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Effect of composition, electrolyte pH, annealing temperature and
electrodeposition waveform on the magnetic properties of Co-Cu
nanowire alloys
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Abstract
Arrays of Cog2Cuy, with 0<x<0.1, nanowires (NWSs) have been
synthesized. CoCu NWs have been grown into the AAO templates by ac
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1. Introduction

Recently, much research has been done on nanowires (NWs) and nanotubes of metals and semiconductors
because of their unique physical properties. Manufacturing nanometer-sized wires are both technologically
and scientifically attractive because nanometer-sized devices exhibit unusual properties. The ratio of length
to the diameter of NWs is very high. These wires have a variety of applications in the fields of nano-
electronics [1], optics [2], various gas sensors [3], and magnetic memory [4, 5]; due to their interesting
properties. The NWs are anisotropic one-dimensional structures with a small diameter and a high surface-to-
volume ratio, therefore, their properties are different from other structures. In recent years, advances in the
field of magnetism and magnetic materials, the synthesis and fabrication of magnetic NWs through their
unique magnetic properties have attracted increasing attention and opened many perspectives to the field of
magnetic science. The metallic magnetic NWs show very square shape hysteresis loops, which makes these
NWs as a very good candidate for magnetic data storage [6-8]. It is well known that the addition of non-
magnetic impurities to ferromagnetic NWs can greatly improve their magnetic properties [9-12]. Among the
various methods for the preparation of NWs, including lithography [13], sputtering [14, 15], vapor deposition
[16], molecular beam epitaxy (MBE) [17], template-assisted electrodeposition is a popular way to obtain a
uniform, highly ordered NW arrays and has been shown to be one of the simplest and most inexpensive
easily controlled methods [9-12, 18-23]. On the other hand, the properties of electrodeposited NWs in AAO
templates can be controlled by several factors; such as current density, electrolyte composition, time of
deposition, temperature, reduction potential (different for each material), pH, microstructure peculiarities
etc. Many arrays of magnetic NWs including Fe [24], Co [25], Ni [26], and their alloys [27-29] have been
prepared via AAO assisted electrodeposition method. Although, there have been numerous publications
about ferromagnetic—nonmagnetic alloy NW arrays such as CoPd [30], CoAg [31], FeAg [31], CoPb [32],
and CoPt [33] deposited in AAO template, CoCu NW arrays system has been scarcely reported in the
literature. The addition of nonmagnetic elements to magnetic elements is one of the most common and
effective ways to tune of structural and magnetic properties of magnetic NWs [11]. Although many articles
have been published on magnetic and non-magnetic alloys, due to their interesting magnetic and
magnetotransport properties, however, no systematic study has been performed on factors.
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In the present study, the synthesis of CoCu NWs in AAO templates is performed at room temperature
using AC potentials from -15 to +15 V, as well as changing electrolyte composition (Co**/Cu** concentration
ratio) to change the structural and magnetic properties. Also, the effect of pH, AC potential waveform and
annealing temperature of deposited NWs on the magnetic properties of synthesized NWs have been
investigated.

2. Experimental
2.1. Material

All chemicals containing cobalt sulfate (CoSO4.H20), copper sulfate (SnSO4), Sodium gluconate
(CsH11NaOy), boric acid (H3sBOs3), phosphoric acid (HsPO.), chromic acid (H2CrO4), sulfuric acid (H.SO4),
perchloric acid (HCIO.), ethanol (C,HsOH), sodium hydroxide (NaOH) and aluminum foil (99.99%) were
purchased from Merck and Sigma-Aldrich companies and used without further purification. All aqueous
solutions were prepared using double distilled water. In all experiments, the temperature was controlled to
within 0.1 °C by circulating thermostated water through the jacketed glass cell, and the sample solution was
continuously stirred by a magnetic stirrer.

2.2. CoCu nanowires (NWSs) preparation

CoCu NW fabrication consists of two parts: 1) fabrication of anodic aluminum oxide (AAQO) template by
two-step anodizing; and 2) deposition of a solution containing Co and Cu ions into the template by
electrodeposition method. Anodic aluminum oxide (AAQ) as a template for the synthesis of CoCu alloy NW
arrays was prepared by the two-step optimized anodization process, as reported in the literature [9-12, 34,
35]. High-purity aluminum sheets (99.99%) with a thickness of 3 mm were refined by electropolish in a
mixture of perchloric acid and ethanol in a ratio of 1:4. They were then anodized in a constant DC voltage
of 25 V at 4 °C in 0.3 M aqueous solution of sulfuric acid for 7 h. The oxide layer was then removed by a
mixture of 0.5 M HzPO4 and 0.3 M CrOs3 at 40 °C for 24 hours. Finally, the second anodization is performed
in conditions similar to those of the primary anodization for 30 min. At the end of the second anodization, a
barrier layer of Al,O3 on the bottom of the pores is estimated to be about 25 nm. This barrier layer is too
thick and is thinned for the electrodeposition of NWs [36].

Self-ordered CoCu NWs array with 25 nm diameter using two standard electrode cells (AAO template
and platinum plate) using sine wave alternating voltage and 30 Vy, voltage and 200 Hz frequency for 3 min
were fabricated. In order to synthesize at different NWs diameters, the template was synthesized by oxalic
acid as anodizing electrolyte. Briefly, the first stage anodizing conditions were performed for 24 h in 0.3 M
oxalic acid at 4 °C under 40 V DC potential. After etching for 24 hours in a solution containing 0.2 M chromic
acid and 0.5 M phosphoric acid at 50 °C. The anodize conditions of the second stage were the same as the
first anodization condition for 20 hours. Then, the aluminum behind the samples was removed with
CuCl2.2H20 (0.1 M) and HCI (1.64 M) solution and only the aluminum oxide layer remained. The diameter
of the pores was increased using a phosphoric acid solution (5%) at 32 °C. Then a layer of gold was sputtered
on the back of the prepared AAQO. The electrolyte contains an aqueous bath of varying concentrations of
CoS0. and CuSQg4, and H3BOs as a buffer was used for the electrodeposition of ions (see Table 1). After
fabricating the NWs, the NWs were annealed in argon gas atmospheres for 20 minutes at different
temperatures, ranging from 300 to 55.0 °C, and then cooled slowly to room temperature. SEM images were
used to characterize and study the morphology of hanopores and NW arrays. The magnetic properties of the
as-synthesized after-annealedaled NWs were measured by the alternating gradient force magnetometer
(AGFM) the room temperature.

Table 1. Materials and concentrations of electrolyte solutions

Salt name Molarity Sample nhame

C0S0,4.7H,0 0.2M

CuS04.5H,0 (0.001, 0.01, 0.04, 0.08,0.1) M Coo2Cuyx (x=0, 0.001, 0.01,0.04, 0.08, 0.1)
H3BO3 05 M

2.3. Characterization
The morphology of the AAO template and nanowires was examined by field-emission scanning electron
microscopy (FESEM; MIRA3 TESCAN) after dissolving the template in an aqueous solution of 3 mol L
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NaOH. The Crystal structure of nanowires using X-ray diffraction (XRD; Philips X’Pert Pro; Cu Ka
radiation; A = 0.154 nm) was investigated. For XRD analysis, the back of the template was eliminated with
a saturated CuCl; solution. To investigate the magnetic properties, major hysteresis loops using vibrating

sample magnetometer (VSM; MDKB) were obtained at room temperature.

3. Results and discussion
3.1. SEM analysis
Fig. 1 shows the SEM image of the NWs, after they were removed from the AAO template. It can be

seen that the NWs have an approximate 25 nm in diameter and several micrometers in length, which
corresponds to the size of the AAO templates.

Fig. 1. SEM image of cobalt-copper alloy nanowires after the release of the template with two different
magnifications. ((a) Scale bar is 200 nm).

3.2. XRD analysis

Fig. 2 shows the diffractograms for the synthesized Co—Cu nanowires. The XRD spectrum of the
electrodeposited nanowires has a high copper dominance by the appearance of a very intense peak of fcc Cu
(111) and a peak of medium intensity for fcc Cu (200) as reported in JCPDS n°® 04-0836. In addition, we
have observed a small peak of hcp Co (100). From the XRD results, we noted that Co—Cu nanowires have a
polycrystalline structure. The alumina peaks are indexed by exploiting the standardXRDdata (JCPDS n° 10-
173).
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3.3. VSM analysis

Fig. 3 shows the hysteresis loops of arrays of CoCu NWs (synthesized using Co**=0.2 M and different
Cu** concentrations) in the template by applying the field along the NWs. As can be observed, all of the
loops have a nearly square shape due to the demonstration of strong shape anisotropy. It is evident that the
easy axis of magnetization is along the NWs but the decrease in the loop area is due to the reduction of the
saturation magnetization of the NWs by adding non-magnetic Cu material. In all of these NWs with different
percentages of copper, shape anisotropy along the NWs is the dominant effect on their magnetization and
the easy axis of magnetization is along the NWs.

—e—CuO
—%— Cu 0.001
—e— Cu 0.01
—4— Cu 0.04
—<—Cu 0.08
——Cu 0.1

Magnetization (a.u.)

1 1 1 1 1 1
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Fig. 3. Hysteresis loops of electrodeposited nanowires with different Cu** concentrations in
electrodeposition solution; Co**(0.2 M)/Cu** (x M; x=0, 0.001, 0.01, 0.04, 0.08, 0.1).

Fig. 4a shows a plot of the coercivity of the samples against the concentration of Cu in NWs. However,
with the addition of up to 0.01 M copper, the coercivity decreases, but wa with a further increase in copper
content (up to 0.1 M) the coercivity remains almost constant and changes slightly. The coercivity of the
samples decreases with the addition of copper impurities from 1337 Oe to 660 Oe. The decrease in coercivity
with increasing non-magnetic impurity has been reported previously [12,37]. According to the symmetric
fanning model, the coercivity of NWs decreases with the increase of the nonmagnetic content [38-40].

Also, atomic absorption spectroscopy (AAS) was used to determine the composition of Cog2Cux NWs
after the release of the template, and the results are tabulated in Table 2. The results of the AAS analysis of
NWs show that the percentage of copper in the NW reaches 36 (% mole ratio) with increasing molar
concentration of Cu*™ in the electrodeposition bath to 0.01 M and with the addition of more copper salt
concentration, the percentage of copper in the NW is slightly increased. In other words, with an increasing
molar percentage of copper salt (more than 0.01 M) in the solution, the percentage of copper in the
synthesized alloy NW remains almost constant. Therefore, it is expected that the coercivity will remain
constant in NWs with more than 36 (%mole ratio) copper (Fig. 4a).

In order to improve the magnetic properties, the samples were annealed. As can be seen in Fig. 4b, the
coercivity of the whole sample is improved by annealing, because of slowly improvement of the crystalline
structure of NWs with annealing and cooling slowly in inert an atmosphere. The anomalies and dislocations
in the crystal structure created during the rapid accumulation of NWs have been reduced by annealing. By
annealing alloy NWs to relieve the structural stresses, the coercivity increases for pure and alloy NWs. Figure
3 shows that for the pure cobalt sample, the coercivity increases from 1308 Oe at 300 °C to 1540 Oe at 550
°C. The same increase for the Coo.64Cuo 36 alloy sample increases from 700 Oe to 980 Oe was observed.
Table 2. Analysis of atomic absorption spectroscopy at different copper concentrations
Salt name % Cu in nanowire composition % Co in hanowire composition
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Fig. 4. The coercivity of Co-Cu nanowires, measured with the field applied parallel to the nanowires as a
function of the (a) composition of deposition electrolyte; and (b) annealing temperature.

To investigate the effect of the waveform on the magnetic properties of the NWs, a sample solution with
Co*™/Cu**=0.2/0.01 was used for the synthesis of NW at 200 Hz. It was performed by three types of sine,
square, and triangular electrodeposition waveforms. Fig. 5 shows a comparison between the coercivity of as
pras-preparedusing different electrodeposition waveforms before and after annealing at 450 °C. All three
samples are synthesized from the same electrodeposition solution and only have different electrodeposition
waveforms. Fig. 5 shows that the coercivity in the specimen made with the square and triangular waveforms
is significantly greater than that made with the sinusoidal waveform. Also, the AAS results demonstrate that
for a typical concentration ratio of Co to Cu ions in solution (0.2:0.01), the percentage of metals in the NWs
changes with the electrodeposition waveforms. In the samples made with square and triangular waveforms,
the percentage of cobalt is significantly higher than that made with sinusoidal waveforms. The coercivity of
all three specimens increased after annealing, which could be due to stress relief in the NW structure.
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The pH values of the electrolyte bath were vertically in the range of 2 to 2.5. To investigate the effect of
pH on the magnetic properties of Co-Cu NW alloys, the pH of the solution was increased up to 6, by the
addition of NaOH to the electrolyte solution for a typical sample ([Co**]/[Cu**]=0.2/0.01). Three samples of
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0.2 M Co** and 0.01 M Cu*™ concentration at pH=3, 4, 6 were electrodeposited at 200 Hz with sinusoidal
waveform at room temperature for 5 min. Fig. 6a illustrates the hysteresis loops of fabricated NWs at
different pH. The magnetic properties of the samples including the coercivity and squareness were calculated
and plotted using corresponding hysteresis loops (Fig. 6 b). The highest coercivity is observed for the sample
prepared at pH=3 which is equal to 759 Oe. Also, the squareness value was highest at this pH and measured
to be 0.61. As shown in 6b, the magnetic properties of the samples decrease with increasing pH.

1/0 5630'0’9/Q
Mg@é P
OOOO O ***/*
oA
0/ 2 g
%ofﬂw Qo
AR
&
il
2 oo /
= i
0/ & ﬁ pH=3
e o —o— pH=4
ol :
*4t*ﬂg OOOM —%— pH=6
- 3 OO
x /QQQ&M a
-1/0 5;:;,@&4 ( )
T T T T
-6000 -4000 -2000 0 2000 4000 6000
H (Oe)
780 .
760 |
- —0— Mr/Ms
740 dos
[m]
__ 720
[O] 0
) =
© 700 - 0/4~
I o =
680 |
u H o3
660 | \
n
640 | (b)
T T T T T 0/2
3 4 5 6

pH

Fig. 6. (&) The hysteresis loops; (b) the Hc and Sq for a typical sample (C0o.64Cuo.35) Nanowire as a

function of pH.

This decrease in magnetic properties can be due to two phenomena: (a) an increase in Cu
electrodeposition compared to Co in NWs which can directly reduce the magnetic properties of NWs; (b) a
change of cobalt crystal structure from hcp at low pH (lower than 3) to both crystalline phases (hcp and fcc
structure) at higher pHs [41]. Also, there is competition between shape anisotropy and crystalline magnetic
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anisotropy that can control magnetic properties. Therefore, the decreasing behavior of magnetic properties
is the result of all these factors. Increasing the pH somehow alters the crystal structure of the NWsthet hard
axis of the magnetocrystalline anisotropy directions of the cp structure aligning the NW axis and decreasing
the magnetic properties of NW [37]. Increasing the pH somehow alters the crystal structure of the NWs on
the hard axis of the magnetocrystalline anisotropy directions of the cp structure aligning the NW axis and
decreasing the magnetic properties of NW [37].

To investigate the effect of the diameter of NWs, we use DC electrodeposition in the templates with
different pore diameters ranging from 50-70 nm. After the anodization process, the remaining Al layer is
chemically removed. Then the barrier layer was etched with H3PO4 solution at room temperature. To widen
the pore diameter, the templates were immersed in an H3sPO, solution for different periods of time. After
that, a thin gold layer was sputtered on one side of the templates, and then gold was deposited at the bottom
of the ores from Oreson's solution to physically bind the gold layer to the NWs. Nanowire deposition was
carried out in a two-electrode cell using a Watts-type bath of [Co**]/[Cu**]=0.2/0.01 solutions at -1.5 V. The
deposition time was 5 minutes at room temperature. The magnetic properties of the deposited NWs by
different diameters are shown in Fig. 7. It can be seen that as the NW diameter increases, the coercivity and
squareness decrease The coercivity decrease with increasing Co NWs diameter can also be attributed to
several effects. The multi-domain formation in the NWs and increasing the magnetostatic coupling among
the NWs with larger diameters are responsible for the variation of the coercivity in Fig. 7.
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Fig. 7. The coercivity and squareness for a typical sample (Coos4Cuo.3s) nanowire as a function of
nanowire diameters.

4. Conclusion

Pure Co and Co100-xCux (0<x<58) alloy NW arrays have been fabricated by AC electrodeposition into the
highly ordered homemade synthesized AAO templates. The effect of various Cu contents, pH,
electrodeposition waveform, annealing temperature, and diameter of NWs on magnetic properties and
structure of fabricated NWSs were investigated by AAS, SEM, and AGFM. By varying the Cu** concentration
in the electrodeposition electrolyte solution, the amount of Cu in CoCu NWs has been tuned in the range of
0 up to ~58%. The magnetic properties of the NWs along the NWs axis show a decrease in coercivity and
squareness with increasing copper impurity. Also, the magnetic properties of the fabricated NWs improved
with increasing annealing temperature for pure cobalt NW and all of the Coi0-xCux alloy NWSs. After
annealing, both Hc squareness ness increased for rangesange of compositions and various annealing
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temperatures which were due to crystal anisotropy changes. Typically, the He of CossCuzs NWs increase
from 766 Oe to 1153 Oe after annealing at 550 °C. The coercivity of the NWs was investigated by chain
ranges electrodeposition waveforms and the H of the electrolyte bath. The effect of pore diameter on the
magnetic properties of CossCuzs NWSs was investigated.
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