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Co—Ni alloy superlattices with a periodic composition modulation of Co were electrodeposited on a Cu
plate using 0.3 and 0.35 MHz rectangular pulse currents. The energy dispersive X-ray spectroscopy
analysis demonstrated that the Co content in the Co-Ni atomic layers electrodeposited at 0.3 MHz was
approximately two times higher than that at 0.35 MHz. The Co—Ni alloy superlattices were comprised
of unit lattices with high and low Co content atomic layers. The X-ray diffraction analysis demonstrated
that the Co—Ni alloy superlattices had face-centered cubic crystal structures, and one Bragg diffraction
peak from the Co—Ni alloy superlattice was observed in the small-angle X-ray scattering region. The
lattice constants of the unit lattices were shown to be controlled by the number of Co—Ni atomic layers
with either high or low Co contents.
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1. INTRODUCTION

Co—Ni alloy superlattices have been extensively studied because of their unique properties such
as hydrogen absorption [1], giant magnetoresistance [2—4], magnetic anisotropy [5-6], anti-corrosion
[7], and wear resistance [8]. Electrodeposition for the production of Co—Ni alloy superlattices is an
attractive technique owing to its advanced control over the Co—Ni alloy multilayer deposition [2-3]. In
particular, their compositions [9] determine the crystalline structures of the Co—Ni alloy superlattices
and affect the magnetic properties. Hence, the effects of the electrochemical parameters on the
compositions have been investigated [10-11].

X-ray diffraction has been used as a suitable technique that provides the structural information
of superlattices at an atomic level [12]. The diffraction peaks from superlattices are divided into two
cases: X-ray diffraction at the incident angle (0<15°) termed small-angle X-ray scattering (SAXS); and
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X-ray diffraction at the incident angle (6>15°) termed wide-angle X-ray scattering (WAXS) [13]. SAXS
provides information on the interface roughness, interface morphology, and thickness [14]. WAXS
provides information on the mean interface roughness, disordered structure, and mean thickness [15—
16]. Co—Ni alloy superlattices formed by electrodeposition were reported to exhibit Bragg and satellite
diffractions in the SAXS [2] and WAXS [17], respectively.

We previously reported that large changes in the Co content of Co-Ni alloy thin films
electrodeposited by a rectangular pulse current over a megahertz frequency range occur at resonant
frequencies [18]. Hence, if two frequencies are chosen to electrodeposit Co—Ni alloy layers including
high and low Co contents, Co-Ni alloy superlattices modulated with Co contents will be formed. This is
the motivation for this study.

The aim of the present study is to demonstrate that Co—Ni alloy superlattices comprising Co—Ni
atomic layers modulated with Co content can be formed using 0.3 and 0.35 MHz rectangular pulse
currents.

2. EXPERIMENTAL SETUP
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Figure 1. Schematic diagram of the rectangular pulse current employed for the electrodeposition of Co—
Ni alloy superlattices. The symbol t denotes the time period during which the rectangular pulse
currents with frequencies of a and b MHz flow to a cell.

A copper plate of 30 x 10 mm? and carbon plate of 50 x 40 mm? were used for the cathode and
anode, respectively. One side of the copper plate was electrically insulated to be deposited only on the
other side. The copper plates had mirror-like appearances. An aqueous solution including the following
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chemical compounds (mol L) was prepared: NiSO4-6H.0 0.709, Co0SO4-7H.O 0.236, and
KNaCsH406-4H20 0.65.

The cathode and anode were placed parallel in a cell filled with the aqueous solution, and
maintained at a temperature of 300 K during the electrodeposition.

The rectangular pulse currents with frequencies of 0.3 and 0.35 MHz were supplied to the cell
by a function generator. A 22 Q metal film resistor was connected in series with the cell to determine
the current flowing to the cell. The impedance of the metal film resistor was independent of the frequency
under 80 MHz.

Figure 1 shows a schematic diagram of the rectangular pulse current comprising two frequencies
with a time period, t. Using the process in Fig. 1, Co—Ni alloy superlattices were electrodeposited onto
the copper plates.

After the electrodeposition, the Co—Ni alloy superlattices on the copper plates were rinsed with
distilled water. The element contents in the Co—Ni alloy superlattices on the copper plate were
determined using energy dispersive X-ray spectroscopy (Hitachi TM3030). The crystallographic
textures of the Co—Ni alloy superlattices were determined using X-ray diffraction (XRD: Rigaku Ultima)
with CuKa radiation.

3. RESULTS AND DISCUSSION
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Figure 2. Measured rectangular pulse current with frequencies of 0.3 and 0.35 MHz at a time period of
0.6s.



Int. J. Electrochem. Sci., Vol. 14, 2019 2386

100 (a) 100 (b)
80 - 80‘?_
1 e7.3% 1 _65.0%
60 60
40 40'5 35.0%
20 20
0 = : 0 : _Cr—‘
o

Co

Figure 3. Co and Ni contents in the Co—Mn thin films electrodeposited at frequencies: (a) 0.3 and (b)
0.35 MHz.

Figure 2 shows typical rectangular pulse currents with frequencies of 0.3 and 0.35 MHz. First,
the rectangular pulse current with an amplitude of 36 mA cm™2 and frequency of 0.3 MHz flowed to the
cell for t=0.6 s. Second, the rectangular pulse current with 36 mA cm~2 and 0.35 MHz flowed to the cell
for t=0.6 s. These two processes were repeated to form the Co—Ni alloy super lattices. Here, we define
the unit lattice consisting of the Co—Ni atomic layers formed at 0.3 MHz and those at 0.35 MHz for a
time period of 2t. In this study, the time periods, t were 0.6 and 1.2 s.

Figure 3 shows the Co and Ni contents in the Co—Ni alloy films electrodeposited at 0.3 and 0.35
MHz. The dependence of the Co content in the Co—Ni alloy thin films on the frequency has already been
reported [18]. The Co content in the Co-Ni alloy thin film electrodeposited at 0.3 MHz was
approximately 2 times greater than that at 0.35 MHz. Thus, 0.3 and 0.35 MHz were chosen for the
frequencies to form the unit lattice comprising Co—Ni atomic layers, including those with both high and
low Co contents.

At an Ni content of 29 wt%, the Co—Ni alloy thin film has a phase transition from a face-centered
cubic (FCC) crystal structure to a hexagonal closed-pack crystal structure [19]. In Fig. 3 (), as the Co—
Ni alloy thin film contained 32.7 wt% Ni, it had a FCC crystal structure [18]. The crystallographic
structure of the Co—Ni alloy thin film in Fig. 3 (b) was also FCC. Hence, the Co—Ni alloy superlattices
had a FCC crystal structure.

Figure 4 shows a schematic diagram of the Co—Ni alloy superlattices comprising four unit lattices.
Here, n1 and n> are the numbers of Co—Ni atomic layers with 67.3 and 35.0 wt% Co per unit lattice,
respectively. As some Ni atoms in the FCC crystal structure are substituted with Co atoms, strains occur
in the Co—Ni alloy superlattice [20]. Hence, the strain may periodically change corresponding to the
periodicity of the Co—Ni unit lattice. The unit lattice comprising the ny and n. layers was formed over
the time period 2t. The morphologies of the Co—Ni alloy superlattices affected by the surface roughness
of the Cu plate with a mirror appearance were presumed to have distorted interfaces.

Figure 5 shows a typical XRD pattern of the Co-Ni super lattice formed after t=0.6 s. The number
of the unit lattices was 500. Three diffraction peaks were indexed as Ni crystallographic planes [21]. The
(111) and (110) crystallographic planes were dominant among the three crystallographic planes parallel
to the Cu plate. In Fig. 5, one broad diffraction peak was observed in the SAXS. This is thought to be



Int. J. Electrochem. Sci., Vol. 14, 2019 2387

due to the diffraction from the Co—Ni super lattice in the SAXS [13]. To determine the angle, 6s , at
which the diffraction intensity has a maximum value in the broad diffraction peak, we applied the
Lorentz function as a fitting curve. The yellow curve represents the fitting curve to the broad diffraction
peak, yielding a maximum intensity at 6s=9.0°. The interference between the diffracted X-ray waves
from the Cu plate and those from the Co—Ni monolayer are negligible because the number of unit lattices

was very large.
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Figure 4. Schematic diagram of the Co—Ni alloy superlattices comprising two kinds of atomic layers
including 67.3 and 32.0 wt% Co when frequencies of 0.3 and 0.35 MHz were applied according
to the process in Fig. 1. Here, ni (i=1 and 2) is the number of Co—Ni alloy atomic layers and ds is
the lattice constant of the Co—Ni alloy superlattice.
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Figure 5. XRD chart of the Co—Ni alloy superlattice electrodeposited for a time period of 0.6 s. The Co—
Ni alloy superlattices comprised 500 unit lattices. The yellow curve indicates a fitting to the
Bragg diffraction peak using the Lorentz function.
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Figure 6. XRD chart of the Co—Ni alloy superlattice electrodeposited for a time period of 1.2 s. The Co—
Ni alloy superlattices comprised 250 unit lattices.

The Cu plate with a mirror appearance was not smooth at an atomic level. Hence, the Co—Ni
monolayers did not grow layer by layer and had distorted interfaces, which resulted in the broad Bragg
diffraction peak, disappearance of the Kiessig oscillations, and extinction of the sub-diffraction peaks
around the Bragg diffraction [15]. Using Bragg’s formula; A = 2d¢sinf where A is the X-ray wave
length, ds is the lattice constant of the super lattice, and 0 is the incident angle of the X-ray; we obtained
ds=0.49 nm.

Figure 6 shows a typical XRD pattern of the Co—Ni superlattice formed for t=1.2 s. The number
of unit lattices was 250. Three diffraction peaks parallel to the Cu plate were indexed as the (111), (200),
and (220) planes of Ni. One broad diffraction peak due to Bragg diffraction from the Co—Ni super lattice
was observed in the SAXS, however, there were no Kiessig oscillations or sub-diffraction peaks. We
applied the Lorentz function as a fitting curve and obtained ds=0.902 nm using 65=4.9°.

As shown in Figs. 5 and 6, the lattice constant increased with the time period, t. The interfaces
of the Co—Ni alloy superlattices mainly comprised the (111) and (110) planes from which the diffraction
peaks were dominant as shown in Figs. 5 and 6. Using the calculated lattice constants of the Co—Ni alloy
super lattices, we determined the number of Co—Ni monolayers as shown in Table 1. The values of the
number of the Co—Ni monolayers should be integers. The calculated values in Table 1 deviated slightly
from integers because the diffraction peaks in the SAXS were too broad to be determined precisely.
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Table 1. Number of Co—Ni monolayers with the (111) and (110) planes parallel to the Cu substrate for
time periods of 0.6 and 1.2 s.

plane | (111) (110)
t ()
0.6 ni=np=1.2 n1=n»=0.99
1.2 ni=ny=2.2 ni=np=1.8

4. CONCLUSIONS

The Co content in the Co—Ni alloy thin film formed by the 0.3 MHz rectangular pulse current
was approximately two times greater than that formed by the 0.35 MHz rectangular pulse current. The
Co-Ni alloy superlattice produced one Bragg diffraction peak in the SAXS. The calculated lattice
constants of the Co—Ni alloy superlattices were controlled by the number of Co-Ni atomic layers with
both high and low Co contents.
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