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Abstract

Nickel (Ni) and cobalt (Co) nanowire arrays (NWs) grown by electrodeposition in porous
nano-templates are studied by ferromagnetic resonance (FMR) technique at room temperature
(RT) by comparing the effects of template type (alumina and polycarbonate) and the
deposition substrate (i.c. metallic back contact). The line-width and resonance field of the
FMR spectra strongly depended on the orientation of the applied field direction. A model is
developed to analyze the spectra in order to extract the magnetic parameters such as g-values,
spin-spin relaxation times (77) and uniaxial anisotropy parameters. The experimental FMR
spectra and their resonance field values were fitted using the imaginary part of magnetic
susceptibility and a dispersion relation of magnetization, including the Bloch-Bloembergen
type damping term. The easy axes of magnetization for all Ni and Co NWs were found to be
perpendicular to the wire-axis. Surface spin modes have been observed only when pure Au
was used as substrate. A discussion will be provided to explain the observed differences in
terms of the anisotropic behaviour and magnetic parameters of the NWs for different

substrates and growth templates.
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1. Introduction

The magnetic NWs are now a popular class of magnetic nanostructures [1]. The NWs have
been receiving steadily increasing attention in various disciplines, including biology,
spintronics, biomedicine, chemistry and physics due to their various potential applications,
for example, thermoelectric nanowires, bio-sensors, computer hard disks, microwave
electronics devices, nano-transistors, nanorobots, photodetectors, solar cells, photonic band
gap materials, metallic screens, etc. [2-4]. Nickel NWs in particular are applied to new
technologies such as plasmonic resonance Sensors, negative permeability, optical sensing,
perpendicular magnetic storage media and wire-grid type micro polarizer, and to fabricate
single-nanowire based functional devices [5, 7-14]. These structures are also used as building
blocks in high-throughput screening, Jab-on-a-chip, trenches and capacitors in integrated
circuits [5]. Compared to bulk magnetic materials, magnetic NWs offer additional degrees of
freedom associated with their shape anisotropy and properties that are controllable, e.g. the
array packing density and wire diameter and length. On the other hand, as the dimensions of
materials decrease from bulk to the nano structure the surface effects come to play, emerging

in new and interesting properties [6].

Co and Ni NWs are usually deposited by electrodeposition [7, 15-28], tetra-ethylene glycol
reduction process [29] and sequential pulsed laser deposition [30]. Current—voltage
measurements [31], applied via the scanning tunnelling spectroscopy in constant height and
constant current mode [32-33], revealed superconducting properties of ferromagnetic Co NWs
[34]. The interaction force [35], nuclear spin-lattice relaxation [36], the effects of the solution
pH (on wire growth and properties) [37] and magnetic torque characterization [38] were also
reported for Co NWs [33, 39-40]. The origin of easy-axes of magnetization has been studied
for various magnetic NWs [16, 7, 41-44].

FMR experiments have been performed for some ferromagnetic NWs so far [45-51]. The
FMR technique has proved to be a very powerful technique [52-60] in providing information
on the magnetization, magnetic anisotropy and relaxation times, as well as the damping in
magnetization dynamics and the spin wave resonance (SWR) [61-66]. The substrate effects on
magnetic properties of electrodeposited magnetic NWs have also been reported. For example,

Co/Cu multilayer NWs fabricated into anodic aluminium oxide templates using Ag and Cu



substrates and direct—current (dc) electrodeposition were studied in Ref. 67. Template effects
for anisotropy of NWs are reviewed in Ref. 68. However, the effects of using different

substrate and template types on spin wave modes have not been studied to date.

In this article, we report on the effects of using different substrates and nano-templates on the
spin wave modes of Co and Ni NWs as observed at the RT. The magnetic properties of Co
and Ni NWs with the easy axis along perpendicular direction have been analyzed with respect
to varying packing factor (P) and aspect ratio (t) of the wires. The spin wave modes when
using single Au layer and Cu/Au bilayer substrates were investigated in detail in the frame of

theoretical calculations.

2. Experimental Procedures

Ni and Co NWs were prepared by de electrodeposition inside the pore channels of 45 pm
thick commercial (Whatman anodisc) alumina (AAO) and polycarbonate (PCTE) membrane
films having 200 nm (nominal) diameter pores . The deposition procedure followed the
method described in Refs, 69-71. Briefly, a conformal metal film was first coated on one side
of the membrane (to serve as the working electrode) using either a single layer of ~50 nm
sputter-deposited Au film or a thin Au film (<50 nm) followed by a supporting thick layer
(~1000 nm) of electrodeposited Cu film (Fig. 1, steps 1 and 2). It was noted that template
pores were not well sealed using the single Au film. With the Cu support the template surface
was uniformly covered and all the pores were sealed with some out-growth into the pores
observable (as illustrated in Fig. 1). In order to prevent the deposition of a magnetic thin film
on the back of the working electrode (i.e. the metal substrate), an insulating layer of nail
polish was applied onto this surface. The template was then mounted in an electrochemical
cell with the pore channels wetted with deionised water via ultrasonic agitation prior to NWs
deposition. The NWs were then electrodeposited (Fig. 1, step 3) in a conventional three-
electrode configuration applying -1.2 V was applied (vs. Ag/AgCl reference electrode)
between the sample and a Pt counter-electrode through an aqueous electrolyte, containing 100
g/L Ni or Co sulphate and 50 g/L boric acid (pH=3). The wire length was adjusted to 215 um
to obtain high aspect ratio NWs. To assess the template filling ratio and the microstructure
using this procedure, the template was removed either by chemical etching (for PCTE
samples) or mechanical polishing (for AAO samples). In the case of AAO templates the

unfilled portion of the template was carefully grinded until the wire tips were exposed which



was followed by ultrasonic cleaning. In all cases, extremely high filling rates (>90%) were

achieved. Figure 1 exhibits typical geometry of such specimens.

The FMR spectra of the thus prepared (embedded) Ni and Co NWs were collected by an X-
band (~9.8 GHz) Bruker EMX spectrometer at RT. A goniometer has been employed to rotate
the sample around the wire axis. Anisotropic spectra have been recorded at different angles of
excitation with respect to the film plane, in order to atest sample homogeneity (magnetic or

structural) and to deduce the magnetic parameters.
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Fig.1. (a) Schematic representation of magnetic nanowire deposition. (1) Au thin film sputter deposition on the
template, (2) Complete sealing of the pores by Cu electrodeposition, and (3) Co/Ni electrodeposition for the
bottom-up growth of ferromagnetic NWs inside the pore channels. (b) An AAO template (~200 nm pore
diameter) in two-dimensional arrangement, (¢) Cross-section Co NWs deposited inside PCTE pore channels. (d)
Cross-section Co NWs (Ni, inset) deposited inside AAO pore channels.

3. Theoretical Model

To extract the magnetic parameters and resonance fields the following theoretical model was
used. The experimental and theoretical coordinate systems for the de magnetic field H,

relative orientation of equilibrium magnetization M and the geometric factors of the

hexagonal arrangement of NWs were considered as depicted in Fig.2.



Fig. 2. (a) Schematic representation of the magnetic NWs and the relative orientation of the equilibrium
magnetization M and the dc component of the external magnetic field H considered for the FMR experiments
and their theoretical calculations. (b) Close-up view of a hexagonal nanowire array (dashed lines indicate the six
fold symmetry around the central wire). (¢) Geometrical parameters used in the calculation of the packing factor
P.

The free-energy density equation for homogeneously magnetized NW's films can be written as
E=-M-H+K,sin’0, (1)

where the first term corresponds to Zeeman energy, with the second term representing the

effective anisotropy energy [72-74]. Here, (0,4)and (6, ¢, ) arc angles in spherical
coordinates for A and H, respectively, while K, =7 M 2(1—3P)+ K, denotes the effective
uniaxial anisotropy constant. The first term in X, is due to the magnetostatic energy of
perpendicularly-arrayed NWs [75-76] and constant, K, takes into account some additional
second-order uniaxial anisotropy with the symmetry axis along wire direction [72]. The
packing factor is defined as P = (7: d? 23 rz) for a perfectly ordered hep nanowire array.

Consequently, it is expected that K,y decreases linearly with P and finally the preferred axis of
magnetization aligns in the transverse (i.e. perpendicular-to-wire-axis) direction for thicker

NWs having high P. The equilibrium values of the polar angle (6) for the magnetization

vector M were obtained from static equilibrium conditions:

E,=3E/86=0
(cos@sinﬁﬁ cos(¢—¢dy) 2)

. mKeﬁrsin29=0
—sin@cos by,




The resonance field values as a function of external field and magnetization angles were
extracted from the dispersion relation in Eq. (3), derived via the Landau-Lifshitz dynamical

equation of motion for magnetization with the Bloch-Bloembergen damping term [77-83],

@, 4 1Y (Hcos(@—@H)+qu00529) :
[7) —(?’sz) B X(HOOS(H—HHHHQYOOSZH) ' )

Here (a)o / y): gu,H is the Larmor frequency of the magnetization in the external dc

effective magnetic field and H,, =27 M (1-3P)+(2K,/M,), which is the effective

anisotropy field derived from the total magnetic anisotropy energy of NWs given in Eq. (1).

The values of total magnetization were obtained by fitting H,, to the experimental FMR data

collected at different angles (6,) of external field H. The experimental spectra are
proportional to the derivative of the absorbed power with respect to the applied field which is
also proportional to the imaginary part of the magnetic susceptibility. The theoretical

absorption curves can be obtained by using dy, JdH (see Refs. 84-89 for details) where;

X=x+tix,
4 = (20/y°T;) Q)
>~ ((@o/r) —(@/7)? )+ /1)

with 7, corresponding to the spin-spin relaxation time for the magnetization. This term
contributes to the FMR line-width on the maximum of the derivative of absorption. @ =} H
represents the Larmor frequency of the magnetization in the de applied field where y is a
constant referred to as the gyromagnetic ratio, ¥ = g(u,e/2m,), with the g—value for an
electron being g, =2,0023. The magnetic parameters were finally extracted by fitting the

experimental spectra and their resonance field using Egs. (3) and (4)



4. Results and Discussions

Fig. 3 shows the evolution of representative FMR spectra of Ni NWs in AAO and PCTE
templates with Cu and Au substrates for selected angles. Similar FMR spectra and data were
obtained for the Co NWs produced similarly (not shown). From these FMR spectra, the easy
axis for all samples appears to be perpendicular to the wire axis, i.e. aligned in the NWs film
plane. When the applied field is parallel to the wire axis, the spectra become asymmetric with
respect to the resonance field. The spectra apparently contain two peaks near the applied field
parallel to the wire axis region. While the main one corresponds to the bulk mode, the smaller
one can be attributed to a surface mode due to the large surface-to-volume ratio of the
individual NWs. Seemingly these modes unify into a single peak as the external field is
rotated towards the film plane (i.e. perpendicular to the wire axis). The surface spin wave
mode (SWM) is expected to originate from the surface anisotropy of individual wires. The
SWM of NWs grown on Au substrate is clearer to observe compared to those grown on the
Cu substrate. This SWM behaviour probable depends on the Au substrate according to the Cu

substrate. This SWM is narrow and asymmetric near the parallel to the wires.
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Fig. 3. Exemplary FMR spectra of two Ni NWAs given as function of the applied field direction. (a) Ni NWs ~
40 nm diameter in an commercial AAO template (Whatman Anodics) with Cu substrate (samplel, S 1). (b) Ni-
NWs (200 nm diameter) in a PCTE template with Au substrate (sampled, S4).

Fig. 4 gives the evolution of the experimental (full circles) and calculated (full lines)
resonance fields (H,), along with the experimental resonance linewidth (open circles), as

function of the applied field direction (6y) for different samples. The resonance field shows

strongly anisotropic behavior with respect to the applied field direction. The extracted



magnetic parameters for all samples are reported in Table 1. The Ni NWs samples (S1 and
S2), grown in AAO template using the Cu substrate, are observed to possess a single
resonance field. Other Ni samples, namely S3 with AAO template and S4 with PCTE
template, grown on the Au substrate, on the other hand, are observed have two resonance
fields near the parallel-to-wire axis position (i.e. &y~ 0). Further, it can also be seen (by
comparing S1 and S2) that H, increases with the wire length when the template and substrate
are the same. But, it can be seen from Figs. 4c and 4d that resonance field (H,) increases by
the PCTE template according to the AAO template. Here, wire length of NWs in PCTE
template is smaller than nanowire in AAO template. The Ni-NWs in PCTE template is highly
anisotropic compared to Ni-NWs in AAO template. From this result, highly anisotropic
properties of Ni-NWs strongly depend on the substrates and templates. This anisotropic
property originates from the interface between the Ni atoms and the Au substrate (Au atoms).

Tt is found that the N'Ws possess dominant Ni texture on Au substrate.
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Fig.4. Experimental (full circles) and calculated (full red lines) resonance field and resonance linewidth (open

circles) for Ni NWs of (a, b) the same substrate (Cw/Au) and template (AAO) and (e, d) different templates
(AAO vs. PCTE) but the same substrate (Au).

Fig. 5 (a) shows the FMR spectra of two Co-NWs S5 grown in AAO template and S6 grown

in PCTE template using the Cu substrate for parallel and perpendicular directions. The spectra



for the Co-NWs in AAQ template were in general much broader and highly asymmetric (with
respect to the resonance field) compared to the Co-NWs in PCTE template. The broadening of
the Co-FMR spectra for NWs can be related to the magnetostatic interaction fields [69].
Details of the Co-NWs in the AAO template were given in Ref. 69. Consequently, near-
neighboring Co wires in the AAO template are expected to be magnetized in antiparallel to
the each other. Additionally, resonance behavior of the SWM may be observed in a multi-
domain NWs [90]. The evolution of H, (8y) for Co-NWs (S5) in AAO template and Co-NWs
(S6) in PCTE templates are given in Fig. 5 (b). Moving from perpendicular to the parallel
direction H, increases for both samples. The H, (8y) curve appears to be much broader and
anisotropic for the Co-NWs in AAO template (S5). A good agreement exists between the

experimental and theoretical angular dependence of resonance field of Co-NWs.
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Fig.5. (a) Experimental and theoretical FMR spectra at parallel and perpendicular directions (with respect to the
wire axis), and (b) angular dependence of the experimental (full green circle for Co-NWs in AAO template and
full blue circle for Co-NWs in PCTE template) and theoretical (full red lines) resonance field as function of the
applied field direction for Co-NWs in AAO and PCTE templates on the Cu substrate,



The calculated magnetic parameters of Ni and Co NWs are listed in Table 1. The uniaxial
anisotropy parameters, Larmor frequency, g-values and spin-spin relaxation times for the
magnetization were obtained by using the Egs. (1), (3) and (4). The minimum and maximum
uniaxial anisotropy values of 0.056x10° (erg/cm®) and 0.147x10° (erg/cm3) correspond to S1
and S4 for Ni-NWs, respectively. The uniaxial anisotropy value of S3 is 0.147x10° (erg/em?).
This values nearly the same as S4. From this result, the pure Au substrate is effective for
anisotropy for NWs. The maximum uniaxial anisotropy value for Co-NWs is 0.104x10°
(erg/em®). At this point, template effect is important for anisotropy and other parameters. The
Au substrate according to the Cu substrate has been widely assessing the anisotropy and

Larmor frequency effects on Ni NWs,

Table 1. Calculated magnetic parameters for Ni and Co-NWs investigated in this work (diameter of
samples is ~ 200 nm).

.7

Sa;n;ale Sﬁ::gle (pl[‘n) Substrate | Template (erg/c-nlfg)xlﬂﬁ Cg(/; ;/ vagl-ue Tzzsl)[l
Si Ni 15 Cu AAO 0.056 2750 1 332 | 3+0.5
S2 Ni 30 Cu AAO 0.131 73050 | 3.003 | 405
S3 Ni 45 Au AAO 0.139 173200 | 2.860 | 4£0.5
sS4 Ni 20 Au PCTE 0.147 3080 | 2.964 | 4+0.5
S5 Co 20 Cu AAO 0.104 73150 [ 2.905 | 1x0.5
S6 Co 12 Cu PCTE 0.040 | 2850 | 3211 | 10.5

The effective g-values of all samples is calculated from the scope of curve and found as g =
3.32, 3.003, 2.860, 2.964, 2.905, and 3.211 for S1, S2, 83, S4, S5, and S6, respectively. The
g-factor is directly related to the ratio of the orbital and spin moment. In consideration of the
spin-orbit interaction in magnetic NWs, part of the orbital moment can be pulled in the spin
direction. If this interaction prefers the otbit and spin to be parallel to each other, the total
magnetic moment will only be bigger than part of the spinel side and so g-factor will be
bigger than free electron g-value 2.0023, Ni metallic g-value 2.18 and Co metallic g-value
2.17.

5. Conclusion

In this paper, Ni and Co NWs grown in commercial (Whatman anodisc) alumina (AAO) and
polycarbonate membrane (PCTE) templates using gold (Au) and copper (Cu) substrates have

been investigated for their magnetic properties via the ferromagnetic resonance (FMR)
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technique. The FMR spectra, their resonance field and linewidth values to analyze the data
collected were studied in the out-of-plane orientation (i.e. field parallel to NWs axis) in detail.
There is no in-plane anisotropic behavior for FMR spectra at RT. The experimental FMR
spectra, angular dependence of FMR resonance field, and their theoretical calculations are in a
good agreement as well. The main resonance modes were broad according to the asymmetric
SWM. The SWM were clearly observed in some cases and discussed relation to wire shape
anisotropy for Ni and Co NWs. It is shown that SWM for Ni-NWs grown on pure Au
substrate clearly appear in contrast to those grown on Cu bilayer substrate near the parallel-to-
the-wire-axis condition. Furthermore, the SWM were generally observed only at low
temperatures in literature. This work, however, appears to the first study in literature which
reported SWM from magnetic NWs at the RT. The SWM for Ni-NWs in PCTE templates
were observed in the high field region compared to those in AAO templates. The SWM is
strongly dependent on substrate at RT. In other words, substrate for the SWM is effective than
template on NWs.

Overall, the NWs indicated that an easy axis of magnetization that is perpendicular to the wire
axis. This behavior originates from a competition between the shape anisotropy and
dipolar/magnetostatic interactions. The wire diameter and shape dependence of the FMR
spectra and SWM for Co-NWs produced in AAO templates show remarkable but complex
distributions which deserve further study. The magnetic anisotropy and their relative
importance are expected to the increase with Au substrate. In this work, our result is

compatible with the result of Min et al. [91].

The effective g-values for all samples are bigger than the free electron g-value (2.0023). The
g-values are directly related to the ratio of the spin and orbital moment. In consideration of the
spin-orbit interaction, part of the orbital moment may be pulled in the spin orientation in
magnetic nanowire arrays. If the spin-orbit interaction prefers the spin and orbit to be parallel
to each other, the total magnetic moment of the magnetic nanowire arrays will only bigger
than part of the spinel side and so g-values for all samples will be bigger than free electron g-

value.
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