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Abstract: Electrochemical deposition of CoCu/Cu multilay-
ers was performed on titanium substrates from a single 
bath as a function of the Cu layer thicknesses. The depo-
sition potentials were selected as −1.5 V for the magnetic 
layers and −0.3 V for the non-magnetic layers with respect 
to the saturated calomel electrode. The current-time tran-
sients were obtained during the deposition process, and 
the Co layer deposition and capacitive transients were cal-
culated. On the basis of structural analysis, the multilayers 
were found to be polycrystalline with both Co and Cu layers 
adopting the face-centered cubic structure. The calculated 
lattice parameters of the multilayers slightly increase from 
0.3585 to 0.3615 nm with increase in the Cu layer thickness, 
which is consistent with the bulk value of Cu. The inter-
planar distance of the peaks of the multilayers is closer to 
that of Cu (d111 = 0.2087 nm) and Co (d111 = 0.2046 nm), and 
they become close to that of bulk Cu with increasing Cu 
layer thickness. In magnetic measurements, the magneti-
zation decreases from 156 to 44 emu/cm3 depending on 
the Cu layer thickness. Furthermore, the coercivity of the 
multilayers increases from 20 to 140 Oe. These values show 
that the magnetic behaviour of the multilayers lie between 
those of soft and hard magnetic materials, but the multi-
layer having 2.5  nm Cu layer thickness shows hard mag-
netic property. For the CoCu(4 nm)/Cu(0.7 nm) multilayer, 
the magnetoresistance measurement shows 5.5  % giant 
magnetoresistance (GMR).

Keywords: CoCu/Cu Multilayer; Electrochemical Deposi-
tion; Electrochemical Properties; Magnetic Properties; 
Structural Properties.

1  �Introduction
In recent years, much attention has been paid to the 
production of multilayered systems by electrochemi-
cal deposition. Microelectromechanical systems, read 
heads of hard disk drives, magnetic sensors, and protec-
tive coatings are the main potential applications of such 
systems [1]. Multilayers with different pairs of iron-group 
metals have been studied, of which the Co/Cu system is 
an important class for use as magnetic sensors [2–4]. The 
properties of electrochemically deposited multilayers are 
dictated by a number of factors including the deposition 
potential, the electrolyte pH, and the magnetic and non-
magnetic layer thicknesses. Among them, the last one is 
a critical parameter to achieve the structural and func-
tional properties. The non-magnetic layer thickness pro-
vides the separation of adjacent magnetic sublayers, and 
therefore the ferromagnetic and antiferromagnetic behav-
iour between magnetic layers can be controlled [5]. By 
using a single bath during the electrochemical deposition 
process, the noble metal ions are deposited along with 
the less noble metal ions at higher overpotentials. In this 
case, the amount of non-magnetic metal in the magnetic 
layers increases while the thickness of the magnetic layers 
decreases as a result of the anomalous co-deposition [6]. 
Consequently, the ferromagnetic sublayers will include 
non-magnetic materials so that non-magnetic sublayer 
thickness is higher than the expected value. This results 
in the change of the interfacial roughness between the 
layers. Therefore, alignment of ferromagnetic or antiferro-
magnetic domains between the adjacent magnetic layers 
changes more sensitively in an external magnetic field.

In the present study, CoCu/Cu multilayers were 
deposited on Ti substrates from a single bath as a func-
tion of the non-magnetic layer thickness, and their elec-
trochemical, structural, and magnetic properties were 
investigated. In the single bath, the number of Co ions is 
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typically 55 times more than that of Cu ions. Cu is expected 
to reduce more easily since it is a nobler metal than Co. 
However, it is seen that the Co ions inhibit the reduction 
of Cu ions. The deposition potentials were determined 
by cyclic voltammograms (CVs), in which −1.5 and −0.3 
V versus the saturated calomel electrode (SCE) were used 
for Co and Cu ions, respectively. In order to examine the 
effect of the Cu layer thickness on the film properties, the 
Cu layer thickness was chosen as 0.1, 0.3, 0.5, 0.7, 1.0, 1.3, 
1.5, 2.0, and 2.5 nm while the Co layer thickness was kept 
constant at 4.0 nm. The nominal thickness of the multi-
layers was 3 μm. Structural analysis of the CoCu/Cu mul-
tilayers indicated that they had the face-centered cubic 
(fcc) structure similar to bulk Cu. However, a splitting of 
the characteristic peak (220) corresponding Cu(220) and 
Co(220) was observed in their X-ray diffraction (XRD) pat-
terns. In magnetic measurements, the magnetization was 
found to be 156 emu/cm3 at 0.1  nm Cu layer thickness. 
With increasing Cu layer thickness, this value decreased 
to 44 emu/cm3. The coercivity of the multilayers was 
found to lie between the limits for soft and hard magnetic 
materials (12.5 Oe < Hc < 125 Oe [7]), assuming the multi-
layers to have a thickness of 2.5 nm. For multilayers with 
0.7 nm Cu layer thickness, the measured magnetoresist-
ance (MR) was 5.5%.

2  �Experimental
For the CoCu/Cu multilayer deposition, two-pulse plating from a sin-
gle bath was applied on Ti substrates. All processes were carried out 
with a potentiostat/galvanostat having three electrodes, and were 
controlled by a personal computer. These electrodes were a Ti sheet 
for the cathode (which was masked with electroplating tape except 
for an area of 2.9 cm2 geometrical area), a platinum foil for the anode, 
and SCE as reference. The Ti sheet had hexagonal close-packed struc-
ture and one of its faces was polished mechanically. The pH value 
of the freshly prepared electrolyte was 2.4 ± 0.1. The concentrations 
of the solutions were as follows: 0.75 M cobalt sulfate, 0.05 M cop-
per sulfate, 0.25 M boric acid, and 0.01 M sulfamic acid. Cobalt-based 
multilayers, such as the Ni–Fe system, show anomalous co-deposi-
tion [6]. This has to be taken into account during the preparation of 
the electrolyte, and the solutions prepared have to be cobalt-rich.

For the deposition of the layers, potentiostatic mode was used 
with SCE. The deposition potentials were determined from the CV 
of the electrolyte. The ferromagnetic (Co) layers were deposited at a 
cathode potential of −1.5 V with respect to SCE, and the non-magnetic 
(Cu) layers were deposited at a potential of −0.3 V versus SCE. The 
number of bilayers was chosen such that the nominal thickness was 
about 3 μm. In order to investigate the effect of the non-magnetic 
layer thickness, the Co layer thickness (tCo) was kept constant at 4 nm 
and the Cu layer thickness (tCu) was set to be 0.1, 0.3, 0.5, 0.7, 1.0, 1.3, 
1.5, 2.0, and 2.5 nm. For controlling the thickness of the Co and Cu 
layers, the charge flowing through the system was measured during 

the potentiostatic pulse. Then, the charge necessary to get the pre-
set nominal layer thickness could be calculated from Faraday’s law 
using (1):

	
Q Md
zFA

η
ρ

= � (1)

here, Q is the quantity of the deposited metals as a function of depo-
sition time of its metal ion, and z, F, and A are valance electrons of 
the metal ion, the Faraday constant, and the sample surface area, 
respectively. In addition, M is the molar weight and ρ is the density 
of the metal ion. The important parameter in this equation is the 
current efficiency η, which for the Co-rich layer deposition was cal-
culated by assuming that the deposition took place at 100% current 
efficiency [5], since hydrogen evolution was negligible.

XRD was used to investigate the structure of CoCu/Cu multilay-
ers using a Philips Analytical XRD system (PW 3040/60 model) with 
Cu Kα radiation in the scanning range 2θ = 30°–80°. In order to obtain 
quantitative information from the X-ray diffractograms, the FullProf 
software was used to refine the crystal structure.

The morphology and composition of the multilayers were stud-
ied by scanning electron microscopy (SEM) with the energy disper-
sive X-ray (EDX) attachment (LEO 1530).

The magnetic properties were studied using a vibrating sample 
magnetometer (VSM, ADE technologies DMS-EV9 Model). MR meas-
urements were carried out in magnetic fields in the range ±1.2 kOe at 
room temperature with the Van der Pauw (VDP) technique by using (2).

	

−
= ×min

min

( )
MR (%) 100

R H R
R �

(2)

In this relation, R(H) is the measured electrical resistance value 
at any magnetic field, and Rmin is the minimum measured resistance. 
The magnetic field was applied both parallel and perpendicular to 
the current flowing in the film plane to measure the longitudinal and 
transverse magnetoresistance, respectively.

3  �Results and Discussion
Preliminary information on the optimal potential was 
obtained from the CV, which is shown in Figure 1. Anodic 
scan was performed in the range 0 to −1.5 V. In the figure, 
the Cu ion deposition started at about −0.2 V and then 
Co with Cu ions began to deposit on the substrate after 
−0.7  V. Dissolution was observed in the electrolyte at 
−0.5 V. The dissolution rate increased linearly. Therefore, 
high and stable deposition potential was chosen at −1.5 V 
for the Co ions because of the high Co deposition rate. For 
the Cu ions, −0.3 V deposition potential was determined 
since Cu ion deposition was expected only between −0.2 
and −0.7 V.

In order to obtain information about the deposition 
processes, the current-time transients were recorded 
during growth for the first few layers of the multilay-
ers in terms of the Cu layer thickness, which are given in 
Figure  2a–i. As can be seen from the figure, two anodic 
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pulses and a capacitive transition are clearly observed. 
In the potentiostatic process, two different metal ions are 
deposited by two pulses from a bath. One of the pulses 

is the anodic current for the Cu layers, and the other is 
a high anodic current for the Co layers, as indicated in 
Figure 2a. Therefore, according to the obtained infor-
mation from CV, the Co and Cu ions deposit on the sub-
strate at high anodic currents and at low anodic currents, 
respectively. The capacitive transient occurs after high 
anodic current since the cathode gains a high potential 
during this process and this high potential causes the dis-
solution of the last deposited layer during the switching 
of the pulse from high to low current. In the figures, the 
anodic current at the beginning of the deposition process 
indicates Cu layer deposition with a low current pulse and 
then the high anodic pulse arises, which points to the Co 
layer deposition (Cu layer deposition at the same time). 
After the coverage of the underlying Cu layer with Co, a 
capacitive transient occurs from a stable negative to a pos-
itive current value and the next Cu layer deposition begins 
in this negative current value. As seen in the figures, the 
Co sublayers of the multilayer get deposited quickly. This 
indicates that the number of Cu ions in the electrolyte 
decreases near the substrate after the deposition of the Cu 

Figure 1: Cyclic voltammetry of the electrolyte containing Co and Cu 
ions. Arrows indicate the measurement direction.

Figure 2: Current-time transients of CoCu/Cu multilayer at (a) 0.1, (b) 0.3, (c) 0.5, (d) 0.7, (e) 1.0, (f) 1.3, (g) 1.5, (h) 2.0 and (i) 2.5 nm Cu layer 
thicknesses. (1) and (2) indicate Co and Cu layer deposition, respectively.
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sublayer; moreover, the Co ions could be easily deposited 
in the magnetic sublayers. In addition, Cu is expected to 
reduce more easily since it is nobler than Co. However, the 
anomalous co-deposition [6] occurs during the deposi-
tion so that the Co ions inhibit the reduction of Cu ions 
and thus the Cu concentration is lower than that of Co 
in the electrolyte. Moreover, Co ions at high concentra-
tion prevent the deposition of Cu ions, and hence fewer 
noble metal ions preferentially deposit on the substrate. 
In summary, against a decrease in the magnetic material 
due to Co dissolution, anomalous co-deposition supports 
the needed amount of Co in the magnetic layers.

From the current-time curves, the current densities 
of the multilayers were calculated. The results are given 
in Figure  3. As seen in the figure, the Co and Cu layers 
deposit at ~60 mA/cm2 (black circle) and 40 mA/cm2 (tri-
angle), respectively. The results show that the layers grow 
at almost the same the current densities. The capacitive 
transient is quite low, which means that the dissolution 
of the Co layer occurs in small amounts. Using these 
curves, the nominal magnetic and non-magnetic layer 
thicknesses (d) were calculated based on Faraday’s law 
using (1). The nominal and expected layer thicknesses are 
plotted in Figure 4. Here, a linear fit was employed, and 
the obtained slope was found to be 1.007. This indicates 
that the calculated thicknesses are closer to the expected 
thicknesses.

Figure 5 shows the refined XRD patterns of the mul-
tilayers. All data are normalized in the figure. In the 
figure, the grey circles are the observed intensities, Iobs, 
and the black thick lines are the calculated intensities, 
Icalc. Iobs − Icalc is the difference spectrum (black line). The 

Bragg positions are shown in the lower part of each 
figure. Co and Cu structures are indicated on the right 
side of the patterns. The peaks appearing at 2θ ≈ 43° and 
50° are related to the (1 1 1) and (2 0 0) planes. Also, the 
two peaks at 72° and 74° belong to the (2 2 0) planes of 
Cu and Co, respectively. These results show that all multi
layers are polycrystalline with both magnetic and non-
magnetic layers adopting the fcc structure. However, the 
intensity and position of the peaks at 72° and 74° change 
with the Cu layer thickness and, as seen in the figure, the 
intensity of the Co(2 2 0) peak is higher than that of the 
Cu(2 2 0) peak at 0.1 nm Cu layer thickness. With increas-
ing Cu layer thickness, the Cu(2 2 0) and Co(2 2 0) peaks 
are similar and their intensities are almost the same until 
0.7  nm Cu layer thickness. After this Cu thickness, the 
Cu(2 2 0) peak is higher than that of Co(2 2 0). A remark-
able point is that the Co(2 2 0) and Cu(2 2 0) peaks come 
close to each other and begin to merge at 2.5 nm Cu layer 
thickness. This means that the crystal structure of the 
multilayers completely adopts the fcc structure of bulk 
Cu at 2.5 nm Cu layer thickness.

Using the FullProf software, the lattice parameters 
and the inter-planar distance of the two strongest peaks 
were calculated. The obtained values are presented in 
Figure 6a and b. the lattice parameter of the multilayers 
increases with the Cu layer thickness and these values 
begin to come close to that of bulk Cu (0.3615 nm). The 
inter-planar distances of the multilayer change between 
0.2050 and 0.2100  nm for d111 and between 0.1790 and 
0.1850 for d200. They have similar values with increas-
ing Cu layer thickness, and also these values are closer 
to the inter-planar distance of Cu (d111 = 0.2087 nm [8]). 

Figure 3: Current density versus Cu layer thickness of the all multi-
layers for both Co and Cu layers and capacitive transients.

Figure 4: Calculated nominal Cu layer thickness of the multilayers 
from Faraday’s law.
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These results indicate that the multilayers show the 
properties of bulk Cu structure with increasing Cu layer 
thickness.

The preferred orientations of the multilayers were 
studied using the texture coefficient given by the equa-
tion in [9]. The calculated values are given in Table  1. 
The  results show that the multilayers having Cu layer 
thickness of 0.1, 0.5, 1.3, and 2.5 nm prefer to grow in the 
[2 2 0] direction predominantly. According to these find-
ings, most of the multilayers have the same texture. And 
the other multilayers show random orientation. This 

suggests that the crystal orientation of some of the multi-
layers changes depending on the Cu layer thickness.

The morphological and compositional analyses were 
performed by SEM with EDX. The SEM images of all mul-
tilayers were taken at 5.9 mm working distance by apply-
ing 15 kV accelerating voltage. Figure 7 presents the SEM 
image of the CoCu(4 nm)/Cu(1 nm) multilayer. As seen in 
the figure, the surface morphologies of the multilayers 
are similar and show a uniformly grained surface. The 
composition of the multilayers is given in Table 1. EDX 
analysis reveals that the composition is close to that of the 

Figure 5: Refined XRD patterns of the multilayers in the range 30°–80°. Grey circle is the observed pattern, black thick line is the calculated 
pattern, and the difference of these is shown as black line patterns at bottom in each figure. Bragg positions of all structures are indicated.

Figure 6: (a) Lattice parameters and (b) inter-planar distances of the multilayers as a function of Cu layer thickness.
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expected thickness of the multilayers and the Cu amount 
is about 1 % in the Co layer.

Figure 8 shows the hysteresis loops of the multilayers 
measured at 2 kOe external magnetic field. The obtained 
magnetization indicates that the hysteresis loops of the 

multilayers did not reach saturation in this field. This 
non-saturation state in hysteresis is due to the presence 
of a fraction of super-paramagnetic region in the mag-
netic layers. Therefore, the magnetic field strength is not 
enough to change the direction of the magnetic moments. 
The magnetization of the multilayers decreases from 156 
to 44 emu/cm3 with increasing Cu layer thickness under 
2  kOe external magnetic field. The obtained magnetiza-
tion and the coercivity values are presented in Figure  9. 
Until 1.5  nm Cu layer thickness, a sharp decrease in the 
magnetization was observed, and then similar values 
were found. A lower magnetization implies antiferromag-
netic coupling between the magnetic layers. The coercivity 
(Hc) of multilayers increases from 20 to 140 Oe as a result 
of the Cu layer thickness. These results show that the Hc 
values are in between the limits of soft and hard magnetic 
properties (12.5 Oe < Hc < 125 Oe) [7], which is expected for 
a multilayer having 2.5 nm Cu layer thickness.

For the multilayer with 0.7  nm Cu layer thickness, 
the magnetoresistance measurement was performed at 
room temperature using the VDP method with the current 
flowing in the film plane. As seen in Figure  10, both 

Figure 7: SEM image of the CoCu(4 nm)/Cu(1 nm) multilayer.

Figure 8: M–H curves of the CoCu/Cu multilayers in the range of 
0–2 kOe.

Figure 9: Evolution of the magnetization at 2 kOe and Hc of the 
multilayers due to the Cu layer thickness.

Table 1: Preferred orientations and EDX results of the multilayers.

tCu (nm) M111 M200 M220 for Cu M220 for Co Compositional analysis (wt%) Co/Cu

0.1 0.6446 0.6108 1.7561 0.9885 97.10/2.90
0.3 0.9904 0.7003 1.2426 1.0666 92.71/7.29
0.5 0.4478 0.5276 1.5897 1.4348 87.13/12.87
0.7 1.0554 0.8142 0.9029 1.2276 83.24/16.76
1.0 1.0694 0.8495 0.8976 1.1835 78.32/21.68
1.3 0.7443 0.8418 0.9183 1.4956 74.18/25.82
1.5 0.9570 0.9007 0.9586 1.1837 72.72/27.28
2.0 0.5987 0.7048 1.4138 1.2828 65.35/34.65
2.5 0.7446 0.6659 1.5884 1.0011 61.30/38.70
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longitudinal and transverse magnetoresistance decrease 
as the magnetic field increases, that is, the multilayer 
has the giant magnetoresistance (GMR) effect, which is 
due to its multilayer structure. As explained in [10], the 
critical thickness of ferromagnetic or antiferromagnetic 
coupling of the adjacent magnetic layer is 1  nm for the 
non-magnetic layer, and in this sample the increase of the 
0.7 nm Cu layer thickness occurs as a result of the dissolu-
tion. Therefore, the thickness of the Cu layer is close to the 
critical thickness (1 nm). Consequently, antiferromagnetic 
coupling is dominant and high GMR (5.5%) is observed at 
room temperature.

4  �Conclusion
The effect of non-magnetic layer thickness on the mag-
netic CoCu/Cu multilayers was investigated by varying 
the Cu layer thickness. The multilayers were grown on 
Ti substrates under potentiostatic control at room tem-
perature. From the structural results, the multilayers have 
characteristic (1 1 1), (2 0 0), and (2 2 0) peaks of the fcc 

lattice. The calculated lattice parameters and inter-planar 
distances showed that the multilayers behave like bulk Cu 
due to the Cu layer thickness. Consequently, the magneti-
zations gradually decreased with the increase of the Cu 
layer thickness. An increase was observed with increase of 
the Cu layer thickness in the coercivity of the multilayers, 
and these values of multilayers are between the soft and 
hard magnetic limits, which is excepted for a multilayer 
having 2.5  nm Cu layer thickness. For the CoCu(4  nm)/
Cu(0.7 nm) multilayer, the measured GMR value is 5.5 %. 
Therefore, it is feasible to produce multilayer with the 
desired properties depending on the Cu layer thickness 
for potential applications in magnetic sensor technology.
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