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Abstract

Effect of Co—Ni alloy composition on the current perpendicular-to-plane giant magnetoresistance
(CPP-GMR) response of electrochemically synthesized Co—Ni/Cu multilayered nanocylinders was
studied using anodized aluminum oxide membranes (AAOM) with nanochannel diameter D ~67 nm
and length L ~70 pym. Co—Ni/Cu multilayered nanocylinders, which have an aspect ratio L/D of
~1,045, were fabricated in the AAOM nanochannel templates by utilizing a pulse-current
electrochemical growth process in an electrolytic bath with Co**, Ni** and Cu®" ions. Co—Ni/Cu
alternating structure with Cog,Ni;¢ alloy layer-thickness of 9.6 nm and Cu layer-thickness of 3.8 nm
was clearly observed in a nanocylinder with a diameter of 63 nm. The alternating structure was
composed from crystalline layers with preferential orientations in hcp-CoNi (002) and fce-Cu (111).
The Co—Ni/Cu multilayered nanocylinders were easily magnetized in the long axis direction because
of the extremely large aspect ratio L/D. In Cogy4Ni;¢/Cu multilayered nanocylinders, the coercivity
and squareness were ~0.46 kOe and ~0.5, respectively. The CPP-GMR value was achieved up to
22.5% (at room temperature) in Cog4Ni;/Cu multilayered nanocylinders.

1. Introduction

Data storage capacity in a hard disk drive (HDD) should be improved year by year because a cloud computing
system has been prevailing all over the world [1]. Therefore, a highly sensitive magnetic field sensor is required
for a HDD system with an enormous data storage capacity. Spintronics devices can be used for a magnetic field
sensor which is used as a magnetic read-out head in a HDD system. Fert et al and Griinberg et al independently
discovered the giant magnetoresistance (GMR) phenomenon during the electric current passes through the in-
plane (CIP) direction of Fe/Cr multilayered thin films [2, 3]. After the innovation of CIP-GMR, Piraux et al and
Blondel ef al independently discovered that Co/Cu multilayered nanocylinders with GMR response during the
electric current pass through the perpendicular-to-plane (CPP) direction can be fabricated by utilizing an ion-
track etched polycarbonate membrane filter [4, 5] that does not need an ultra-high vacuum circumstance [6].
The aspect ratio in the normal direction to the layer’s interfaces of a multilayered nanocylinder is quite larger
than that of a multilayered thin film. Therefore, the resistance of a multilayered nanocylinder is very larger than
that of a multilayered thin film if the applied current direction is perpendicular to the interfaces. This resistance
enhancement results in the improvement for signal-to-noise (S/N) performance during detecting the CPP-
GMR effect. Following the invention concerning the electrodeposited multilayered nanocylinders, several
researchers have been studying the CPP-GMR effect by synthesizing the multilayered nanocylinders (Co/Cu,
FeCoNi/Cu, etc) which were electrodeposited into a nanochannel template [7—11].

Usually, when the two kinds of metals such as Co and Cu are contacted, a galvanic cell will be formed due to
the gap between the standard electrode potential of Co and Cu. This galvanic cell formation will enhance the
electrochemical corrosion in the less-noble Co layer. Among ferromagnetic iron-group metals such as Fe, Co

© 2022 The Author(s). Published by IOP Publishing Ltd
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and Ni, metallic Ni exhibits the best corrosion resistance performance such as Ni-based superalloys [12]. Hence,
Ni addition to the Co layer will be quite effective in the corrosion resistance. Evans et al discovered that CPP-
GMR effect of Co—Ni/Cu multilayered nanocylinders, which were synthesized into commercially available
anodized aluminum oxide membranes (AAOM), strongly depended on the Cu layer thickness [13]. They
reported that the CPP-GMR was achieved up to ~ 55% at room temperature in the multilayered nanocylinders
with Co-Ni layer thickness of 5.4 nm and the Cu layer thickness of 2.1 nm. Tang et al also found that CPP-GMR
effect of Co-Ni/Cu multilayered nanocylinders, that were electrodeposited into commercially available AAOM,
was affected by each layer thickness [14]. According to their report, the CPP-GMR was achieved up to ~ 23% in
the multilayered nanocylinders with the Co—Nilayer thickness of 10.2 nm and the Cu layer thickness of 4.2 nm.
Moreover, Davis et al also revealed that Co—Ni—Fe/Cu multilayered nanocylinders were able to be
electrodeposited into commercially available AAOM. They found that CPP-GMR performance was achieved up
t0 20% at room temperature in the multilayered nanocylinders with the Co—Ni-Fe layer thickness of 5.6 nm and
the Cu layer thickness of4.2 nm [15].

In their previous study concerning Co—Ni/Cu multilayered nanocylinders, the layer-thickness dependence
on the CPP-GMR property has been investigated in detail. On the contrary, effect of Co—Ni alloy layer’s
composition on the CPP-GMR performance has not been revealed so far. It is predicted that the interface
morphology in the multilayered structure strongly depends on the corrosion resistance performance of the
electrochemically less-noble ferromagnetic layers during the pulsed current electrodeposition. Hence, it can be
assumed that the Co—Ni alloy layer’s composition will be affective to the quality of layers interfaces and CPP-
GMR effect in the multilayered nanocylinders. Furthermore, Co—Ni/Cu multilayered nanocylinders with an
ultra-large aspect ratio more than 1,000 will achieve a quite large electrical resistance more than 1 k{2 even
though that is a metallic material. This resistance enhancement in a metallic material will result in the
improvement for signal-to-noise (§/N) performance with a small temperature coefficient of electrical resistance
in comparison with a conventional semiconductor material. On the other hand, AAOM films are quite popular
as an ideal nanochannel template material for electrochemical growing nanocylinders because the nanochannel
geometry, such as channel-diameter and channel-length, can be regulated by adjusting experimental conditions
(e.g., anodizing voltage, current and electrolysis time) [ 16—19]. Therefore, in the present study, Co—Ni/Cu
multilayered nanocylinders with different alloy layer’s composition were synthesized in AAOM nanochannels
with large aspect ratio more than 1,000. Then, the effect of Niaddition on the CPP-GMR response of
electrochemically fabricated Co—Ni/Cu multilayered nanocylinders were studied.

2. Materials and methodology

Cross-section of a commercially available aluminum cylinder (diameter: 10 mm; length: 150 mm) was
electropolished to obtain a mirror-like surface. The experimental details concerning the electropolishing
condition have been described in our previous reports [20, 21]. Using an electrolytic bath (0.3 M oxalic acid
containing aqueous solution), the polished cross-sectional area was anodized to make an AAOM film with
numerous nanochannels. During the anodization, the cell voltage was maintained to 70 V. Following the
anodization, the AAOM film was exfoliated using a specific anodic process. The experimental details concerning
the exfoliation condition have been also described in our previous reports [20, 21]. To dissolve the barrier oxide
layer of AAOM film, a chemical etching technique was applied to dissolve the oxide layer using an electrolytic
bath (8.1 wt% phosphoric acid containing aqueous solution). The nanochannel structure of AAOM film was
investigated by utilizing a scanning electron microscope (SEM). Using an argon ion (Ar ") sputter-coating
system, a surface of AAOM template was sputter-deposited by a thick gold film (~150 nm) to cover the
nanopores. Furthermore, a pure gold porous film (~15 nm) was also sputter-deposited on the other surface of
AAOM film not to cover the nanopores. The AAOM nanochannel templates were used as a cathode electrode for
electrodepositing Co—Ni/Cu multilayered nanocylinders. A pure gold wire and a silver /silver chloride (Ag/
AgCl) electrode were utilized as an anode and a reference electrode, respectively. Electrolytic baths were
synthesized from (0.5—x) M Co(SO5NH,),-4H,0, x M Ni(SOsNH,),-4H,0, 0.005 M CuSO,-5H,0, and 0.4 M
H3BOs. Here, x was controlled to 0, 0.05, 0.10, 0.15, 0.20, 0.25 and 0.30 M to synthesize the electrolytic baths
with 7 patterns of concentration. The solution pH and temperature were kept to pH 4 and 40 °C, respectively.
Ni2* ion concentration ratio, R%" was defined by the following equation (1).

ot

T U IV T S ST (1)
[Co%T] + [Ni*t] 0.5

Cyclic voltammograms were investigated by utilizing an automatic polarization system to optimize the cathode

potential for electrodepositing Co—Ni alloy and Cu layers. Chemical compositions of the Co—Ni alloy layers were

determined by utilizing an energy-dispersive x-ray spectroscopy (EDX). Time dependence on the pulsed current
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Figure 1. Co—-Ni equilibrium phase diagram. Adapted from [22], with permission from Springer Nature.

was investigated by a data logging system during growing Co—Ni/Cu multilayered nanocylinders. Following the
electrochemical growth of Co—Ni/Cu nanocylinders, the AAOM templates were removed by an alkaline
aqueous solution (5 M NaOH) for observing the multilayered nanocylinders using a transmission electron
microscopy (TEM) to determine the thicknesses of Co—Ni alloy and Cu layers. The constituent phases of the
Co-Ni/Cu multilayered nanocylinders were analyzed by utilizing an x-ray diffractometer (XRD). Magnetic
hysteresis loops and magnetoresistance curves of the nanocylinders in AAOM template were investigated by
utilizing a vibrating-sample magnetometer (VSM, TM-VSM1014-CRO, Tamakawa Corp., Sendai, Japan). The
resistance of nanocylinders was measured by using a source meter (DC Voltage Current Source/Monitor,
ADCMT6242, ADC Corp., Saitama, Japan). The magnetic field in-plane and perpendicular to the AAOM film
plane was applied while increasing the field up to 10 kOe. The perpendicular magnetic field corresponds with the
axial direction of nanocylinders.

2.1. Estimation of Ni solubility in € phase (hcp-Co Alloy) using Equilibrium phase diagram

Figure 1 depicts a Co—Ni equilibrium phase diagram [22]. Co and Ni will form a solid solution in the « (fcc)
phase at the temperature range between the solidus and allotropic transformation (fcc-« phase to hep-¢ phase).
Especially, at room temperature region, in the Ni content, xy; range more than ~35%, a phase will be stabler
than € phase. On the other hand, in the xy; range less than ~25%, € phase will be stabler than « phase at room
temperature region. It is well known that the magneto-crystalline anisotropy energy of € phase (hcp-Co:

+4.1 x 10°Tm ™) is quite larger than that of a phase (fcc-Ni: —4.0 X 10*J m>)[23]. Cobalt alloys with ¢ (hcp)
phase will be magnetized spontaneously along the c-axis direction which corresponds to the normal direction of
(002) crystal plane. If Co-Ni/Cu multilayered nanocylinders with (002) preferential orientation in hcp Co-Ni
alloylayers can be synthesized by using a pulsed potential electrodeposition technique into AAOM
nanochannels, A novel CPP-GMR sensor with an excellent magnetoresistance and corrosion-resistance will be
realized.

3. Results and discussion

3.1. Fabrication of anodized aluminum oxide membrane (AAOM) nanochannels

SEM images of initiation-side (figure 2(a)), cross-section (figure 2(b)), and termination-side (figure 2(c)) of an
AAOM template which was anodized by applying 70 V for 2 h are shown in figure 2. As depicted in figure 2, the
AAOM template owned a perfect nanochannel configuration with cylindrical pores. The average nanochannel
diameter D and the inter-nanochannel distance D;,,; of the AAOM template were ~67 nm and 167 nm,
respectively, while the AAOM nanochannel length L was ~70 pm. Aspect ratio (L/D) of the AAOM
nanochannels was ~1,045. Ebihara, et al reported that inter-nanochannel distance D;,, depended on the
anodization voltage V, even if the following parameters such as bath composition, temperature, and current
density during the anodization were altered [24]. They discovered that Dy, had a linear relationship with V,if V,
is greater than 20 V as shown in the following equation (2).

D, = 2.81V, — 1.70 (2)
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Figure 2. SEM images of initiation-side (a), cross-section (b) and termination-side (c) of anodized aluminum oxide membrane
(AAOM) nanochannels that were anodized at 70 V for 2 h. The electrolytic solution temperature was kept at 25 °C during the
anodization. Reproduced from [46]. CC BY 4.0.
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According to equation (2), Dy, can be estimated to be 195 nm if V, is 70 V. Hence, the inter-nanochannel
distance (167 nm), which was obtained in our experiment, was a little smaller than that (195 nm) in their study.

3.2. Electrochemical growth of Co-Ni/Cu multilayered nanocylinders

Figure 3 depicts the relationship between Ni** ratio in bath, R%™ and Ni content in Co—-Ni alloy layers, R&>Y.

With increasing thiﬁth up to 60%, R§1i°y reached ~22%, which is smaller than that in the composition reference
line (C.R.L.) as shown in figure 3. It is well known that the abnormal co-electrodeposition behavior is occurred

in Co—Ni alloy system [25]. In the abnormal co-electrodeposition behavior, less-noble Co** ions electrodeposit

preferentially rather than Ni** ions. In the present study, Ra"Y were smaller than that in the C.R.L. over the wide

range of RYA™ within 60% as described in figure 3.
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Figure 4. Cyclic voltammogram (a) and Tafel plot (b) in an aqueous solution containing Co®*, Ni**, and Cu®* ions (RR™ = 30%).

A cyclic voltammogram (figure 4(a)) and the Tafel plot (figure 4(b)) to determine the optimum cathode
potential range in an aqueous solution (R = 3000) containing Cu** (0.005 M), Co*" (0.35 M) and Ni** ions
(0.15 M) are shown in figure 4. With shifting the cathode potential to the less-noble region, the cathodic current
I drastically increased at the potential E. of around +0.08 V. Utilizing the Cu®* ions concentration and
electrolytic solutions temperature, the electrochemical equilibrium potential of Cu/Cu** (E&1) should be
calculated as around 4-0.07 V according to the following Nernst equation (3).

n+
per = po 4 KT, M7
nF o [M°]

3

Here, EQ, (normal electrode potential of Cu/Cu®")is 0.141 V. R (gas constant) is 8.3 JK ™' mol . T
(solution temperature) is 313 K. n (valence of Cu’"ions)is2. F (Faraday constant) is 96485 C mol L.
[M""]/[M°] corresponds to 0.005. As described above, I, started to increase at E. of around +0.08 V. This
experimental value (E. = 4-0.08 V) is almost identical to the Nernst estimation value (EZ] = +0.07 V).
Therefore, the rising in I, at E. of around 4-0.08 V should be induced from the electrodeposition of Cu®* ions. At
I.of ~20 A m™?, E, shifted drastically from —0.2 to—0.7 V. In the current work, the Cu?" ions concentration
(0.005 M) was quite smaller than that of the total amount of Co>" and Ni*" ions (0.5 M). Therefore, the
diffusion limitation of Cu®" ions should be achieved at such a small I. (~20 A m~?). This diffusion limitation of
the Cu®" ions could result in the significant potential shift at I. of ~20 A m 2. On the contrary, I. increased once
more at E. of around —0.7 V. According to the equation (3), the electrochemical equilibrium potentials of
Co/Co*" (E&)and Ni/Ni*" (Ex}) should be determined to around —0.490 V and —0.482 V, respectively. In this
calculation, the standard electrode potential of Co/Co*" E2, and Ni/Ni*" E; are assumed to be —0.476 V and
—0.456 V, respectively. Furthermore, regarding the concentration of Co?"and Ni* " ions, [Co*T]/[Co°] and
[Ni**]/[Ni°] are assumed to be 0.35 and 0.15, respectively. It is well recognized that the electrodeposition of
iron-group metals (M: Fe, Co, Ni) accompanies a significant overpotential owing to a rate-determining
reduction steps by means of M(OH) ™ ions (Bockris mechanism) [26]. Hence, the increase in I. at E of around
—0.7 V should be induced by the electrodeposition of Co** and Ni*" ions [27]. On the contrary, when E. was
scanned from —1.2 V to an electrochemical noble region, an anodic current was detected in the potential region
from—0.3 to 0 V (figure 4(a)). Since the potential region (from —0.3 to 0 V) is quite nobler than the
electrochemical equilibrium potentials of Co/Co*" and Ni/Ni**, this anodic current should be induced from
the dissolution of electrodeposited Co—Ni alloys. Because of the reason given, the most recommendable cathode
potentials for electrodepositing Cu and Co—Ni alloy layers were decided to be around —0.40 Vand -1.00 V,
respectively, to make Co—Ni/Cu multilayered nanocylinder arrays.

Figure 5 depicts the waveform of pulsed potential E. (a), response current (for initial time) I.. (b) and
response current (for all time) I. (c) during the electrochemical growth of Cog4Ni;s/Cu multilayered
nanocylinders in an aqueous solution (Rt = 3000) containing Cu™ (0.005 M), Co®™ (0.35 M) and Ni** ions
(0.15 M). The nobler cathode potential (—0.4 V) was applied for 1.0 s to while the less-nobler cathode potential
(-1.0 V) was utilized for 0.1 s. As shown in Tafel plot (figure 4(b)), Co—Ni alloy layers will be deposited at—1.0 V
while Culayers will be deposited at—0.4 V.

Based on the electrodeposition time for filling up the AAOM nanochannels as depicted in figure 5(c), the
bilayer thickness of Co—Ni/Cu, tconi/cy can be calculated by utilizing the following equation (4).
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Figure 5. Time-dependence of applied potential (a) and observed current (b), (c) during the pulsed-potential deposition process of
Cog4Ni;¢/Cu multilayered nanocylinders. The cathode potential was alternatingly changed over between —0.4 V (for 1.0 s) and
—1.0 V (for 0.1 s).

tCoNi/Cu = LM 4
Tk
In this equation, L means the average nanochannel length while Ty, Tcon; and T, are the nanochannel filling up
time, the deposition time in a pulse for Co—Ni alloy and Cu layer, respectively. For instance, as depicted in
figure 5(c), L, Tg, Tcon; and T, were 70 um, 4083 s, 0.1 sand 1.0 s, respectively. Hence, according to the
equation (4), tconi/cy Can be determined to ~18.9 nm.
By using an EDX analyzer, the composition of Co—Ni alloy (Xc,n;) and that of Cu (X, in the multilayered

nanocylinders were decided to 63.4% and 36.6%, respectively. Hence, each Co—Ni alloy layer (¢con;) and Cu
layer thickness (fc,) can be calculated from the equations (5) and (6), respectively.

X .
tCoNi = tCoNi/Cu 1%0(;\]1 (5)
X
tou = l‘chi/cMFCg (6)

According to the equations (5) and (6), tcon; and tc, were determined to ~12.0 nm and ~6.9 nm, respectively.
Tang et al reported that the CPP-GMR effect of Co—Ni/Cu nanocylinders with alternating Co—Ni alloy layer
(10.2 nm) and Cu layer (4.2 nm) achieved up to ~ 23% [14]. Therefore, the ¢, which was obtained in our study
(~6.9 nm) was slightly thicker than that was reported in their work (4.2 nm). Likewise, tcon; which was
determined in our study (~12.0 nm) was also slightly thicker than that was reported in their work (10.2 nm).

3.3. Alternating structure of electrochemically fabricated Co—Ni/Cu nanocylinders

Figures 6 (a) and (b) depicts the SEM image of electrodeposited Cog4Nijs/Cu multilayered nanocylinders array
separated from AAOM template (figure 6(a)) and that of the multilayered nanocylinders supported on a micro
grid (figure 6(b)), respectively. TEM image of the multilayered nanocylinder supported on a micro grid is shown
in figure 6(c). The sample preparation process is also shown in figure 6. Following the electrodeposition of
CogyNije/Cumultilayered nanocylinders, the AAOM templates were dissolved in 5 M NaOH aqueous solution.
Then, the nanocylinders array sample was rinsed in pure water to remove the alkaline solution. After that, the
nanocylinders were separated from a gold film in the pure water with ultrasonic irradiation. The dispersed
nanocylinders in the pure water were gathered by applying a magnetic field. The dense nanocylinders in the pure
water were sucked into a Pasteur pipette and ejected on a micro-grid for TEM observation. As shown in

6
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Figure 6. SEM image of electrodeposited Cog4Ni;s/Cu multilayered nanocylinders array separated from AAOM template (a). SEM
image of the multilayered nanocylinders supported on a micro grid (b). TEM image of the multilayered nanocylinder supported on a
micro grid. Sample preparation process is also shown in the figures.

figure 6(a), it was revealed that the numerous nanocylinders were arranged in an array structure which was
originated from the AAOM nanochannel structure. It was also obvious that the axial length of nanocylinders
with an ultra-large aspect ratio reached up more than 30 ym as shown in figure 6(b). The Co—Ni/Cu alternating
structure was also obvious as depicted in figure 6(c) and the diameter D was determined to be ~63 nm. Ina
bright-field TEM image, it is well-known that the ferromagnetic layers appear darker than the non-magnetic
layers [28]. Hence, the dark and bright-colored layers seem to correspond to ferromagnetic Co—Ni alloy and
non-magnetic Cu phases, respectively. The average layer thickness of Co—Ni alloy and Cu layers are determined
tobe ~9.6 nm and ~3.8 nm, respectively. These layer thickness values were almost identical to those (~10.2 nm
and ~4.2 nm) which were reported by Tang et al [ 14].

Figure 7 shows the XRD profiles of electrochemically fabricated Co/Cu (a), CogoNi;; /Cu (b), CogsNi;s/Cu
(c) and Coy4Ni,,/Cu (d) multilayered nanocylinders., The diffraction peaks that correspond to hcp-Co, hep-
CoNi, and fcc-Cu phases were detected as shown in figure 7. In the diffraction pattern of Co/Cu multilayered
nanocylinders (figure 7(a)), it was obvious that hcp-Co (1 0 0) was orientated preferentially. Based on our former
report on the Pangarov’s two-dimensional nucleation theory, preferential crystal orientation of electrodeposited
cobalt strongly depended on the cathode potential during the electrodeposition process [29, 30]. If the cathode
potential range was controlled to be less-nobler value than —0.77 V, hcp-Co (1 0 0) was preferentially orientated
while hcp-Co (0 0 2) preferentially orientated if the potential range was set to be nobler than—0.77 V. In this
current work, the cathode potential for growing Co layers Ec was adjusted to—1.0 V. Hence, hcp-Co (10 0)
should be orientated preferentially according to the Pangarov’s theory. On the other hand, in the CoggNi;;/Cu
(figure 7(b)) and CogyNi;¢/Cu (figure 7(c)) multilayered nanocylinders, hcp-CoNi (0 0 2) was preferentially
orientated. Based on our former report, hcp-Co nanocylinders array with (0 0 2) preferential orientation
exhibited an uniaxial magnetization behavior along to the nanocylinders long axis direction [30]. Therefore,
hcp-CoNi (0 0 2) should be preferentially oriented if Co-Ni/Cu multilayered nanocylinders with a long axial
length induces the uniaxial magnetization behavior to the long axis direction. On the contrary, in the XRD
profile (figure 7(d)) which was obtained from the Co,gNi,,/Cu multilayered nanocylinders, both diffraction
peaks of hcp-CoNi (1 00) and (0 0 2) were detected. With increasing Ni content in the Co-alloy layers, saturation
magnetic moment M, will be decreased because M; of pure Ni is smaller than that of pure Co. Hence, the
preferentially orientation of hcp-CoNi (0 0 2) will be disappeared by decreasing the spontaneous magnetization
effect due to an increase in Ni content in the Co-alloy layers.

3.4. Magnetoresistance behavior of electrodeposited Co—Ni/Cu multilayered nanocylinders
Magnetic hysteresis loops of electrodeposited Co/Cu (a), CogoNi;;/Cu (b), CogyNi;s/Cu (c) and Co;sNiy,/Cu
(d) multilayered nanocylinders are shown in figures 8(a)—(d). The samples were magnetized in the axial (solid
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Figure 7. X-ray diffraction patterns of electrodeposited Co/Cu (a), CogoNi;;/Cu (b), CogsNi;6/Cu (c) and CozgNiy,/Cu (d)
multilayered nanocylinders.
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Figure 8. Effect of Ni content in Co—Ni alloy layers, R on the magnetization and magnetoresistance hysteresis loops of

electrodeposited Co/Cu (a), CoggNiy;/Cu (b), CogsNi;js/Cu (c) and Co;Ni,,/Cu (d) multilayered nanocylinders. Magnetic field was
applied in the axial (blue solid lines) and longitudinal (red dotted lines) directions to the nanocylinders.

blue lines) and longitudinal (dotted red lines) directions to the nanocylinders. As depicted in figures 8(a)—(d), the
multilayered nanocylinders reached the saturation magnetization at the saturation field, H, ~2.5 kOe with the
axial direction magnetic field (blue solid lines). On the other hand, the saturation magnetization was achieved at
the saturation field, Hy,, ~5 kOe with the longitudinal direction magnetic field (red dotted lines). Hence, it was
revealed that the multilayered nanocylinders were magnetized spontaneously to the axial direction. This
magnetization behavior of the multilayered nanocylinders is quite similar to that of the homogeneous pure
metal or alloy nanocylinders [31-34]. It is well known that the magnetic nanocylinder arrays are magnetized
spontaneously along the long axis direction [35-38]. Reddy et al reported that Fe—~Ga/Cu multilayered
nanocylinders with the diameter of ~100 nm was fabricated utilizing a pulsed current deposition process into a
commercially available AAOM film [39]. They revealed that the multilayered nanocylinders with each layer
thickness of ~100 nm were magnetized easily along to the axial direction and reached the saturation
magnetization at the saturation field, H,; ~2.5 kOe. This magnetization performance which was observed in
Fe—Ga/Cu nanocylinders quite resembles the results observed in our current study (Co—Ni/Cu nanocylinders).
Therefore, the uniaxial magnetization behavior as shown in figures 8 (a)—(d) could be interpreted by the
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Figure 9. Effect of Ni content in Co-Ni alloy layers, R4¢Y on coercivity (a), squareness (b) and GMR (c) in the electrodeposited Co—
Ni/Cu multilayered nanocylinders.

magnetic dipole-dipole interaction between Co—Ni alloy layers that are separated by means of a Cu layer. Tang
et alreported that the effect of dipole-dipole interactions between CossNigyy alloy layers (fcon; = 10.2 nm) which
were separated by Cu layers (tc, = 4.2 nm, 8.4 nm, 12.6 nm, 21 nm and 42 nm) on the CPP-GMR performance
of Co-Ni/Cu multilayered nanocylinders [ 14]. They revealed that the saturation field, Hy,; of Co-Ni/Cu
multilayered nanocylinders tended to decrease with increasing t, due to decreasing the dipole-dipole
interaction between the adjacent Co—Ni alloy layers. On the contrary, the saturation field, Hy,, was increased
with decreasing tc,, due to the dipolar interlayer coupling which tended to align the magnetizations of adjacent
Co—Ni alloy layers antiparallel to each other. This antiparallel alignment will enhance the CPP-GMR
performance. Also, the dipolar interlayer coupling will induce the decreasing coercivity and squareness in the
magnetization performance. According to their study, Hy,; of Co—Ni/Cu multilayered nanocylinders with ¢c,, of
4.2 nm was ~3.5 kOe in the longitudinal direction to the nanocylinders. In the present study, Hy,; of Co-Ni/Cu
multilayered nanocylinders with ¢c,, was 3.8 nm was ~5 kOe which was larger than the value reported by Tang

et al [14]. This difference seems to be owing to the difference of diameter in each nanocylinder. The diameter was
~67 nm in the present study while that was ~250 nm in the report Tang et al [14]. Demagnetization field in the
longitudinal direction to the nanocylinders will be enhanced by decreasing the diameter of nanocylinders.
Hence, Hy,, in the present study was larger than the value reported by Tang et al [ 14].

Figures 8 (a’)—(d’) shows the magnetoresistance (MR) hysteresis loops of electrodeposited Co/Cu (2/),
CoggNi;;/Cu (b), CogsNije/Cu (c) and Co;gNiy,/Cu (d) multilayered nanocylinders. The samples were
magnetized in the axial (solid blue lines) and longitudinal (dotted red lines) directions to the nanocylinders. The
MR ratio, AR/R, o, was defined as the following equation (7).

ﬁ(%) R mRo 0o 7)
Ryo Rio

In this equation, R, indicates the resistance of nanocylinders which was obtained at 10 kOe. On the contrary, R,

means the resistance of nanocylinders which was measured at the applied magnetic field less than 10 kQOe.

As depicted in figures 8(a’)—(d’), with increasing the applied magnetic field H in the axial direction (solid blue
lines), the magnetoresistance ratio AR/R;o quickly decreased and reached almost zero at the magnetic field
range from 2.5 to 5 kOe. On the contrary, with increasing H in the longitudinal direction (red dotted lines),
AR/R;, slowly decreased and reached around zero at the magnetic of ~5 kOe. This tendency shows good
agreement with the magnetization behavior of the multilayered nanocylinders which was shown in figures 8(a)—
(d). These anisotropic performance in the magnetoresistance hysteresis loops corresponds well to the results
which were studied by the other investigators [40].

Figure 9 depicts the effect of Ni content in Co—Ni alloy layers, Rlloy o coercivity, H. (a), squareness, M, /M
(b)and GMR, AR/R (c) in the Co-Ni/Cu multilayered nanocylinders. These data were obtained when the
samples were magnetized in the long axis direction to the nanocylinders. As depicted in figures 9(a) and (b), H,
was minimum (~0.46 kOe) at R4 of ~16% while M, /M, was almost constant value of ~0.5 over the whole
range of R\, Takahashi et al reported that the magnetic anisotropy of Co—Ni alloys strongly depends on the Ni
content [41]. They revealed that uniaxial magnetic anisotropy K,, for Co—Ni alloys shifted from negative to
positive value with increasing the Ni content up to 20%. Based on their report, K, for Co and Co-20%Ni alloy
were—5 x 10°and +4 x 10° erg cm >, respectively, whereas K, for Co-10%Ni alloy was almost zero.
Anisotropic magnetic field H, of ferromagnetic alloys decreases with decreasing the uniaxial magnetic

anisotropy K, as shown in the following equation (8).
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Table 1. Summary of CPP-GMR performance (at room temperature) of multilayered nanocylinders electrodeposited into AAO that were
reported by the other researchers. The nanocylinders in [4, 5] were electrodeposited into ion-track-etched polycarbonate membranes.

Authors FM/NM GMR/%  D/nm  L/pm L/D fco/nm  fcy/nm  Year  References
Piraux et al Co/Cu 15 40 10 250 10 10 1994 [4]
Blondel et al Co/Cu 14 80 6 75 5 5 1994 [5]
Evansetal CoNi/Cu 55 300 60 200 5 2 2000 [13]
Ohgai et al Co/Cu 15 60 2 33 10 10 2004 [8]
Tangetal Co/Cu 14 300 60 200 8 10 2006 [9]
Tanget al CoNi/Cu 23 300 60 200 10 4 2007 [14]
Davis et al CoNiFe/Cu 20 190 60 316 5.6 4.2 2010 [15]
Shakya et al FeCoNi/Cu 15 300 60 200 14 10 2012 [43]
Coxetal FeCoNi/Cu 14 200 10-20 50-100 25 8 2013 [44]
Han et al Co/Cu 13 50 11 220 50 5 2016 [45]
Kamimura et al Co/Cu 24 75 70 933 19 14 2020 [21]
Mizoguchi et al Co/Cu 23 50 60 1200 8.6 4 2021 [46]
Ideetal Co/Cu 32 60 60 1000 7 2.4 2021 [47]
Fanetal Co/Cu 27 30-100 7 70-235 32 15 2022 [48]
H = 2o (®)
M;

Here, M; is the saturation magnetization. If the sample is a single domain particle, the magnetization reversal
process will proceed by a coherent rotation mode according to Stoner-Wohlfarth model. In this magnetization
process, H. will be identical to Hy,. However, if the sample is composed of a multi-domain structure, the
magnetization reversal process will proceed by a domain wall movement mode. In this magnetization process,
H_will be smaller than H) because the crystal defects such as grain boundaries and dislocations will reduce the
anisotropic magnetic field. Kronmiiller reported the relationship between H.. and Hy, as the following

equation (9) [42].

H, = aH, — NM, )

Here, o is the reduction parameter in the anisotropic magnetic field due to the crystal defects on grain
boundaries. Nis the demagnetization factor which is related to the local demagnetization field. Hence, in the
present study, the minimum coercivity H, at Ry of ~16% should be induced from decreasing the uniaxial
magnetic anisotropy K,,. Further, as depicted in figure 9(c), AR/R;o was achieved up to 22.5% at RIY 6f ~16%.
Shakya et al found that the GMR of electrodeposited FeCoNi/Cu multilayered nanocylinders was affected by the
coercivity [43]. They found that the GMR of FeCoNi/Cu multilayered nanocylinders increased up to 14.56%
with decreasing the coercivity H. down to 0.0086 T (~0.086 kOe). Therefore, in our study, the maximum GMR
(22.5%) at RY of ~16% could be achieved by decreasing the coercivity H, and the uniaxial magnetic anisotropy
K,. Table 1 shows the summary of CPP-GMR performances (at room temperature) of electrodeposited
multilayered nanocylinders that were reported by the other researchers. Most researchers have reported that the
CPP-GMR value reached up to around 15 ~ 20% at room temperature in the ¢, range from 5 to 20 nm and the
tcy range from 5 to 10 nm. Those values give good agreement with the value obtained in the present study (fconi:
9.6 nm, fc,: 3.8 nm).

4, Conclusion

Byapplying a pulsed current electrodeposition method, Co—Ni/Cu multilayered nanocylinders with a large
aspectratio L/D of ~1,045 (D of ~67 nm and L of ~70 ym) were electrochemically fabricated in AAOM
nanochannels. The layer-by-layer structure with alternating Cog,Ni, ¢ alloy layer (thickness of ~9.6 nm) and Cu
layer (thickness of ~3.8 nm) was confirmed by TEM observation and x-ray diffraction patterns. The
multilayered nanocylinders were magnetized spontaneously in the long axis direction which corresponds to the
perpendicular direction to the interfaces of the multilayers. The minimum coercivity of ~0.46 kOe was achieved
in CogyNi;¢/Cu multilayered nanocylinders. The maximum CPP-GMR was achieved up to 22.5% at room
temperature in CogyNi;s/Cu multilayered nanocylinders.
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