have many potential applications
in magnetic and spintronic devices, sensors, ! data storage,2
microwave absorption,? magnetic-ferroelectric nanocompos-
ites, resistive switching memories>® and magneto-optical
properties.” A central problem regarding these NWs is to ac-
curately control their magnetic properties in order to fine-tune
their response to applied magnetic fields.

In a parallel nanowire array (PNWA) made of a single mate-
rial, the magnetic properties can be changed varying different
material parameters such as the NW diameter and height, the
wire density, and the type of material. Furthermore, tuning of
their magnetic properties can be done by adjusting electrode-
position conditions, such as bath temperature,® deposition po-
tential, > electrolyte composition and pH value. 2

There are several strategies to modify the NW arrays in
order to produce materials that differ from the parallel array
of homogeneous nanowires. One is done by modifying the
composition of the NWs or by considering nanowires with
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axial/radial heterostructures. Examples include multilayered
NWs, 1314 core/shell nanowires, 1517 bi-magnetic or bi-layer
NWs such as growing two distinct materials or two different
magnetic phases of the same material as reported recently for
Co 820 and Ni NWs, !0 or even by using an alloy gradient
along the growth direction.?! A second strategy is to modify
or condition how the deposition process takes place, for in-
stance by using lithography to produce well defined areas of
arbitrary shape with nanowires.?? Another variation is to mask
the template surface in successive stages to produce stair-like
height profile NWs?23 or to use dip coating to produce NW ar-
rays with a continuous height gradient profiles.>* In all these
cases, the NWs are both cylindrical and parallel; furthermore,
these methods are independent of the targeted choice of the
template since they can be implemented in nano porous anodic
aluminium oxide (AAO) or track-etched polymer membranes.

Another option is based on the modification of the template
itself to produce filamentary nanostructures with arbitrary as-
pect ratios and geometries that differ from the parallel cylin-
drical NW array. This has been recently exploited in AAO
templates to produce diameter modulated NWs>=3! which
have led to materials with specific magnetic properties that
differ from those in PNWAs.

The production of nanoporous particle track-etched poly-
carbonate (PC) membranes is based on a well-established
technology operating at large scales to produce nanofiltration
membranes. In this process, a thin polycarbonate film is irradi-
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ated with energetic heavy ions that produce ion tracks within
the polymer, followed by selective ion-track dissolution and
formation of channels by chemical etching.3>3* An interest-
ing option to produce large area cylindrical nanowire arrays
by electrodeposition that deviate from the usual PNWA, is to
change the pore orientation with respect to the surface normal
or, as shown recently by Rauber, et al.,3* to perform sequential
exposures of energetic heavy ions at different incidence angles
to produce well-defined arrays of three dimensional intercon-
nected cylindrical nanopores. In this manner, using two expo-
sures will lead to crossed NW networks with bipod features,
while three exposures will produce tripod type NW networks,
etc.

In the present study we have prepared PC templates using a
double energetic ion exposure to fabricate three-dimensional
arrays of interconnected NWs made of Ni and Ni/NiFe that
are compared with parallel NW arrays. The crossed nanowire
array (CNWA) is shown to be self-standing after removal of
the polycarbonate template. Their hysteresis loops measured
by applying the external field in the out of plane (OOP) and
in plane (IP) directions show a significant decrease of the
magnetic anisotropy, which is interpreted in terms of the rela-
tive orientation of the NWs in the network. These results are
further confirmed by the analysis of ferromagnetic resonance
(FMR) measurements. Moreover, these NW networks exhibit
an asymmetric broadening of the FMR line width, which is
interesting for wide band microwave absorbing materials, in
particular, low-pass filters. Finally, this approach provides a
method to control the magnetic properties of the material by
simply changing the energetic heavy ion beam incidence angle
to set the relative orientation of the grown NWs.

2 Experimental

The crossed nanoporous templates have been prepared by per-
forming a sequential two-step exposure of energetic heavy
ions, done at a 30° and -30° angle with respect to the nor-
mal of the PC membrane surface. The latent tracks generated
by the heavy ions were chemically etched in a 0.5 M NaOH
aqueous solution at 70°C to form nano pores, following pre-
viously reported protocol.3? For the present study, the pore di-
ameter is 230 nm and the membrane surface porosity is 20%,
a scaning electron microscope (SEM) micrograph of the
resulting membrane surface is shown in Figure 1 (a). Addi-
tionally, a parallel pore template with the same pore diameter
and porosity has been used. As reported previously,>? this
method yields nanopores with a diameter dispersion of +
5%. From these values, the average interpore distance on
the surface of the membranes is calculated by averaging
the interpore distances for a two dimensional hexagonal
and square lattices, leading to an average distance of 473
nm. In the parallel pore template this distance is constant,

while in the crossed nanopore template one cannot define
an average interpore distance. However, there is an in-
crease in the length of the pores related to their orientation
that increases the volumetric porosity to 23%.

Ni NWs have been grown by electrodeposition into the
pores of regular (parallel) as well as crossed pore PC templates
using a 262.84 g/l NiSO, + 30 g/l H;BOj; electrolyte, having
a pH=3.4, with a constant potential of V = -1.1 V. Parallel
and crossed bi-magnetic nanowires have also been prepared
so that nominally 3/4 of the total wire length is made of Ni
and the remaining 1/4 corresponds to a NiFe alloy which was
deposited at a constant potential of V=-1.05 V using a 5.56
g/l FeSO, + 131.4 g/l NiSO, + 30 g/l H;BO; electrolyte with
a pH of 3.0. Prior to deposition, a 20 nm Cr / 1000 nm Au
layer was evaporated on one side of the membranes to serve
as a cathode. All depositions where done at room tempera-
ture and the deposition times where between 800 and 1000
S.

Characterization of the samples was done using scanning
electron microscopy, alternating gradient magnetometry with
a maximum applied field of +12 kQOe and ferromagnetic res-
onance. For the FMR measurements a microstrip line wave-
guide configuration has been used.? The 500 um wide and
500 nm thick micro strip has been evaporated on the free sur-
face of the PC membrane once the electrodeposition had been
done. FMR measurements were performed at a constant fre-
quency in the range of 100 MHz to 50 GHz, by sweeping the
magnetic field applied in the OOP direction from 10 kOe
down to zero field. All measurements in this study were done
at room temperature.

3 Results and discussion

Figure 1 (b)-(d) shows SEM micrographs of the self-
standing crossed Ni networks at different magnifications,
while (e) shows the sample section used to perform the X-
ray compositional analysis and (d) shows the correspond-
ing compositional color scan image of the Ni/NiFe NWs.
The PC membrane was dissolved using dichloromethane.
As observed in the images, the continuous NWs fill the empty
volumes of the membrane and produce a true replica of pores
geometry. The NWs show homogeneous unions at the ver-
tices, which form a 60° and 120° angles along the OOP and
the IP direction, respectively. Finally, from the X-ray compo-
sitional image shown in Figure 1 (d) the different materials in
the system can be identified: the Au from the electrode seen
in purple, Ni in yellow and the NiFe alloy in green, which
confirms the bi-magnetic nature of the nanowires. The verti-
cal scale shows that the length of the Ni and NiFe segments
have a relation close to 3/4 and 1/4, taking into account that
the image is tilted.

Hysteresis loops have been measured in both parallel and
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Fig. 1 SEM micrographs of (a) the surface of the double
exposed polycarbonate porous membrane, (b)-(d) Ni-CNWA at
different magnifications, (e) shows a side view of the section of
the CNWA used to perform the X-ray compositional color scan
image of the bi-magnetic Ni/NiFe CNWA, which is shown in (f)
and where it is possible to distinguish the gold electrode
(purple), the Ni (yellow) and the NiFe (green) segments. The
dashed line is just for reference and gives the upper part of the
nanowire network (tilted view).

crossed arrays of Ni and Ni/NiFe NWs with the field applied in
the OOP and IP directions. Figure 2 shows the hysteresis loops
measured in both directions for the case of (a) parallel Ni, (b)
crossed Ni NWs, (c) parallel Ni/NiFe, and (d) crossed Ni/NiFe
NWs. Additionally, Table 1 shows the values of the coercive
field measured in both samples for each applied field direction.
As expected, for parallel NWs, Fig. 2 (a) and (c) the hysteresis
loops evidence the magnetic shape anisotropy characteristic of
PNWAs, with an easy axis along the wire axis (OOP). The low
remanence and coercivity observed in the OOP direction are
related to the presence of magnetic domains, typical for such
wire diameter and the demagnetizing effect of the interwire
dipolar interaction. In contrast, for the CNWAs, Fig. 2 (b) and
(d), a very significant reduction of the anisotropy is observed
in both Ni and Ni/NiFe NWs.

As seen in the hysteresis loops of the crossed NWs, in the
OOP direction the hysteresis loop stretches to higher field val-
ues while the opposite is observed in the IP direction. From

(=

Normalized Magnetization
|

-5
Magnetic Field (kOe)

Fig. 2 Hysteresis loops measured with the external field applied out
of the plane (OOP) and in the plane (IP) of the PC membrane in
arrays of (a) parallel Ni, (b) crossed Ni NWs, (c) parallel Ni/NiFe,
and (d) crossed Ni/NiFe NWs.

the values of the coercive field shown in Table 1, there is a
clear increase of this field for CNWA in the IP direction with
respect to the PNWAs. In the Ni CNWA the magnetization in-
creases much faster in the IP than in the QOP direction. How-
ever, the system reaches the saturated state at lower field val-
ues in the OOP direction. A similar behavior is found in the
Ni/NiFe CNWA shown in Fig. 2 (d).

Table 1 Values of the coercive field in parallel and crossed arrays of
Ni and Ni/Fe NWs measured in the OOP and IP directions

Coercive field/(Oe) OOP 1P
Ni-PNWA 144 65
Ni-CNWA 173 243
Ni/NiFe-PNWA 103 60
Ni/NiFe-CNWA 130 134

Comparing the results obtained in pure Ni and the bi-
magnetic Ni/NiFe NWs,; it is clear that the addition of a small
quantity of the softer NiFe alloy results in changes of the mag-
netic properties. For example, a slight reduction of the coer-
cive field in the PNWASs in the OOP direction is observed,
H.(Ni)=144 Oec and H.(Ni/NiFe)=103 Oe. In the CNWAs
similar changes are observed, in both OOP and IP directions,
the coercive field is lower in the bi-magnetic NWs, as seen
from the data in Table 1.

To interpret the effect of applying the external field in the
OOP and IP directions in the CNWA, it follows from symme-
try considerations that for the selected directions the field is
actually applied with a certain angle with respect to the NWs
axes. In particular, in the OOP configuration the NWs axes
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are oriented at an effective angle that is equal to the angle
at which the polycarbonate film was irradiated, in this case,
+30°. While in the IP configuration the effective angle cor-
responds to the £90° complement, in this case, £60°. These
conditions will always be fulfilled when the high-energy ions
incidence angle is the same in both exposures. In particular, if
0 is the angle between the wire axis and the applied external
field and ¢ is the incidence angle of the energetic heavy ions,
then the following relations hold for the OOP and IP configu-
rations,

Boor = ¢
T
O = i ¢

ey
©))

As mentioned before, the changes in the hysteresis loops as
well as in the magnetic anisotropy are related to the effective
orientation of the NWs with respect to the external field when
this is applied in the OOP or the IP directions. For both NiFe
and Ni having a diameter of 230 nm it is reasonable to ne-
glect any magnetocrystalline anisotropy contributions. In this
sense, the observed reduction of the magnetic anisotropy is
only related to the shape anisotropy and the dipolar interac-
tion. Regarding the shape anisotropy, this will be reduced be-
cause the observed demagnetizing fields in the OOP and IP
directions are both at intermediate angles with respect to the
parallel and perpendicular directions of the wire axis. Com-
paring with the hysteresis loops measured on parallel NWs, in
the OOP configuration the saturation field in crossed NWs are
shifted to higher fields, while in the IP configuration they are
shifted to lower field values, which suggests an increase (de-
crease) of the demagnetizing field in the OOP (IP) direction.

The other contributions to the effective anisotropy are the
exchange coupling arising at the junctions of the crossed
nanowires and the magnetostatic dipolar coupling that arises
from the surface charge distributions generated when the NWs
orient their magnetization in the direction of the applied field.
The exchange interaction at the junctions is not expected
to result in a major effect since for both OOP and IP di-
rections the magnetization is aligned with the applied field,
provided that this field is strong enough, favoring the junc-
tion related exchange interaction, while at lower field val-
ues these junctions are more likely to act as preferential
magnetic domain nucleation sites than to evolve towards
less energetically favorable configurations. Whereas for
the magnetostatic dipolar coupling, the surface charge dis-
tribution obtained in CNWAs is very different and more com-
plex that the one found in parallel NWs where this interaction
is purely antiferromagnetic in the OOP direction or purely fer-
romagnetic when the field is applied in the IP direction. The
effects of this interaction field cannot be assessed from the
hysteresis loops, and other measurements are required.

In this sense, FMR measurements have been done on both

parallel and crossed Ni and Ni/NiFe NWs with the external
field applied in the OOP direction. FMR is a very powerful
technique as it allows extracting precise values of the effective
field from measurements done when the system is in the satu-
rated state. Figure 3 compares the FMR spectra measured on
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Fig. 3 Comparison of the FMR spectra measured on PNWA and
CNWA at 21 GHz for (a) Ni, and (b) Ni/NiFe NWs.

PNWA and CNWA at 21 GHz for (a) Ni, and (b) Ni/NiFe. As
seen in Fig. 3 (a) for the case of Ni NWs, the PNWA shows a
typical FMR peak, whose minimum corresponds to the reso-
nance field, while for the CNWA the minimum is shifted to a
higher field value. Moreover, as observed by comparing both
spectra, the FMR line width is significantly increased in the
CNWA. In the case of the Ni/NiFe PNWA, Figure 3 (b), a
more complex FMR line-shape is observed, in particular two
absorption peaks are clearly visible that reflect the bi-magnetic
composition of these NWs. The high field peak corresponds to
the Ni segment in the NWs, which is larger than the NiFe seg-
ment and thus has greater amplitude FMR peak, and by com-
parison to the resonance field of the Ni PNWA shown in Fig.
3 (a). The lower field peak corresponds to the NiFe contri-
bution since its smaller amplitude is consistent with a shorter
segment length.

In contrast, for the Ni/NiFe CNWA a single, and large line
width, FMR peak is observed; whose resonance field is very
close to the Ni CNWA. The fact that a single peak is observed
in the Ni/NiFe CNWA is attributed to the shift of the two peaks
towards higher field values, and the presence of the NiFe seg-
ment results in a small contribution on the low field side of the
peak which shifts the resulting resonance field to a value that
is slightly lower than the peak of the pure Ni CNWA [Fig. 3

(a)].
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By comparing the spectra measured on both CNWA it is
seen that the FMR line width broadening is asymmetric with
respect to the resonance field and the extra broadening of the
resonance line takes place on the high field side. This fea-
ture, not observed in PNWAs, is potentially interesting for the
application of these materials as low-pass microwave filters.

In order to obtain material parameters the FMR resonance
condition for a purely magnetostatic array of parallel NWs has
to be considered. This expression has been previously ob-
tained using the Smit and Beljers formalism, 333

{/ = {(HEfCOSZGO + Hges cos(6) — 6p)) ¥

1/2
(H  cos® 0y + Hpes cos(6 — 6y1)) }

3)
where f is the excitation frequency, 7 is the gyromagnetic ratio
(3.09 GHz/kOe for Ni and 3.00 GHz/kOe for NiFe alloys>7),
HE is the effective field, which contains the shape anisotropy
and dipolar interaction contributions and Hp,; is the resonance
field. 6 is the angle of the saturated magnetization and Oy
is the angle of the applied field, both angles measured with
respect to the easy axis that is taken as the surface normal.

For parallel NWs in the saturated state, 6 = 6y = 0 and
Eq. (3) reduces to the well know expression for PNWAs in the
OOP configuration,

§ — Hp s+ Hies @

For the crossed NWs with the field applied in the OOP direc-
tion, it is assumed that they correspond to an array of NWs
oriented at a 30° angle, in this case 8y = 0y = 7/6 and from
Eq. (3) the resonance condition in the saturated state reduces

to,
f 1 3
p = \/<2HEf+HRes> X <4HEf+HRes) (5)

For all the samples the dispersion relation has been con-
structed by measuring the resonance field from the spectra
recorded at each different excitation frequency. Figure 4(a)
shows the measured dispersion relation in the OOP direction
for both Ni PNWA and CNWA. For PNWA Eq. (4) has been
used to fit the data and an effective field of 1.2 kOe has been
found. This value is in agreement with the theoretical value
of 1.22 kOe for a Ni (M,=485 emu/cm®) PNWA with P=20%,
which is calculated using Hg s = 2tM,(1 — 3P).% This result
further supports that the magnetocrystalline anisotropy is
indeed negligible and that the value of the average inter-
pore distance of 473 nm in this PNWA is correct. For com-
parison, the effective field for a low-density (P=0) array of Ni
PNWAs is 3.05 kOe. For the CNWA, the corresponding dis-
persion relation is shifted downwards. As mentioned before,

(9%}
W
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— N W
W (=] wn (=)

—
(=]

sop ®

—_ N3 [N
D (=] wn
T

Frequency (GHz)
S

Magnetic Field (kOe)

Fig. 4 Comparison of the dispersion relations measured in parallel
and crossed arrays of (a) Ni, and (b) Ni/NiFe NWs. The dashed
lines correspond to the fits to Eq. (4) for PNWAs and to Eq. (5) in
the case of CNWAs. The continuous line corresponds to the
dispersion relation calculated using Eq. (5) using the effective field
of Ni PNWAs. It is noted that NiFe (Ni) PNWA corresponds to the
low (high) field FMR peak shown in Fig.3 (b).

this decrease has been interpreted as a result of the average ori-
entation of the crossed NWs when the external field is applied
in the OOP direction. In this sense, the dispersion relation of
the CNWA has been fitted using the expression for a PNWA
when subject to a 30° applied field, Eq. (5). The correspond-
ing fit is shown as a dashed line in Fig. 4 (a), from which an
effective field of 0.9 kOe is found. This effective field is very
close to the one found for the PNWA, which further supports
the idea that CNWA behave as PNWA whose orientation cor-
respond to the angle of the nanopores in the template. The
small difference between the effective field values found in
parallel and crossed NWs is attributed to the changes in the
dipolar interaction field that, as mentioned before, is expected
to be different in CNWA. To corroborate this, the dispersion
relation given by Eq. (5) has been numerically calculated us-
ing the value of the effective field of 1.2 kOe determined previ-
ously for PNWA, the corresponding curve is shown as a con-
tinuous line. By comparing these dispersion relations, it is
observed that the one for the CNWA falls below the one ex-
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pected for PNWA, which suggests that the contribution of the
exchange and dipolar interactions is stronger in CNWA.

The dispersion relations for the bi-magnetic Ni/NiFe
PNWA and CNWA are presented in figure 4(b). As shown
previously, Fig. 3 (b), the PNWA shows two distinct FMR
peaks that have been attributed to the Ni and NiFe segments
in the NWs, and the dispersion relation for each segment has
been determined, as indicated in the figure. Equation (4) has
been used to determine the effective field for Ni and NiFe. For
the Ni segment, an effective field of 1.2 kOe is found, which is
the same value found for the pure Ni PNWA (the difference is
less than 50 Oe), while for the NiFe segment the effective field
is 4.4 kOe, due to the higher saturation magnetization value of
this alloy. For the Ni/NiFe CNWA where only one FMR peak
is observed, Fig. 3 (b), the dispersion relation is shown along
with the fit to Eq. (5) (dashed line) where an effective field of
1.34 kOe is found. This effective field is slightly larger than
the one found in the Ni CNWA (1.2 kOe), which, as men-
tioned above, results from the small NiFe segment present in
these wires.

Finally, the dispersion relation for a Ni PNWA subject to
a 30° applied field has been calculated using Eq. (5) and the
value of 1.2 kOe for the effective field previously determined
for both the pure Ni and the Ni segment of the Ni/NiFe in
PNWA, which is shown as a continuous line. A good agree-
ment is observed between this result and those measured on
the Ni/NiFe CNWA and similarly to the pure Ni case, the ex-
perimental points are shifted to lower values, which as men-
tioned above, it is attributed to the different dipolar interaction
field values between parallel and crossed NW arrays. These
results further support that the magnetic properties of these
CNWAs are mostly determined by the orientation of the NWs
with respect to the template’s surface normal.

4 Conclusions

In summary, three-dimensional crossed nanowire networks
display magnetic properties that differ significantly from the
usual array of parallel-aligned NWs. The magnetic and mi-
crowave absorption properties of these ferromagnetic NW net-
works are found to be strongly dependent on the relative ori-
entation of the NWs inside the polymer membrane. This ori-
entation can be changed over a large range of values during
the template fabrication so that it is possible to produce net-
work NW arrays having different orientations. In this sense,
the present results provide a promising venue for the fab-
rication of NW/polymer composites with tailored magnetic
anisotropy and demagnetizing fields based on existing fabri-
cation processes and employed for large-scale production of
porous membranes.
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